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Editorial on the Research Topic

New Insights Into Renal Fibrosis and Therapeutic Effects of Natural Products

Renal fibrosis is the progressive and complicated process manifested by histological aberrance and
functional decline in the kidney. The pathogenesis involves multiple molecular pathways and cellular
targets leading to myofibroblast activation and accumulation of extracellular matrix, which is in
response to excessive epithelial injury and inflammation. Formation and exacerbation of fibrosis
during the development of chronic kidney disease (CKD) is the common pathway to end-stage renal
failure. However, few interventions are available that specifically target the pathogenesis of renal
fibrosis. Emerging evidences prove that natural product therapy directly targets the pathogenesis of
renal fibrosis, and exhibits beneficial effects in clinical. Further research (such as multi-omics studies
and network pharmacology) is urgently needed to investigate the puzzle from the active compounds
to underlying mechanisms and therapeutic targets of natural product against renal fibrosis.

The Research Topic intends to highlight the latest advances from the active compounds to
underlying mechanisms and therapeutic targets molecular mechanism of natural product against
renal fibrosis. The issue includes 25 articles that is contributed by more than 200 authors in the fields
of renal pharmacology.We have generated a collaborative discussion that facilitated the development
of newmechanisms, new therapeutic targets, and candidate drugs from natural product against renal
fibrosis.

New mechanisms of renal fibrosis and the protective effects of natural product have been
investigated and uncovered. Fibrosis-related signaling pathways are the common therapeutic
targets, especially TGF-β pathway. Zheng et al. illustrate that astragalus polysaccharide extract
plays a beneficial role in reducing renal inflammation and fibrosis and in improving renal
function by regulating the TGF-β/ILK pathway in hypertensive mice. Ren et al. confirm that
natural flavonoid pectolinarigenin alleviates renal fibrosis to delay hyperuricemic nephropathy
via suppressing TGFβ/SMAD3 and JAK2/STAT3 signaling pathways. By targeting non-TGF-β
pathway, Yu et al. report the medical leech saliva extract, hirudin, protects the kidney from
fibrotic injury by ameliorating renal autophagy impairment via PI3K/Akt pathway. Liu et al.
demonstrate that quercetin alleviates podocytes apoptosis in vitro and in vivo by regulating the
EGFR pathway, providing a novel approach to reveal the therapeutic mechanisms of quercetin
against DN. Gong et al. identify proanthocyanidins (OPC) as active compounds of grape seeds.
OPC exhibits beneficial protection against cadmium-induced DN in multidimensional aspects by
the regulation of oxidative-antioxidative status, metal-binding ability, mediation of the levels of
essential elements, and activation of the p38 MAPK and Keap1/Nrf2 signaling pathways.

Additionally, metabolic regulation and kidney-gut axis function as a promising therapeutic target
against renal fibrosis. Ma et al. prove that farrerol reverses oxidative stress, inflammation, and fibrosis
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in renal tubular epithelial cells by activating Nrf2 and
subsequently increasing PINK/Parkin-mediated mitophagy and
eliminating damaged mitochondria. Xiang et al. show that the
restoration of PPARα activity delays diabetic nephropathy
progression and attenuates lipid metabolism disorders by
downregulating miR-21 expression to improve mitochondrial
function. Li et al. report that maintaining the balance of
mitochondrial dynamics exhibits renoprotection in kidney by
inhibiting mitochondrial fission and promoting mitochondrial
fusion via the downregulation of the primarymediator proteins of
mitochondrial fission (Drp1 and Fis1) and the upregulation of
fusion proteins (Opa1 and Mfn1). Zhang et al. carries out the
serum metabonomics analysis of patients with diabetic kidney
disease and shows the potential role of specific gut microbiota in
the progression of renal fibrosis and diabetic kidney disease that
involves the dysfunction of phenylalanine and tryptophan
metabolisms. This study suggests the kidney-gut axis functions
as a potential therapeutic target of renal fibrosis.

Since Chinese herbal medicine exhibits beneficial effects
against renal fibrosis, the lack of randomized controlled trial
and clear mechanism hinder natural product to pass modern
assessments. Here, Shao et al. summarized five Chinese herbal
medicines with sufficient clinical efficacy, high frequency of use,
and well-studied mechanism, including Abelmoschus manihot
and Huangkui capsule, Salvia miltiorrhiza and its components
(tanshinone II A, salvianolic acid A and B); Rhizoma coptidis and
its monomer berberine; Tripterygium wilfordii and its
components (triptolide, tripterygium glycosides); Kudzu root
Pueraria and its monomer Puerarin. The researches of these
five Chinese herbal medicines set the study pattern for natural
product against renal fibrosis, which are the promising candidate
for widespread and standardized application.

Beyond to five Chinese herbal medicines, studies from the
present issue provide the clinical evidences of natural products
against renal fibrosis and explore underlying mechanisms.
Mahuang Fuzi and Shenzhuo Decoction (MFSD), a Chinese
herbal formula, is a promising candidate for renal fibrosis and
CKD treatment in clinial. Dong et al. designed a multicenter,
nonrandomized, single-arm clinical trial to explore the clinical
effects of MFSD on idiopathic membranous nephropathy (MN),
presenting an inspiring result that MFSD has significantly
beneficial effects on idiopathic MN treatment, and has the
same beneficial effects on patients with MN who are newly
treated and who accepted with immunosuppressive therapy
without remission. Further study from the same group by Gao
et al. investigates the main active compounds of MFSD by high-
performance liquid chromatography-mass spectrometry (HPLC-
MS) and more than 30 active compounds are identified. These
active compounds alleviate podocyte injury by modulating
autophagy-related protein and Wnt/β-catenin pathway,
indicating autophagy and Wnt/β-catenin pathway as potential

targets of MFSD for MN treatment. Zhang et al. demonstrate the
anti-fibrotic and anti-inflammatory effects of Bupi Yishen
Formula in vivo and in vitro by suppressing TLR4-mediated
NF-κB signaling.The study of Luo et al. reveals the anti-oxidant
and anti-inflammatory ability of Shenkang injection (SKI) in
kidney, and identifies chrysophanol, emodin, and rhein as active
compounds against renal fibrosis via simultaneously targeting
IκB/NF-κB and Keap1/Nrf2 signaling pathways. Jia et al. report
TLYS decoction improves mitochondrial dynamics to attenuates
renal fibrosis and renal function decline by suppressing oxidative
stress and mitophagy. The comparative network pharmacology
analysis is the alternative approach to explore the mechanisms of
natural products with limited experiments. Chan et al. performed
comparative network pharmacology to figure out the mechanism
of Liu-wei-di-huang-wan. Liu-wei-di-huang-wan may ameliorate
fibrosis, angiogenesis, inflammation, disease susceptibility, and
oxidative stress via modulating TNF signaling pathway, which
could be validated through clinical trials.

In conclusion, the collection of 25 articles in the Research
Topic contributes to better understanding of natural products
against renal fibrosis from the active compounds to underlying
mechanisms and therapeutic targets. These studies provide
promising and potential candidates against renal fibrosis by
modulating novel pathways in clinical trial and animal
experiment. Accompanying with the evolution of high
throughput screening method and model, novel candidates
and therapeutic targets will emerge to facilitate the drug
discovery, which hold great potential for treatment with renal
fibrosis.
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TheWnt/β-catenin signaling pathway plays important roles in embryonic development and
tissue homeostasis. Wnt signaling is induced, and β-catenin is activated, associated with
the development and progression of renal fibrosis. Wnt/β-catenin controls the expression
of various downstream mediators such as snail1, twist, matrix metalloproteinase-7,
plasminogen activator inhibitor-1, transient receptor potential canonical 6, and renin-
angiotensin system components in epithelial cells, fibroblast, and macrophages. In
addition, Wnt/β-catenin is usually intertwined with other signaling pathways to promote
renal interstitial fibrosis. Actually, given the crucial of Wnt/β-catenin signaling in renal
fibrogenesis, blocking this signaling may benefit renal interstitial fibrosis. There are several
antagonists of Wnt signaling that negatively control Wnt activation, and these include
soluble Fzd-related proteins, the family of Dickkopf 1 proteins, Klotho and Wnt inhibitory
factor-1. Furthermore, numerous emerging small-molecule β-catenin inhibitors cannot be
ignored to prevent and treat renal fibrosis. Moreover, we reviewed the knowledge focusing
on anti-fibrotic effects of natural products commonly used in kidney disease by inhibiting
the Wnt/β-catenin signaling pathway. Therefore, in this review, we summarize recent
advances in the regulation, downstream targets, role, and mechanisms of Wnt/β-catenin
signaling in renal fibrosis pathogenesis. We also discuss the therapeutic potential of
targeting this pathway to treat renal fibrosis; this may shed new insights into effective
treatment strategies to prevent and treat renal fibrosis.

Keywords: Wnt/β-catenin, chronic kidney disease, renal fibrosis, traditional Chinese medicine, natural product

INTRODUCTION

Chronic kidney disease (CKD) is an increasingly serious public health problem due to its high
prevalence and mortality and greatly increases the risk of end-stage renal disease (ESRD), and
cardiovascular disease (Webster et al., 2017). Renal fibrosis is the final pathological, dynamic,
progressive, and irreversible process common to any ongoing CKD or maladaptive repair (Djudjaj
and Boor, 2019). Renal fibrosis is the accumulation of scars in the parenchyma that is a pathological
expansion of the normal wound healing process, characterized by inflammation, myofibroblast
activation, migration, and matrix deposition and remodeling, leading to the replacement of
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functional parenchyma by fibrotic tissues (Humphreys, 2018;
Distler et al., 2019). Renal interstitial fibrosis is mainly driven by
various pro-fibrotic growth factors, forming a fibrotic micro-
environment in the interstitial space (Chen et al., 2018c; Tang
et al., 2019). In other words, the major pathological events of renal
fibrosis include inflammatory cell infiltration, fibroblast
activation and proliferation, and abnormal increase and
excessive deposition of extracellular matrix (ECM)
components, mainly composed of collagen, fibronectin, and
proteoglycans (Liu et al., 2021). With the ECM continuous
deposition, scar tissue replaces normal tissue, tubules, and
peritubular capillaries are lost, resulting in disruption of tissue
architecture and loss of renal function (Xing et al., 2021).
Additionally, there is growing evidence that ECM-derived
components could be used as danger-associated molecular
patterns (DAMPs). As an important promoter of fibrogenesis,
as long as the inflammatory stimulation persists, these DAMPs
are generated and release signals during the phase cell activation
and damage, ultimately promoting inflammation to fibrosis and
kidney disease (Nastase et al., 2018).

The Wnt/β-catenin signaling pathway is an evolutionarily
conserved developmental signaling pathway, playing an
extremely important role in organogenesis, tissue homeostasis,
and disease progression of multicellular organisms (Schunk et al.,
2021). There are 19 identified encoding Wnt genes in the
mammalian genome, all of which are cysteine-rich proteins
(Langton et al., 2016). Wnt protein induces β-catenin-
dependent signaling through Wnt receptor coiled Frizzled
(FZD) and co-receptors low-density lipoprotein receptor-
related protein-5/protein-6 (LRP5/6) (Janda et al., 2017). In
addition, there are other receptors and co-receptors, including
the tyrosine kinase receptors RYK, single transmembrane
receptor tyrosine kinase, G-protein coupled receptor, etc., that
trigger various downstream signaling pathways (Foulquier et al.,
2018). Continuous accumulation of intracellular β-catenin
signaling plays a crucial role in developing renal fibrosis,
podocyte injury, proteinuria, persistent tissue damage during
acute kidney injury, and cystic kidney diseases (Miao et al.,
2019; Schunk et al., 2021). The latest research shows that
given the crucial role of Wnt/β-catenin signaling in renal
fibrogenesis, blocking this signaling may be beneficial to
alleviate renal fibrosis (Xie et al., 2021; Yiu et al., 2021).
Recent studies have shown that apigenin (API) could
effectively relieve renal fibrosis via co-inhibiting uric acid
(UA) reabsorption and the Wnt/β-catenin signaling pathway
(Li et al., 2021). In addition, ischemia-reperfusion injury (IRI)
could increase indoleamine-2,3-dioxygenase (IDO) expression to
activate the Wnt/β-catenin pathway leading to renal fibrosis.
Prostaglandin E2 (PGE2) could ameliorate kidney fibrosis via
inhibiting IDO expression and reducing β-catenin resulting in
lower expressions of α-smooth muscle actin (α-SMA), fibronectin
(Pan et al., 2021). In vivo and in vitro, it has proved that the
abnormally expressed cannabinoid receptor type 2 (CB2) is
closely related to renal fibrosis via β-arrestin 1-induced
β-catenin activation, and β-catenin could promote the
activation and expression of CB2, and finally forms the vicious
circle in the CB2/β-catenin pathway (Zhou et al., 2021).

Therefore, it is of great significance to clarify the cellular and
molecular mechanisms of the Wnt/β-catenin signaling pathway
in tubulointerstitial fibrosis and provide a new treatment strategy
for antifibrosis and delaying CKD progression. In this review, we
summarize recent advances on the involvement ofWnt/β-catenin
in the pathogenesis of tubulointerstitial fibrosis and the
intervention effect of natural products targeting the Wnt/
β-catenin signaling pathway.

WNT/β-CATENIN SIGNALING PATHWAYS

The mechanisms of Wnt signaling consist of two main branches:
the canonical and non-canonical pathways (Schunk et al., 2021).
The canonical pathway is also known as the Wnt/β-catenin
pathway. Furthermore, two master non-canonical pathways
are the Wnt/planar cell polarity pathway (Wnt/PCP pathway)
and the Wnt/calcium pathway (Wnt/Ca2+ pathway) (Hu et al.,
2020). According to downstream effects, all Wnt ligands are
divided into two categories: one is canonical, Wnt ligands that
induce β-catenin-dependent pathway, including Wnt1, 2, 3, 8a,
8b, 10a, and 10b, and the other is non-canonical, Wnt ligands that
mediate β-catenin-independent pathway, includingWnt4, 5a, 5b,
6, 7a, 7b, and 11 (Acebron and Niehrs, 2016). In the canonical
Wnt/β-catenin signaling pathway, Wnt molecules transmit the
intracellular signal in the intracellular matrix through interacting
with FZD receptors and the co-receptor LRP5/6 (Figure 1). FZD
proteins have seven transmembrane receptors, with a cysteine-
rich domain responsible for the binding of Wnt proteins (Schunk
et al., 2021). Since the activation of LRP5/6 depends on the
binding of the canonical Wnt ligands to the FZD receptors, they
are considered to be the key co-receptors of the canonical Wnt
signaling pathway (Huang et al., 2019). After that, the interaction
triggers the intracellular signal cascade and promotes the
accumulation of non-phosphorylated β-catenin, which
translocates into the nucleus, and cooperates with the
transcription factors T cell factor (TCF)/lymphatic enhancer-
binding factor (LEF) to trigger the transcription of Wnt target
genes (Tessa et al., 2020). β-Catenin is an important co-factor that
binds multiple transcriptional molecules and mediates fibrogenic
signaling pathways (Yang et al., 2021). In a steady-state, β-catenin
is inactivated by a “destruction complex,” which includes the
proteins glycogen synthase kinase 3β (GSK3β), adenomatous
polyposis coli (APC), casein kinase 1 (CK1), and axin (Wang
et al., 2020a). The protein complex mediates the phosphorylation,
ubiquitinylation, and degradation of β-catenin, and through
continuous ubiquitination and degradation, the cytoplasmic
levels are kept at a low level (Schunk et al., 2021). However,
once Wnt ligands bind to co-receptors on cytomembrane, the
combination of FZD and Dishevelled (DVL) could provide a
recruitment platform for the β-catenin destruction (Gammons
et al., 2016). DVL protein is recruited, and the ‘destruction
complex’ is disrupted, protecting β-catenin from inactivation
and degradation, thus leading to the stabilization,
accumulation, and nuclear translocation of β-catenin (Nusse
and Clevers, 2017). An increasing number of studies have
demonstrated that fibroblast signaling pathways all merge on
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β-catenin to promote the β-catenin/TCF complex and mediate
fibrogenesis (Yang et al., 2021). β-Catenin integrates the inputs of
transforming growth factor β (TGF-β)/Smad, integrin/ILK, the
Wnt/β-catenin pathway and renin-angiotensin system (RAS),
which are activated in fibrotic primary and allograft kidney
diseases (Huang et al., 2019).

WNT/β-CATENIN SIGNALING PATHWAY IN
RENAL FIBROSIS

The Wnt/β-catenin pathway is one of the crucial signaling
pathways resulting in kidney disease. An increasing number of
studies have demonstrated that the activation of the Wnt/
β-catenin signaling pathway serves a key role in promoting
renal fibrosis by controlling the expression of various
downstream mediators implicated in renal fibrosis (Chen
et al., 2017b; Feng et al., 2019a; Schunk et al., 2021)
(Figure 1). The transient activation of many signaling
pathways has a beneficial effect on repairing damaged tissues.
However, their sustained activation promotes fibrosis (Edeling
et al., 2016). It has been confirmed that severe ischemia/
reperfusion injury leads to sustained and excessive activation
of Wnt/β-catenin, accompanied by interstitial myofibroblast
activation and ECM deposition, characteristics of renal fibrotic
lesions development (Xiao et al., 2016). Therefore, sustained and
exaggerated Wnt/β-catenin activation mediates fibroblast

activation. Although transient Wnt/β-catenin activation
promotes tissue regeneration and repair after kidney injury,
sustained or uncontrolled Wnt/β-catenin signaling stimulates
podocyte injury and proteinuria, ultimately leading to
irreversible renal fibrosis (Schunk et al., 2021).

Fibroblast
Fibroblasts are the main driving force for scar formation after
kidney injury (Miao et al., 2021). The continuous activation of
fibroblasts leads to the secretion of ECM components, such as
collagen, proteoglycan, and fibronectin, leading to the
development of renal fibrosis (Feng et al., 2019b). As an ECM
glycoprotein, fibronectin serves a key role in wound healing and
fibrosis by regulating the deposition of collagen and other ECM
molecules. A study confirmed that upregulated Wnt/β-catenin
signaling is related to the response of epithelial cells to wound,
renal tubular cell damage, fibrous collagen, and immunoglobulin
transcript expression (Venner et al., 2016). Thus, Wnt protein
derived from renal tubules may play a critical role in fibroblast
activation and renal fibrosis (Zhou et al., 2017). There is a
complex regulatory network between renal tubular epithelial
cells and fibroblasts, regulated by autocrine and paracrine
Wnt/β-catenin signaling (Maarouf et al., 2016). The activated
Wnt/β-catenin pathway can promote the fibroblast proliferation
and differentiation of fibroblasts towards myofibroblasts;
myofibroblasts are critical contributors to renal fibrosis. Their
characteristics are secreting fibronectin and increasing the

FIGURE 1 |Wnt/β-catenin signaling is off or on state. In steady-state, β-catenin is inactivated by a “destruction complex,” and phosphorylation, ubiquitinylated, and
degraded of β-catenin is mediated by the protein complex. Wnt on state; Wnt molecules transmit the intracellular signal in the intracellular matrix through interacting with
FZD receptors and LRP5/6. After that, the interaction triggers the intracellular signal cascade and promotes the accumulation of non-phosphorylated β-catenin, which
translocates into the nucleus, and cooperates with TCF/LEF to trigger the transcription of Wnt target genes. Once Wnt ligands bind to co-receptors on
cytomembrane, the combination of FZD and DVL could provide a recruitment platform for the β-catenin destruction. Wnt/β-catenin controls the expression of various
downstream mediators implicated in renal fibrosis, such as Snail1, MMP-7, PAI-1, Twist, and FSP1.
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expression of α-SMA (Zhou et al., 2017). In a high glucose
environment, activating the Wnt/β-catenin pathway could
promote renal mesangial cell proliferation and fibronectin
production. Interestingly, fibronectin is an important target
gene of Wnt/β-catenin (Zhang et al., 2014). Therefore,
inhibiting the activity of Wnt/β-catenin signaling in fibroblasts
may help alleviate the progression of renal fibrosis (Duan et al.,
2020).

Macrophages
According to the activation mechanism and cell function,
macrophages are divided into classically activated macrophages
(M1) and alternatively activated macrophages (M2) (Wang et al.,
2014a). M1, a pro-inflammatory phenotype, releases cytokines
that inhibit the proliferation of surrounding cells and damage
contiguous tissue, while M2, an anti-inflammatory phenotype,
releases cytokines that promote the proliferation of contiguous
cells and tissue repair (Wang et al., 2014a; Cosin-Roger et al.,
2019). If macrophages fail to acquire a tissue-healing phenotype,
dysregulated signals can be drivers of disease processes, such as
sustained, exuberant inflammation and fibrosis (Smigiel and
Parks, 2018). Thus, macrophages serve a key role in immune
surveillance and in the maintenance of renal homeostasis.
Macrophages recruited from the bone marrow can transition
directly into myofibroblasts during renal injury. This process is
defined as macrophage-to-myofibroblast transition, which may
play a crucial role in the progression of chronic inflammation to
pathogenic fibrosis (Tang et al., 2019). Sustained accumulation
and activation of macrophages in kidney tissue could lead to the
production of multiple pro-fibrotic cytokines and ultimately
induce renal fibrosis. Additionally, as key inflammatory cells,
macrophages could promote ECM synthesis and deposition,
resulting in renal fibrosis by releasing inflammatory cytokines,
TGF-β, and matrix-degrading enzyme inhibitors (Yang et al.,
2019). Activation of Wnt/β-catenin signaling stimulates renal
inflammation, comprising macrophages infiltration, pro-
inflammatory cytokines release, and cell adhesion molecules
expression in renal injury. Moreover, tubular cell-derived Wnt
ligands mediate pro-inflammatory activation of renal
macrophages during fibrosis (Wong et al., 2018). Previous
studies have shown that the hyperactive of Wnt/β-catenin
signaling could promote renal fibrosis by stimulating
macrophage M2 polarization and promoting the proliferation
and accumulation of macrophages. The continuous accumulation
and activation of macrophages may lead to various fibrotic
cytokines and ultimately lead to kidney fibrosis (Feng et al.,
2018). Therefore, as an important source of Wnt protein in
adult tissues, macrophages proliferate and accumulate in
kidney tissues through the activation of the Wnt/β-catenin
signal, considered a key factor in renal fibrosis (Cosin-Roger
et al., 2019).

Snail1
Snail family zinc finger 1 (Snail1) is a transcription factor
expressed during embryonic renal development and is widely
expressed in various kidney injury models, including unilateral
ureteral obstruction (UUO), 5/6 nephrectomy, and hypoxia. It is

involved in regulating fatty acid metabolism, cell cycle arrest, and
inflammatory response, major biological processes responsible
for renal fibrogenesis (Simon-Tillaux and Hertig, 2017). Snail1 is
a key transcription factor driving epithelial-mesenchymal
transition (EMT); the stabilized β-catenin enters the cell
nucleus, forms a complex with TCF, and activates the
transcription of Snail1 to drive EMT. Moreover, the up-
regulation of TGF-β1 promotes Snail1-mediated EMT of
renal tubular epithelial cells during renal fibrosis. Not only
that, but also Snail1 is a critical transcription target of
β-catenin that upregulates β-catenin transcriptional
activity; as such, both β-catenin and Snail1 may be
activated simultaneously to produce an additive or
synergistic effect in promoting EMT (García de Herreros
and Baulida, 2012). Thus, the Snail1-induced EMT process is
a key mechanism that initiates the reaction cascade leading to
fibrosis (Bai et al., 2016). Additionally, it has been found in a
modern study that the Snail1/β-catenin signaling pathway
may be involved in promoting renal fibrosis related to
diabetes (Kim et al., 2017). Furthermore, it has been
demonstrated that Snail1s could interact with β-catenin
functionally, thereby increasing the expression of Wnt-
dependent target genes (Stemmer et al., 2008).

Matrix Metalloproteinase-7
MMP-7, also known as matrilysin, is a secreted zinc- and
calcium-dependent endopeptidase, a transcriptional target of
classic Wnt/β-catenin signaling, a pathological mediator, and
therapeutic target of renal fibrosis (Wozniak et al., 2021).
Under normal physiologic conditions, MMP-7 is almost not
expressed in adult kidneys but upregulated in various renal
diseases, including AKI and CKD (Wozniak et al., 2021).
MMP-7 can degrade ECM components and cleave various
substrates, such as E-cadherin, Fas ligand, and nephrin.
Therefore, it plays a key role in regulating various
biological processes, such as cell proliferation, apoptosis,
EMT, and podocyte damage (Tan et al., 2019).
Furthermore, MMP-7, via its proteolytic activity, mediates
proteolytic degradation of E-cadherin, resulting in β-catenin
liberation and activation, leading to renal fibrosis in a Wnt-
independent fashion. It is worth noting that the release of
β-catenin mediated by MMP-7 further induces the expression
of MMP-7, eventually forming a vicious circle (Liu et al.,
2020). In other words, on the one hand, activation of Wnt/
β-catenin promotes the occurrence of fibrosis by upregulating
pro-fibrotic mediators, including MMP-7, PAI-1. On the
other hand, MMP-7, as the most powerful β-catenin
downstream target, can activate the Wnt/β-catenin
signaling pathway after renal injury (Tan et al., 2019). In
summary, renal MMP-7 levels correlate with Wnt/β-catenin
activity, and urinary MMP-7 may be a noninvasive
biomarker of pro-fibrotic signaling in the kidney.
However, in several AKI animal models (IRI, cisplatin
administration, and folic-acid induced AKI), MMP7
exerts protective effects on the kidney as an adaptive
response. Therefore, the role of MMP-7 as a therapeutic
target for kidney disease needs further study.
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Plasminogen Activator Inhibitor-1
PAI-1, as a member of the serine protease inhibitor family,
interferes with ECM and fibrin degradation, mediated by
urokinase-type plasminogen activator (uPA) and tissue-type
plasminogen activator (tPA) to suppress fibrinolysis and
contribute to interstitial fibrosis in the kidney injury (Flevaris
and Vaughan, 2017). Increasing evidence shows the role of PAI1
in renal fibrosis (Zhou et al., 2015a). PAI-1 promotes fibrosis by
participating in various cellular processes, such as inflammation,
cell adhesion, and migration. Conversely, some specific factors
that promote fibrosis, such as oxidative stress and hypoxia, could
also affect the expression of the PAI-1 gene (Rabieian et al., 2018).
And depleting PAI-1 can alleviate interstitial fibrosis by
decreasing fibroblast activation and proliferation in the renal
interstitium (Yao et al., 2019). Therefore, PAI-1, a keymolecule in
renal fibrosis progression, has increased expression in various
kidney disease models (Hamasaki et al., 2013). In addition, a
recent study indicated that PAI-1 could promote cell migration
through LRP1-dependent β-catenin activation (Kozlova et al.,
2015). Since the promoter region of PAI-1 contains a TCF/LEF
binding site, PAI-1 is an important target gene of β-catenin
signaling in renal injury (Malik et al., 2020).

Components of the Renin-Angiotensin
System
The RAS serves a vital role in maintaining renal hemodynamics
and the occurrence of hypertension and kidney disease (Navar,
2014). Unanimously, renal tissue RAS has various
pathophysiological functions in regulating blood pressure,
growth of kidney cells, and glomerular sclerosis, leading to
renal fibrosis development (Urushihara et al., 2012). The (pro)
renin receptor ((P)RR), consisting of 350 amino acids, has been
considered as a single-transmembrane protein encoded by
ATP6AP2, an X chromosome-located gene, and the
transmembrane receptors enhance the tissue RAS by binding
to their ligands renin and/or prorenin; therefore, it is initially
considered to be an important part of the RAS and is ubiquitously
expressed in the human body (Ramkumar and Kohan, 2016;
Ichihara and Yatabe, 2019). The receptor plays crucial roles in
various pathways, involved in extensive physiological and
pathological processes, such as the cell cycle, autophagy, acid-
base balance, energy metabolism, T cell homeostasis, blood
pressure regulation, cardiac remodeling, and maintaining
podocyte structure (Ichihara and Yatabe, 2019; Wang et al.,
2020a). The Wnt-RAS signaling serves a vital role in the
development and progression of CKD (Zhou et al., 2020).
There are putative TCF/LEF binding sites in the RAS
promoter region through bioinformatics analyses, and
β-catenin could trigger LEF-1 to bind to these sites in renal
tubular cells (Zhou et al., 2015b). In addition, (P)RR is necessary
for signal transduction through FZD-LRP5/6 (Li et al., 2017).
Moreover, accumulating evidence has demonstrated that (P)RR is
a downstream target and a crucial element in Wnt signal
transmission, promoting kidney damage and fibrosis through
amplifying Wnt/β-catenin signaling transduction. In addition,
Wnt/β-catenin, as the main upstream regulator, controls the

expression of multiple RAS genes. In other words, the
overactivity of β-catenin or different Wnt ligands leads to the
expression of all RAS genes (Zhou and Liu, 2015; Zhao et al.,
2018). Hence, targeting Wnt/β-catenin would concurrently
inhibit all RAS genes, accordingly suppressing inflammation
and alleviating renal fibrosis (Zhou and Liu, 2016). Studies
have demonstrated that the fibrogenic action of Wnt/β-catenin
is dependent on RAS activation, and Wnt/β-catenin regulates
multiple RAS genes. At the same time, RAS can induce the
expression of multiple Wnt genes in vivo and in vitro; as such,
the Wnt/β-catenin-RAS axis can be known as a vicious circle in
aggravating the renal injury (Xiao et al., 2019).

Transient Receptor Potential Canonical 6
TRPC6 has been implicated in the pathogenesis of kidney
diseases, including focal segmental glomerulosclerosis (FSGS),
diabetic nephropathy (DN), immune-mediated kidney disease,
and renal fibrosis. As a result, TRPC6 has become a critical target
of therapeutic agents to prevent and treat various kidney diseases
(Hall et al., 2019). TRPC6 is another transcriptional target of the
Wnt/β-catenin signaling cascade, and the Wnt/β-catenin
signaling pathway may potentially be active in the
pathogenesis of TRPC6-mediated diabetic podocyte injury
(Zhang et al., 2013; Kim and Dryer, 2021). TRPC6 knockout
shows protection on UUO-triggered kidney tubulointerstitial
injury, interstitial fibrosis, and α-SMA expression (Gu et al.,
2020). Mutations and over-activation in TRPC6 channel
activity play an important role in podocyte damage in
DN(Staruschenko et al., 2019; Wang et al., 2020c), However
its role in renal fibrosis and the interaction with the Wnt
signaling pathway in renal fibrosis still need further study.

In summary, the Wnt/β-catenin signaling pathway could
activate renal fibrosis-related cytokines and up-regulate the
expression of downstream target genes, eventually inhibit the
main pathological process in the fibrosis process, and improve
renal fibrosis. Therefore, we can further explore the downstream
targets of the Wnt/β-catenin signaling pathway on this basis to
further improve the mechanism of the Wnt/β-catenin signaling
pathway in renal fibrosis.

THE CROSSTALK BETWEEN WNT/
β-CATENIN AND OTHER SIGNALING
PATHWAYS ON RENAL INTERSTITIAL
FIBROSIS

Various pathways intersect and regulate each other to induce
appropriate responses to a series of complex stimuli. Therefore,
the synergy between other pathological signaling pathways and
Wnt may play an important role in promoting renal fibrosis.
RNA sequencing showed that deleting TGF-β receptors in
proximal renal tubular cells regulated many growth factor
pathways, but Wnt/β-catenin signaling is the most affected
pathway due to the activity of β-catenin that is impaired in
vivo and in vitro (Nlandu-Khodo et al., 2017). The participation
of the Wnt signaling pathway enhances the pro-fibrotic effect of
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the TGF-β signaling pathway (Yang et al., 2020). In hypoxic
pathological damage of organs, overactivation hypoxia-inducible
factor-1α (HIF-1α) activates the Wnt/β-catenin signaling
pathway, thereby aggravating renal interstitial fibrosis
development (Qi et al., 2017). Although the Hedgehog (HH)
signaling pathway is considered upstream of the Wnt/β-catenin
signaling pathway, there is overlap between the two phenotypic
results, suggesting a synergistic effect. Wnt and Notch interact
mostly synergistically in the stem cell and epithelial cell
compartment to trigger fibrosis development via suppressing
epithelial differentiation; Notch, as a negative regulator of the
Wnt/β-catenin signaling pathway, promotes β-catenin
degradation by establishing a complex with β-catenin (Edeling
et al., 2016; Chatterjee and Sil, 2019). However, the mechanism of
the interaction between the signaling pathways is still unclear,
and the studies on the mechanism of their synergy with the Wnt/
β-catenin signaling pathway should be further explored.

TARGETING WNT/β-CATENIN SIGNALING
AS A THERAPEUTIC POTENTIAL FOR
RENAL FIBROSIS
Accumulating evidence has demonstrated that inhibiting theWnt
signaling pathway could alleviate renal interstitial fibrosis by
attenuating apoptosis and expression of fibrosis-associated
markers in renal cells (Ren et al., 2019; Cai et al., 2020; Huang
et al., 2020). Endogenous Wnt inhibitors can negatively regulate
the Wnt signaling pathway by binding to Wnt ligands
competitively with Wnt receptors or co-receptors, such as
Dickkopf1 (DKK1), secreted frizzled protein 1 (Sfrp1), Wnt
inhibitor 1 (Wif-1), Klotho (Kawazoe et al., 2021). In addition,
exogenous Wnt signaling inhibitors accompanied by natural
products cannot be ignored to prevent and treat renal fibrosis.
Collectively, the Wnt/β-catenin signaling pathway may serve as a
potential treatment strategy for renal fibrotic disorders.

Endogenous Wnt Inhibitors
Secreted Frizzled-Related Protein1
Humans have five secreted frizzled-related proteins (Sfrp1-5)
with cysteine-rich domains (CRD), and these Sfrps have a
strong homology with FZD receptors, therefore compete with
FZD receptors for Wnt binding. In other words, Sfrps act as a
Wnt inhibitor. The Sfrp family consists of secreted glycoproteins
that can competitively bind to Wnt, inhibiting the canonical and
non-canonical Wnt signaling pathways (Cruciat and Niehrs,
2013). Studies have confirmed that Sfrp1 regulates cell
proliferation and differentiation by regulating Wnt/β-catenin
signaling, showing low expression in various tumor tissues
(Qiao et al., 2017). Thus, Sfrp1 is a Wnt antagonist that acts
as a negative regulator of Wnt/β-catenin signaling and serves a
key role in fibrotic diseases. In the mouse model of UUO,
knockout of Sfrp1 significantly increases the expression of
α-SMA and the protein level of vimentin; meanwhile, it
decreases the protein level of E-cadherin, which enhances the
epithelial to mesenchymal transition (Matsuyama et al., 2014).
Additionally, down-regulation of Sfrp1 activates the Wnt/

β-catenin signaling pathway, increased ECM deposition,
eventually lead to renal fibrosis. Therefore, Sfrp1 acts as a
negative regulator of the Wnt signaling pathway and
suppresses renal fibrosis via inhibiting the Wnt/β-catenin
signaling pathway.

Klotho
Klotho, an anti-aging protein, reduces renal fibrosis after AKI.
Klotho serves a key role in regulating various cellular processes by
interacting with multiple signaling molecules, including oxidative
stress, fibrosis, inflammation, autophagy, and apoptosis (Hu et al.,
2013). Therefore, Klotho is a critical gene, controlling aging and
kidney homeostasis, and an ideal intervention target for various
kidney diseases and even extrarenal complications (Xia and Cao,
2021). Furthermore, Klotho plays an important role in anti-
fibrotic activities by inhibiting oxidative stress and excessive
inflammation. Hence, Klotho deficiency enhances renal fibrosis
(Lindberg et al., 2014). It has been shown that the extracellular
domain of Klotho inhibits Wnt signaling via binding to multiple
Wnt ligands (Muñoz-Castañeda et al., 2020). Thus, Klotho is a
critical negative regulator of canonical Wnt signaling and
suppresses renal fibrosis in the obstructed kidney model by
simultaneously suppressing multiple growth factor signaling
pathways such as fibroblast growth factor-2 (FGF-2), Wnt,
and TGF-β1 (Guan et al., 2014). A study has found that
Klotho represses the Wnt/β-catenin pathway in renal tubular
epithelial cells (TECs) to exert a stronger anti-fibrotic effect
(Zhang et al., 2018a). Wnt/β-catenin activation is considered
to be the key factor resulting in Klotho downregulation (Muñoz-
Castañeda et al., 2017). In addition, the upregulation of Klotho
prevents Wnt activation, thereby inhibiting the deposition of
ECM and reducing the transcription of cytokines, ultimately
improving renal fibrosis (Zhou L. et al., 2013). Therefore,
Klotho is termed an antagonist of endogenous Wnt/β-catenin
activity, and increasing Klotho levels could be a strategy to reduce
the morbidity and mortality of kidney-related diseases (Muñoz-
Castañeda et al., 2020).

Dickkopf 1
DKK1 is an important member of the DKK family (DKK1,
DKK2, DKK3, DKK4) and is widely expressed in many fields.
It has been considered a secreted protein that can suppress the
Wnt signaling transduction pathway (Huang et al., 2018). DKK1
may play a crucial role in the fibrotic process in several organs
such as the liver, lungs, and kidneys (Klavdianou et al., 2017).
Gene therapy using DKK1 significantly suppresses fibroblast-
specific protein 1(fsp1), a marker for fibroblasts and
myofibroblasts, type I collagen, and fibronectin mRNA in the
model of obstructive nephropathy, thereby repressing the
activation of myofibroblast and improving renal fibrosis (He
et al., 2009). In vivo, DKK1 effectively inhibited inflammation
and fibrosis associated with ureteral obstruction (Johnson et al.,
2017). DKK1 can inhibit the canonical Wnt signaling pathway
through binding to LRP5/6, as well as interrupting the formation
of the LRP and Wnt protein complex. (Hou et al., 2021),
Therefore, DKK1 is termed an inhibitor of canonical Wnt/
β-catenin signaling (Lipphardt et al., 2019). As a Wnt
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antagonist, DKK1 blocks Wnt-mediated fibrosis and also down-
regulates its expression under fibrotic conditions. Therefore, it is
termed a comprehensive regulator of the Wnt signaling pathway
and has been proven to participate in renal fibrosis, glucose
metabolism, and inflammation (Huang et al., 2018). Overall,
there is no doubt that the outlook for DKK1 target therapy is
promising. DKK1, DKK2, and DKK4 act as Wnt antagonists by
directly binding to LRP5/6, thereby inhibiting Wnt/β-catenin-
dependent signaling (Joiner et al., 2013). However, in UUO rat
models and adenine-induced nephropathy, DKK3 is a major
driver of renal fibrosis (Federico et al., 2016), and the exact
role of DKK3 on Wnt/β-catenin signaling remains poorly
unclear.

Wnt Inhibitor Factor 1
Wif-1 is an antagonist of the Wnt signaling pathway, inhibiting
the Wnt signaling pathway by binding to the Wnt ligand.
Hypermethylation of the Wif-1 promoter leads to down-
regulation of Wif-1 expression, which activates the Wnt
signaling pathway, further promotes cell proliferation, and
induces cell apoptosis (Lin et al., 2017). On the contrary, the
recovered Wif-1 expression level inhibits the Wnt signaling
pathway. In fibroblasts from Systemic sclerosis (SSc) patients,
an autoimmune disease characterized by extensive visceral organ
and skin fibrosis, expression of Wif-1 is decreased. And
knockdown of Wif-1 in normal fibroblasts induces Wnt

signaling and collagen production (Svegliati et al., 2014). In
the prevention and treatment of various diseases, Wif-1 plays
an important role in inhibiting cell proliferation andmigration by
inhibiting the Wnt/β-catenin signaling pathway, but its role in
renal fibrosis needs further study.

Exogenous Wnt Inhibitors
The Wnt/β-catenin signaling pathway can be therapeutically
targeted at several steps (Figure 2). Firstly, blocking the
production of all active Wnts. Porcupine (PORCN) is a
membrane-bound O-acyltransferase required for Wnt
palmitoylation, secretion, and biologic activity, and PORCN
inhibitors prevent the release of Wnt ligands, such as Wnt-
c59, LGK974(Wnt-974), IWP2, and IWP-L6 (Moon et al.,
2017). Secondly, inhibitors of GSK3β, axin, DVL, and CK1
interfere with Wnt/β-catenin downstream signaling. Numerous
studies have shown that GSK-3β activation plays a wide spectrum
of important roles in tissue fibrosis (Zhuang et al., 2018; Zeng
et al., 2019). SB-216763, a GSK-3β inhibitor, protects against
Aldo-induced renal injury by activating autophagy and might be
a therapeutic option for renal fibrosis (Zhang et al., 2018b).
Substrate competitive inhibitors (SCIs), a novel small molecule
GSK-3 inhibitor, is considered to be highly selective and more
suitable for clinical practice (Rippin et al., 2020). In addition,
CHIR99021 (Ng-Blichfeldt et al., 2019), L807mts, (Licht-Murava
et al., 2016) and LY2090314 (Tu et al., 2017) have been produced

FIGURE 2 | Potential therapeutic targets in theWnt/β-catenin signaling. Numerous small molecules inhibit Wnt/β-catenin signaling at different steps of the pathway.
Porcupine inhibitors prevent Wnt ligands secretion. Receptor or co-receptor inhibitors prevent the receptor actions of Wnt ligands. Inhibitors of GSK3β, axin, DVL, and
CK1 interfere with Wnt/β-catenin downstream signaling. Inhibitors of TCF/LEF suppressWnt/β-catenin-dependent gene transcription. Several natural products alleviate
renal fibrosis by regulating the Wnt/β-catenin signaling pathway.
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as emerging small molecule inhibitors of GSK-3β. Tankyrase
(Tnks) is a transferase that targets axin for proteasome
degradation, and loss of Tnks activity leads to accelerated
β-catenin destruction. XAV939 and inhibitors of Wnt
response (IWR) act as Tankyrase inhibitors, which ultimately
promote β-catenin degradation and inhibit Wnt/β-catenin
signaling transcription (Kulak et al., 2015). In addition, E-7449
(Plummer et al., 2020) and K-476 (Kinosada et al., 2021), as new
inhibitors of Tnks, have been widely used in anti-tumor therapy,
and their anti-fibrotic mechanism needs to be further studied.
BMD4722 specifically inhibits DVL by inhibiting the protein-
protein interaction approach (Ma et al., 2018). IC261 is
discovered as an ATP-competitive inhibitor of CK1 (Xian
et al., 2021). Finally, inhibitors of TCF/LEF prevent Wnt/
β-catenin-dependent gene transcription. CREB-binding protein
(CBP) acts as a co-activator of multiple transcription factors for
Wnt signal transduction formed with TCF. ICG-001, a small-
molecule β-catenin inhibitor, inhibits the canonical Wnt/
β-catenin signaling pathway by binding to CBP and blocking
the interaction between β-catenin and CBP (Akcora et al., 2018).
It inhibits renal tubular EMT by suppressing the transcription of
a series of β-catenin-driven genes, such as Snail1, PAI-1, collagen
I, fibronectin, and RAS, thereby ameliorates interstitial
myofibroblast activation, represses matrix deposition, relieves
proteinuria, ameliorates kidney inflammation, and alleviates
fibrosis and exerts renal protection (Xiao et al., 2019). In a
UUO murine model, ICG-001 could reduce the macrophage-
to-myofibroblast transition of bone marrow-derived
macrophages in renal fibrosis by inhibiting the β-catenin/TCF
interaction (Yang et al., 2019). Therefore, ICG-001 not only
prevents but reverses established fibrosis (Henderson et al.,
2010). Moreover, PRI-724, as a selective inhibitor of CBP/
β-catenin interaction, specifically destroys the interaction
between β-catenin and CBP and has an encouraging effect in
anti-liver fibrosis (Nishikawa et al., 2018).

Specific Inhibition of Wnt/β-Catenin
Signaling by Natural Products
Modern clinical pharmacological studies have confirmed that
Chinese herbal medicines (CHMs) have a wide range of biological
activities and play a broad and important role in regulating
immune function by exerting their anti-cancer, anti-
inflammatory, and anti-fibrosis effects (Zhao, 2013; Chen
et al., 2016; Chen et al., 2018a; Wu et al., 2021). Clinical trials
and experimental studies have shown that CHMs have great
advantages in reducing proteinuria and improving renal function,
by focusing on the anti-inflammatory, anti-oxidative, anti-
apoptotic and anti-fibrotic effects (Chen et al., 2019a; Miao
et al., 2020; Wang et al., 2020b; Wang et al., 2021a; Wang
et al., 2021b). In addition, CHMs play a vital role in
alleviating renal fibrosis by regulating the Wnt/β-catenin
signaling pathway (Liu et al., 2019; Dai et al., 2020).

“Concept of holism” and “treatment based on syndrome
differentiation” are the basic principles of traditional Chinese
medicine (TCM) throughout the treatment of diseases. A study
confirmed thatQishen Yiqi dripping pill (QYDP) reduces the renal

Wnt1, β-catenin, TGF-β1, and Smad2 gene expression and
downregulates collagen I, α-SMA, and fibronectin expression
significantly in diabetic rats. The study results showed that
QYDP ameliorates kidney function and renal fibrosis in
diabetic rats by repressing the Wnt/β-catenin and TGF-
β/Smad2 signaling pathways (Zhang et al., 2020). Qingshen
Buyang Formula significantly reduces the expression of
collagen I and fibronectin, the main components of ECM.
Furthermore, by inhibiting EMT and Wnt/β-catenin signaling
pathway, it improves renal injury and relieves renal fibrosis
(Zhang et al., 2019). Zhen-Wu-tang alleviates adenine-induced
chronic renal failure (CRF) by regulating the canonical Wnt4/
β-catenin signaling, associated with improvement of renal fibrosis
because it suppresses the overexpression of collagen IV and
fibronectin, two key components of fibrosis (La et al., 2018).
Huang Gan Formula is a new prescription developed and
simplified based on uremia clearing granule and the theoretical
basis of TCM. HGF inhibits the Wnt/β-catenin signaling
pathway, significantly reducing glomerulosclerosis and tubular
interstitial fibrosis and improving residual renal function (Mo
et al., 2015).

Several compounds isolated from natural products promote
urination and eliminate edema, which greatly benefits renal
disease and fibrosis (Zhao et al., 2009; Zhao et al., 2012a; Zhao
L. et al., 2013; Zhao Y.-Y. et al., 2013; Tian et al., 2014; Zhao et al.,
2014). As an edible mushroom, Poria Cocos is widely used for
diuretic, anti-inflammatory, antioxidant, lipid-lowering, and
anti-fibrotic effects (Zhao et al., 2012b; Feng et al., 2013;
Wang et al., 2013b; Miao et al., 2016; Chen et al., 2019b; Feng
et al., 2019c). Poricoic acid A (PAA), as the main triterpenoid
compound of Poria Cocos, exhibits renoprotective effects, (Chen
et al., 2019c; Feng et al., 2019a; Chen et al., 2020a) and PAA
showed anti-fibrotic effects via regulating the Wnt/β-catenin
pathway (Chen et al., 2019d). In the HK-2 cell and UUO
model, poricoic acid ZC (PZC), poricoic acid ZD (PZD), and
poricoic acid ZE (PZE) could alleviate renal fibrosis by effectively
blocking RAS by simultaneously targeting multiple RAS
components, correlated with activation of Wnt/β-catenin
pathways (Wang et al., 2018a). Additionally, poricoic acid ZG
(PZG) and poricoic acid ZH (PZH) significantly suppress the
activation of Wnt/β-catenin signaling and relieve renal fibrosis
(Wang et al., 2018b). 25-O-methylalisol F is a new tetracyclic
triterpenoid compound isolated from the Alismatis rhizome that
exhibits renoprotective effects (Chen et al., 2014; Feng et al., 2014;
Tian et al., 2014; Dou et al., 2018), and is a novel RAS inhibitor by
simultaneously targeting multiple RAS components (Chen et al.,
2018b). Ergone, alisol B 23-acetate, and pachymic acid B inhibit
ECM accumulation, suppress oxidative stress and inflammation,
and regulates the Wnt/β-catenin signaling pathway (Zhao et al.,
2011; Chen et al., 2017a; Chen et al., 2019e; Chen et al., 2020b).

Curcumin alleviated ECM accumulation in diabetic
nephropathy by down-regulating Wnt/β-catenin signaling and
rescued diabetic renal injury (Ho et al., 2016). Salvia miltiorrhiza
extracts relieve renal injury by suppressing the relative expression
levels of wnt4, β-catenin, and TGF-β in renal tissue (Xiang et al.,
2019). Salidroside protects against T1DM-induced kidney injury
and renal fibrosis by ameliorating TGF-β1 and the Wnt1/3a/
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β-catenin signaling pathway (Shati and Alfaifi, 2020). It has been
demonstrated that Tripterygium wilfordii treatment inhibits the
upregulation of Wnt1 and β-catenin expression in
hyperglycemia-induced kidney tissue and attenuates the renal
injury in rats caused by diabetes (Chang et al., 2018). Triptonide
can effectively inhibit canonical Wnt/β-catenin signaling by
targeting the downstream C-terminal transcription domain of
β-catenin or a nuclear component associated with β-catenin
(Chinison et al., 2016). Astragaloside IV has been shown to
have possible inhibitory effects on renal interstitial fibrosis by
effectively inhibiting the upregulation of proteins in the Wnt/
β-catenin signaling pathway in UUO model rats (Wang et al.,
2014b). Quercetin inhibits β-catenin signaling transduction,
thereby inhibiting the activation of fibroblasts and renal
fibrosis (Ren et al., 2016).

In short, based on the findings described above, the Wnt/
β-catenin signaling pathway can be therapeutically targeted at
several steps. Lots of emerging small molecule inhibitors that
target Wnt and/or β-catenin are under development (Table 1).
Additionally, the natural products, active ingredients, crude

extracts, and traditional Chinese medicine formulas play an
important role in anti-kidney fibrosis by inhibiting the Wnt/
β-catenin signaling pathway. However, the specific molecular
mechanisms of numerous inhibitors still need in-depth study,
and more inhibitors need to be further developed.

CONCLUDING REMARKS

In summary, Wnt/β-catenin signaling plays a role in the
pathogenesis of renal interstitial fibrosis, and targeting this
pathway to treat renal fibrosis could yield positive results.
Accumulating evidence has demonstrated that the role of
Wnt/β-catenin signaling in the process of kidney repair and
regeneration after AKI cannot be ignored (Kuure et al., 2007;
Lasagni et al., 2015; Zhou et al., 2016; Jiao et al., 2017), and
activating Wnt/β-catenin signaling could alleviate AKI (Li et al.,
2020). A moderate increase in Wnt/β-catenin signaling is
beneficial, but excessive activation of this pathway could
trigger renal fibrosis (Guo et al., 2019; Sun et al., 2020). In

TABLE 1 | Summary of small molecular inhibitors of Wnt/β-catenin signaling.

Inhibitors Targets Effect Reference(s)

Sfrp1 FZD Ameliorates renal fibrosis Henderson et al. (2020)
Klotho Wnt ligands Ameliorates renal fibrosis Zhang et al. (2018a)
DDK1 LRP5/6 Ameliorates renal fibrosis Lipphardt et al. (2019)
Wif1 Wnt ligands Ameliorates fibrosis Lin et al. (2017)
Wnt-c59 PORCN Prevents Wnt ligands secretion Proffitt et al. (2013)
LGK974 PORCN Prevents Wnt ligands secretion Moon et al. (2017)
IWP2 PORCN Prevents Wnt ligands secretion Wang et al. (2013a)
IWP-L6 PORCN Prevents Wnt ligands secretion Wang et al. (2013a)
SB-216763 GSK-3β Inhibits Wnt signaling Zhang et al. (2018b)
SCIs GSK-3β Inhibits Wnt signaling Rippin et al. (2020)
CHIR99021 GSK-3β Inhibits Wnt signaling Ng-Blichfeldt et al. (2019)
L807mts GSK-3β Inhibits Wnt signaling Licht-Murava et al. (2016)
LY2090314 GSK-3β Inhibits Wnt signaling Tu et al. (2017)
XAV939 Tnks and axin Inhibits Wnt signaling Kulak et al. (2015)
IWR Tnks and axin Inhibits Wnt signaling Kulak et al. (2015)
E-7449 Tnks and axin Inhibits Wnt signaling Plummer et al. (2020)
K-476 Tnks and axin Inhibits Wnt signaling Kinosada et al. (2021)
BMD4722 DVL Inhibits Wnt signaling Ma et al. (2018)
IC261 CK1 Inhibits Wnt signaling Xian et al. (2021)
ICG-001 CBP Inhibits Wnt signaling Akcora et al. (2018)
PRI-724 CBP Inhibits Wnt signaling Nishikawa et al. (2018)
PAA Wnt/β-catenin signaling Ameliorates fibrosis Chen et al. (2019a)
PZC Wnt/β-catenin signaling Ameliorates fibrosis Wang et al. (2018a)
PZD Wnt/β-catenin signaling Ameliorates fibrosis Wang et al. (2018b)
PZE Wnt/β-catenin signaling Ameliorates fibrosis Wang et al. (2018a)
PZG Wnt/β-catenin signaling Ameliorates fibrosis Wang et al. (2018a)
PZH Wnt/β-catenin signaling Ameliorates fibrosis Wang et al. (2018b)
MAF Wnt/β-catenin signaling Inhibits RSA Chen et al. (2018a)
Ergone Wnt/β-catenin signaling Repress ECM accumulation Chen et al. (2017a)
Alisol B 23-acetate Wnt/β-catenin signaling Repress ECM accumulation Chen et al. (2017b)
Pachymic acid B Wnt/β-catenin signaling Repress ECM accumulation Chen et al. (2017a)
Curcumin Wnt/β-catenin signaling Repress ECM accumulation Ho et al. (2016)
Salvia Wnt/β-catenin signaling Relieve renal injury Xiang et al. (2019)
Salidroside Wnt/β-catenin signaling Ameliorates fibrosis Shati and Alfaifi (2020)
TW Wnt/β-catenin signaling Relieve renal injury Chang et al. (2018)
Triptonide Wnt/β-catenin signaling Relieve renal injury Chinison et al. (2016)
AS-IV Wnt/β-catenin signaling Ameliorates fibrosis Wang et al. (2014a)
Quercetin Wnt/β-catenin signaling Ameliorates fibrosis Ren et al. (2016)
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addition, early intervention, but not late with β-catenin inhibitor
significantly attenuates the apoptosis and inflammation induced
by aristolochic acid (AA) (Kuang et al., 2021). Therefore, the dual
role of Wnt/β-catenin signaling in CKD needs further study. And
more researches are required to determine whether this pathway
should be augmented in AKI to CKD. If so, the optimal treatment
duration and the safe and effective dose also need to be
determined.

At present, there are many studies on the Wnt/β-catenin
signaling pathway. However, the mechanism of the non-
canonical Wnt pathway in renal fibrosis still needs further
investigation; Additionally, there are few clinical studies
targeting Wnt/β-catenin signaling pathway to treat renal
fibrosis, which is also the direction of our future efforts. since
an FZD receptor can interact with different Wnt ligands to
activate the Wnt pathway, coupled with the presence of
several Wnt ligands. Therefore, understanding the selective
binding of each Wnt protein to a specific FZD receptor and
the resulting cascade reaction requires further research; Many
signaling pathways play an important role in the process of renal
fibrosis. However, the studies on the mechanism of their synergy
with the Wnt/β-catenin signaling pathway should be further
explored. In addition, a better understanding of the
interactions between these pathways is needed to identify key
molecules that regulate their interactions, which may serve as
potential therapeutic targets; More small molecules that inhibit
Wnt/β-catenin signaling are in development, which will explore
more strategies to regulate this signaling pathway and provide
more options for the effective therapies of renal fibrosis. The
traditional Chinese medicine compound formula for the effective
treatment of renal fibrosis is complex, and the active ingredients

of Chinese medicine monomers or extracts are unknown.
Therefore, the advantages of emerging natural products,
CHMs, or new drugs in anti-renal fibrosis still need long-term
research. Furthermore, to fully clarify the therapeutic effect of
natural products in renal fibrosis, there is an urgent need to
conduct studies that pay attention to identifying active
ingredients, exploring action mechanisms, and rigorous
pharmacological evaluation to ensure safety and accord the
standards for clinical use. In conclusion, Wnt/β-catenin
provides a broad prospect for treating renal interstitial fibrosis,
but the understanding of Wnt/β-catenin remains a significant
challenge.
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GLOSSARY

α-SMA α-smooth muscle actin

AA aristolochic acid

AKI acute kidney injury

APC adenomatous polyposis coli

API apigenin

CB2 cannabinoid receptor type 2

CBP CREB-binding protein

CHMs Chinese herbal medicines

CK1 casein kinase 1

CKD Chronic kidney disease

CRD cysteine-rich domains

CRF chronic renal failure

DAMPs danger-associated molecular patterns

DKK1 Dickkopf1

DN diabetic nephropathy

DVL Dishevelled

ECM extracellular matrix

EMT epithelial-mesenchymal transition

ESRD end-stage renal disease

fsp1 fibroblast-specific protein 1

FGF-2 fibroblast growth factor-2

FSGS glomerulosclerosis

FZD Frizzled

GSK3β glycogen synthase kinase 3β

HH Hedgehog

HIF-1α hypoxia inducible factor-1α

IDO indoleamine-2,3-dioxygenase

IRI ischemia-reperfusion injury

IWR inhibitors of Wnt response

LEF lymphatic enhancer-binding factor

LRP5/6 low-density lipoprotein receptor-related protein-5/protein-6

MMP-7 matrix metalloproteinase-7

PAA Poricoic acid A

PAI-1 plasminogen activator inhibitor-1

PGE2 prostaglandin E2

PORCN Porcupine

(P)RR (pro)renin receptor

PZC poricoic acid ZC

PZD poricoic acid ZD

PZE poricoic acid ZE

PZG poricoic acid ZG

PZH poricoic acid ZH

RAS renin-angiotensin system

SCIs Substrate competitive inhibitors

Sfrp1 secreted frizzled protein 1

Snail1 Snail family zinc finger 1

SSc Systemic sclerosis

tPA tissue-type plasminogen activator

TCF transcription factors T cell factor

TCM traditional Chinese medicine

TECs tubular epithelial cells

TGF-β transforming growth factor β

Tnks Tankyrase

TRPC6 transient receptor potential canonical 6

UA uric acid

Upa urokinase-type plasminogen activator

UUO unilateral ureteral obstruction

Wif-1 Wnt inhibitor 1

Wnt/Ca2+ pathway Wnt/calcium pathway

Wnt/PCP pathway Wnt/planar cell polarity pathway
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Renoprotective Effects of Maslinic
Acid on Experimental Renal Fibrosis in
Unilateral Ureteral Obstruction Model
via Targeting MyD88
Wenjuan Sun, Chang Hyun Byon, Dong Hyun Kim, Hoon In Choi, Jung Sun Park,
Soo Yeon Joo, In Jin Kim, Inae Jung, Eun Hui Bae, Seong Kwon Ma and Soo Wan Kim*

Department of Internal Medicine, Chonnam National University Medical School, Gwangju, South Korea

Maslinic acid (MA), also named crategolic acid, is a pentacyclic triterpene extracted from
fruits and vegetables. Although various beneficial pharmacological effects of MA have been
revealed, its effect on renal fibrosis remains unclear. This study was designed to clarify
whether MA could attenuate renal fibrosis and determine the putative underlying molecular
mechanisms. We demonstrated that MA-treated mice with unilateral ureteral obstruction
(UUO) developed a histological injury of low severity and exhibited downregulated
expression of fibrotic markers, including α-smooth muscle actin (α-SMA), vimentin, and
fibronectin by 38, 44 and 40%, and upregulated expression of E-cadherin by 70% as
compared with untreated UUO mice. Moreover, MA treatment restored the expression
levels of α-SMA, connective tissue growth factor, and vimentin to 10, 7.8 and 38% of those
induced by transforming growth factor (TGF)-β in NRK49F cells. MA decreased expression
of Smad2/3 phosphorylation and Smad4 in UUO kidneys and TGF-β treated NRK49F cells
(p < 0.05, respectively). Notably, MA specifically interferes with MyD88, an adaptor protein,
thereby mitigating Smad4 nuclear expression (p < 0.01 compared to TGF-β treated group)
and ameliorating renal fibrotic changes (p < 0.01 for each fibrotic markers compared to
TGF-β induced cells). In addition, in the UUO model and lipopolysaccharide-induced
NRK49F cells, MA treatment decreased the expression of IL-1β, TGF-α and MCP-1,
ICAM-1, associated with the suppression of NF-κB signaling. These findings suggest that
MA is a potential agent that can reduce renal interstitial fibrosis, to some extent, via
targeting TGF-β/Smad and MyD88 signaling.

Keywords: maslinic acid, renal interstitial fibrosis, MyD88, Smad4 nuclear expression, unilateral ureteral
obstruction, NF-κB

INTRODUCTION

Chronic kidney disease (CKD) is a significant health problem. In recent years, the increasing
prevalence of CKD is evident among about 5% of younger adults (aged 20–39 years) as well as nearly
half of older adults (aged 70 years and above) (Chou and Chen, 2021). A key step involved in CKD is
renal fibrosis, which includes glomerular fibrosis and tubulointerstitial fibrosis. Renal interstitial
fibrosis is characterized by the excessive production and deposition of extracellular matrix (ECM)
proteins and is strongly correlated with tubulointerstitial inflammation (Liu, 2011; Urban et al., 2015;
Humphreys, 2018). This process has been confirmed to involve the following key events: loss of
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epithelial adhesions, reorganization of the cytoskeleton, de novo
synthesis of α-smooth muscle actin (α-SMA), destruction of the
tubular basement membrane, and enhanced cell migration and
interstitial invasion (Geiger and Yamada, 2011; Bülow and Boor,
2019). These events involve changes in the expression of many
proteins, such as the early downregulation of E-cadherin
expression, which leads to decreased intercellular adhesion,
upregulated mesenchymal vimentin expression, and increased
protein synthesis such as fibronectin and collagen (I and III)
synthesis (Bonnans et al., 2014; Škovierová et al., 2018;
Theocharis et al., 2019). In the kidneys, connective tissue
growth factor (CTGF) is mainly expressed in parietal epithelial
cells, some interstitial cells, and visceral epithelial cells.
Transforming growth factor (TGF)-β induces CTGF release,
thus enhancing the production of fibronectin, collagen I, and
vascular endothelial growth factor (Gupta et al., 2000; Gore-Hyer
et al., 2002). Ultimately, all these processes of interstitial fibrosis
lead to kidney failure, regardless of the underlying disease.

Unilateral ureteral obstruction (UUO) is a classic and widely
used model of experimental renal interstitial fibrosis. This model
is established via ligation of one side of the ureter, leading to
urinary tract obstruction. The obstruction injury of the kidney is
accompanied by tubular atrophy and irreversible interstitial
fibrosis, and its hallmark event is the excessive production and
deposition of ECM in the interstitium (Popper et al., 2019). ECM
proteins are produced and secreted by myofibroblasts, and it has
been demonstrated that epithelial-mesenchymal transition
(EMT) and interstitial fibroblast activation are two important
events for transdifferentiation of myofibroblast cells (Savagner,
2001).

TGF-β is a key mediator driving the fibrotic reaction of most
organs (Pohlers et al., 2009). It is synthesized and secreted by
inflammatory cells and various effector cells. TGF-β activation
leads to the formation and deposition of ECM components; thus,
it may become a potential and effective anti-fibrotic target (Chen
et al., 2018; Hao et al., 2019). Two signaling pathways are
associated with renal fibrosis: Smad as well as non-Smad
signaling pathways mediated by TGF-β. In the Smad signaling
pathway, binding of TGF-β to its ligand induces the recruitment
and phosphorylation of serine-threonine kinases at type I
receptors, which in turn phosphorylate Smads (p-Smad2/3).
Subsequently, a signaling complex with Smad4 is formed and
translocated into the nucleus, thereby upregulating the expression
of α-SMA, vimentin, fibronectin, and other ECM proteins or
downregulating that of E-cadherin (Wendt et al., 2009; Pardali
et al., 2017).

MyD88 is a moderately sized adaptor protein involved in the
Toll-like receptor (TLR) and interleukin (IL)-1β receptor
signaling pathways involved in mammalian host defense
(Brightbill and Modlin, 2000). Most TLR signaling
mechanisms mediated by TLR2, TLR5, and TLR9 critically
require MyD88 for the initiation of the signaling cascade by
assembling a so called “myddosome” high-scaffold signaling
complex, which ultimately results in the activation of nuclear
factor (NF)-κB (Kawasaki and Kawai, 2014; Chen et al., 2020).
Additionally, evidence has indicated that IL-1β can enhance
TGF-β signaling and eventually lead to EMT (Artlett, 2012;

Zhang et al., 2016). Previous reports suggest that EMT
develops as a result of IL-1β binding to its receptors and
downstream activation of MyD88 and the c-JUN transcription
factor, which could aggravate TGF-β/Smad-mediated fibrosis via
increased TGF-β expression (Lee et al., 2006; Jia et al., 2014; Liu X.
et al., 2020). Since few studies have focused on the direct
association between MyD88 and TGF-β mediated renal
fibrosis, further studies are needed to define the functional
implications of MyD88 in the TGF-β/Smad signaling pathway.
Inflammation has an important role in the development of
chronic renal ailments. UUO causes kidney damage primarily
through an interstitial inflammatory response, apoptosis, and
gradual interstitial fibrosis (Nogueira et al., 2017). Among them,
inflammatory reactions are distinguished by an overabundance of
cytokines, like pro-inflammasome interleukin (IL)-1β, tumor
necrosis factor-α (TNF-α), monocyte chemoattractant protein-
1 (MCP-1), and intercellular adhesion molecule-1 (ICAM-1)
(Imig and Ryan, 2013; Black et al., 2019).

The NF-κB signaling system is the primary regulator of
immunological and inflammatory responses. Also, the
activation of NF-κB could result in renal inflammation,
tubular EMT, and ECM buildup. (Zavadil and Böttinger, 2005;
Tamada et al., 2006). The NF-κB complex is usually inactive and
located in the cytoplasm while bound to IκB inhibitor proteins;
however, after activation of pro-inflammasome, NF-κB is
activated and translocates to the nucleus, where it forms the
p65/p50 complex to control target gene transcription
(Mussbacher et al., 2019). Lipopolysaccharide (LPS), is well
known for its toxicity in the pathogenesis of sepsis in various
organs (Kiemer et al., 2002; Hamesch et al., 2015; Liu Z. et al.,
2020). Some evidence suggests that renal tubular epithelial cells
undergo apoptotic and necrotic processes when LPS-induced
inflammation is activated (Bascands et al., 2009). Accordingly,
LPS-induced kidney injury may be useful for inflammation
associated mechanism study in kidney disease.

MA is a pentacyclic triterpene that occurs naturally in the
protective wax-like coating of the leaves and fruit of Olea
europaea L (Hashmi et al., 2015). Extensive studies have
focused on the protective effect of MA against cancer (Reyes-
Zurita et al., 2009; Wei et al., 2019; Liu Y. et al., 2020).
Furthermore, MA has been confirmed to affect various organs,
such as the brain, heart, liver and bones (Qian et al., 2015; Liou
et al., 2019; Chen et al., 2021; Shaik et al., 2021). Mechanistic
studies have revealed that MA functions in many biological
processes, including metabolism, apoptosis, inflammation, and
cell proliferation via the NF-κB, PI3K-AKT, and other signaling
pathways (Fukumitsu et al., 2016; Liu et al., 2018; Bae et al., 2020;
Lee et al., 2020). Especially, Liu et al. found that MA treatment
inhibits cardiac hypertrophy and cardiac fibrosis in mice via
reduced phosphorylation of ERK and AKT signaling molecules
(Liu et al., 2018). Also, researchers demonstrated that MA
improves oxidative stress and renal function in streptozotocin-
induced diabetic rats (Mkhwanazi et al., 2014). However, to date,
there has been no report on the antifibrotic potential of MA in the
kidneys.

The aim of our current study was to explore whether MA
could exert anti-fibrotic effects on renal interstitial fibrosis. In
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addition, the role of MA in the TGF-β/Smad pathway mediated
by MyD88 was also investigated.

MATERIALS AND METHODS

Reagents and Antibodies
MA (M6699) was purchased from Sigma-Aldrich (St. Louis, MO,
United States). The following primary antibodies were used for
immunoblotting: anti-α-SMA (A2547; Sigma); anti-E-cadherin
(#610182; BD Transduction Laboratories, San Jose, CA,
United States); anti-fibronectin (SC-71114), anti-β-actin (SC-
47778), anti-CTGF (SC-14939), anti-Smad6 (SC-25321), and
Smad7 (SC-11392), anti-p-(NF)-κB-P65 (SC-33020), anti-
(NF)-κB-P65 (SC-372) and MyD88 siRNA (SC-106986)
from Santa Cruz Biotechnology (Santa Cruz, CA,
United States); anti-GAPDH (AM4300; Ambion, Austin, TX,
United States); anti-Lamin B antibody (ab16048, Abcam,
Cambridge, United Kingdom); and anti-TGF-β (#3711S), anti-
T-Smad2/3 (#3102S), anti-p-Smad2/3 (#8828S), anti-Smad4
(#38454S), anti-MyD88 (#4283S), and anti-vimentin (#5741S)
from Cell Signaling Technology (Danvers, MA, United States);
anti-F4/80 (MCA497GA, Bio-Rad, Hercules, CA).

Animal Experiments
Five-week-old male C57BL/6 mice (15–20 g) were purchased
from Samtako (Osan, South Korea). Mice were randomized
into three groups: sham-operated, UUO, and MA-treated
UUO (UUO + MA) groups (n � 6 each). UUO was generated
by ligation of the left ureter. The abdominal cavity was exposed
through a midventral incision, and a 40 silk ligature was placed at
the left proximal ureter under isoflurane anesthesia (792632;
Sigma). The sham group received the same surgical
procedures without ureter ligation. After 24 h of ligation, the
UUO + MA group was intraperitoneally injected with MA at
20 mg/kg/day for 6 days (dissolved in 20 µl DMSO), based on a
previous report (Ampofo et al., 2019). Sham-operated group was
treated with DMSO. All mice were euthanized and the kidneys
were harvested on day 7. All animal experiments were approved
by the Animal Care Regulations Committee of Chonnam
National University Medical School (CNUHIACUC-20033),
and our protocols conformed to the institutional guidelines for
experimental animal care and use.

Cell Culture and Treatment
Rat kidney interstitial fibroblast (NRK49F) cells and rat
proximal tubular epithelial (NRK-52E) cells (American Type
Culture Collection, Manassas, VA, United States) were cultured
in high-glucose Dulbecco’s modified Eagle’s medium (DMEM;
Welgene, Daegu, South Korea) containing 5% fetal bovine
serum (FBS) and 1% streptomycin/penicillin at 37°C under a
5% CO2 atmosphere. After starvation with 0.5% FBS medium
for 24 h, cells were pretreated with MA or vehicle-alone
(DMSO) for 2 h and then incubated with TGF-β (10 ng/ml)
for 30 min and harvested or displace to 5% FBS medium for
24 h. The starvation of NRK49F cell and NRK52E cell was
incubated with LPS (25 ng/ml or 200 ng/ml) for 2 h.

Recombinant TGF-β was purchased from Pepro Tech (Rocky
Hill, NJ, United States). LPS was purchased from Sigma
Chemical (Escherichia Coli 0111:B4, St. Louis, MO). MA was
dissolved in dimethyl sulfoxide to obtain a 20 mM stock solution
and stored at −20°C.

Histology
Tissue sections were fixed with 4% paraformaldehyde and then
embedded in paraffin sections. After dewaxing, the slides were
processed for hematoxylin and eosin (H&E) staining. The kidney
slides were stained with Gill’s hematoxylin for 5 min, washed with
tap water, differentiated with 0.3% acid alcohol, and incubated in
eosin and phloxine for 2 min. Finally, the sections were
dehydrated and mounted.

Periodic acid-Schiff (PAS) staining was performed according
to the manufacturer’s instructions. The tubular damage was
evaluated as reversible or irreversible, previously described by
Cohen A et al. (Cohen, 2007). The reversible damaged tubular
was identified as the brush border absence. The irreversible
damage was recognized by the presence of mild dilatation;
flattened epithelial cells and loss of brush border; denudation
of basement membranes, tubular necrosis, and cell apoptosis. The
damaged tubules per histological field were averaged, obtaining
10 values per animal for each variable.

For Masson’s trichrome staining, the sections were
deparaffinized and rehydrated through a series of 100, 95, and
70% alcohol and then re-fixed in Bouin’s solution for 1 h at 56°C
to improve staining quality. After rinsing with running tap water
for 5–10 min to remove the yellow color, the sections were
incubated in Weigert’s iron hematoxylin solution and kept in
Biebrich scarlet/acid fuchsin solution for 10–15 min.

The sections were differentiated in phosphotungstic-
phosphomolybdic acid solution for 10 min, transferred directly
to aniline blue solution for 10 min, subsequently incubated with
acetic acid for 2 min, and rapidly dehydrated with ethanol and
xylene. Collagen deposition, nuclei, and muscle fibers were
stained blue, black, and red, respectively.

Real-Time PCR
RNA from the kidney tissue was extracted with TRIzol RNA
reagent (Invitrogen, Carlsbad, CA), and the concentration was
quantified with NanoDrop™(Ultraspec 2000; Pharmacia Biotech,
Cambridge, United Kingdom). cDNA was synthesized using
Smart Cycler II System (Cepheid, Sunnyvale, CA). SYBR green
was used for real-time PCR as dye to detect DNA. Relative levels
of mRNA were determined by real-time PCR, using a Rotor-
GeneTM 3000 Detector System (Corbette research, Mortlake,
New South Wales, Australia). Sequences of primers are listed in
Supplementary Table S1. The amount of the reagents was based
on the instructions on the kit (GoTaq Master Mix, Cat. No.
M7122). PCR conditions were as follows: 1) 95°C for 5 min; 2)
95°C for 20 s; 3) 58–60°C for 20 s (optimized for each primer
pair); 4) 72°C for 30 s to detect SYBR Green. The Corbett
Research Software was used to collect and evaluate data. The
gene expression was calculated using the comparative critical
threshold (Ct) values from quadruplicate measurements, with
normalization to GAPDH as an internal control.
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Immunohistochemical Staining
Immunohistochemical staining was performed with primary
α-SMA antibody (A2547; Sigma) and horseradish peroxidase-
conjugated anti-mouse IgG secondary antibody (Dako, Glostrup,
Denmark). Sirius red staining was performed with a Picro Sirius
Red Stain Kit (ab150681; Connective Tissue Stain; Abcam,
Cambridge, United Kingdom). Visual fields were selected
randomly in digital images of each section under ×20
magnification. The stained sections were imaged with a Nikon
microscope (Tokyo, Japan). Quantitative analysis of the stained
sections was performed using ImageJ software.

Cytotoxicity Assay
NRK49F cells were seeded into 96-well plates at a density of 1×104
cells/mL in a volume of 100 μl/well and allowed to attach for 24 h.
The cells were starved with 0.5% FBS medium for 24 h and then
treated with the indicated amounts of MA at 10, 20, 40, 80, and
100 μM or vehicle-alone (DMSO) for an additional 24 h. Cell
viability was determined by an EZ-Cytox1000 kit (Dogen,
Daejeon, South Korea) following the manufacturer’s
instructions. Absorbance was measured at 450 nm using a
microplate reader (Bio-Tek Instruments, Winooski, VT,
United States).

siRNA Knockdown
RNA interference of MyD88 was performed using rat siRNA
from Santa Cruz Biotechnology (SC-106986). Cells were
transfected with either scrambled siRNA (siScr) or siRNA
against MyD88 (siMyD88) at 20 nM using DharmaFECT 1
transfection reagent according to the manufacturer’s protocol
(Park et al., 2019).

Western Blotting
Total proteins from kidneys or cells frozen in liquid nitrogen were
lysed in ice-cold RIPA buffer (Thermo Scientific, Waltham, MA,
United States). After brief centrifugation at 13000 ×g, tissue/cell
debris was removed, and the supernatant was collected. The
protein concentration was determined using a BCA Protein
Assay kit (Thermo Scientific) according to the manufacturer’s
instructions. Equal amounts of lysates were electrophoresed using
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(Invitrogen, Carlsbad, CA, United States). Separated proteins
were transferred to polyvinylidene fluoride membranes and
blotted with specific antibodies (Kim et al., 2019). The
densitometric analysis was conducted using ImageJ software.

Nuclear Extract Preparation
To prepare nuclear extracts, cells were lysed using NE-PER
nuclear extraction reagent (NER; Pierce Biotechnology,
Rockford, IL, United States) according to the manufacturer’s
protocol. Briefly, NRK49F cells were harvested by scraping in
cold PBS and then centrifuged at 13000 ×g for 2 min. After
removing the supernatant, 100 µl of ice-cold cytoplasmic
extraction reagent (CER) was added to the dried cell pellets.
After incubation in ice for 10 min, ice-cold CER II (5.5 µl) was
added to the tube, which was centrifuged at 16000 ×g for 5 min,
and the pellet fraction was suspended in 50 µl of ice-cold NER.

After the tube was centrifuged at 16000 ×g for 10 min, the
supernatant (nuclear extract) fraction was transferred to a new
tube, and protein concentrations were measured by BCA assay.

Statistical Analysis
The differences between groups were determined using one-way
analysis of variance (ANOVA) and followed by Tukey’s post-hoc
test for parametric data and Kruskal-Wallis test with Dunn’s
multiple comparison post-hoc tests for nonparametric data of
tubular damage. Parametric variables were expressed as mean ±
SD, and nonparametric variables were expressed as medians with
interquartile (25th and 75th percentiles) ranges for continuous
variables. p-Values < 0.05 were considered statistically significant.
All statistical analyses were performed using GraphPad Prism 9
(GraphPad Software, San Diego, CA).

RESULTS

MA Ameliorates Histopathological
Damages and Renal Fibrosis in UUO Model
We examined the effects of MA on renal interstitial fibrosis in the
UUO mouse model (Figure 1 A-E. H&E staining exhibited
inflammatory cell infiltration in the obstructed kidney of the
UUO group, whereas a normal renal cortex was observed in the
Sham group. Compared with that in the UUO group, the renal
injury in the UUO + MA group was reduced. PAS staining
showed tubular brush border fracture, tubular atrophy and
dilatation in the UUO group. However, the UUO + MA group
presented less damage in a similar area. Consistently, based on
Masson’s trichrome staining, remarkable ECM deposition was
evident in kidneys in the UUO group, whereas those in the UUO
+ MA group displayed less collagen deposition with less scope
and extent of ECM deposition.

To evaluate ECM protein expression among the groups,
α-SMA expression was analyzed via immunohistochemistry
and collagen I/III deposition was examined using Sirius red
staining. UUO kidneys showed increased immunolabeling of
collagen I/III and α-SMA, which was attenuated in the UUO
+ MA group.

MA Inhibits Renal Tubular ECM Deposition
and EMT in UUO Model
Immunoblotting analysis revealed that MA treatment
downregulated protein expression of α-SMA, vimentin, and
fibronectin in kidneys by 38, 44 and 40% respectively, as
compared with untreated UUO group. In contrast, E-cadherin
expression was markedly downregulated in UUO kidneys, which
was recovered in the UUO + MA group, by approximately 70%.
(Figures 2A–E).

MA Attenuates TGF-β-Stimulated Fibrotic
Changes in NRK49F Cells
We further investigated the cytotoxic effects of MA on TGF-
β-stimulated NRK49F cells (Figure 3A). Cytotoxicity assay
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FIGURE 1 |MA ameliorates histopathological damages and renal fibrosis in UUOmodel. (A)Histological changes were assessed by H&E and PAS staining. Typical
interstitial tubular positive changes were indicated as follows; inflammatory cell infiltration (green arrow) in H&E stain; tubular brush border fracture (yellow arrow), and
tubular atrophy and dilatation (black arrow) in PAS stain. Interstitial fibrosis (blue arrow) was assessed by MT, immunohistochemistry of α-SMA and Sirius red staining.
Original magnification � ×20. Bar � 100 μm. (B)Kruskal-Wallis test for tubular damage, n � 6. *p < 0.05, **p < 0.01, ns: no significance. (C–E) Statistical significance
was presented as the mean ± SD, n � 6. *p < 0.05, **p < 0.01, ns: no significance. HE, hematoxylin and eosin; PAS, Periodic Acid-Schiff stain; MT, Masson’s trichrome
stain; MA, maslinic acid; UUO, unilateral ureteral obstruction.
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showed no statistically significant changes in cell viability
following treatment with 10–40 μM of MA, suggesting that the
MA concentration in this range had no cytotoxic effect on
NRK49F cells. TGF-β induced expression level of α-SMA,
CTGF, and vimentin by TGF-β treatment was gradually
reduced in a dose-dependent manner with the pretreatment of
MA (40 μMMA treatment decreased to 10, 7.8 and 38% of TGF-β
induced cell levels) (Figures 3B–E).

MA Suppresses the TGF-β/Smad Signaling
Pathway and Downregulates MyD88
Expression in UUOModel andNRK49FCells
As mentioned above, the TGF-β/Smad signaling pathway plays a
key role in the pathogenesis of kidney fibrosis. UUO kidneys
exhibited upregulated expression of TGF-β, p-Smad2/3, and

Smad4. However, MA treatment significantly suppressed the
expression of these fibrotic makers in UUO kidneys (Figures
4A–E). We further demonstrated that TGF-β-induced Smad2/3
phosphorylation and Smad4 expression were attenuated by
pretreating NRK49F cells with MA (Figures 4G–I).

Also, the expression of MyD88 in the UUO model was
significantly upregulated compared with that in the sham
group, whereas its expression was remarkably downregulated
following MA treatment (Figures 4A,F). Moreover, MyD88
expression induced after TGF-β stimulation was
downregulated by MA pretreatment (Figures 4G,J). MyD88
mRNA levels were increased in UUO kidneys and TGF-β
treated NRK49F cells. These increases were also reversed by
MA treatment (Supplementary Figures S1A,B).

MA Reduces the TGF-β-Induced Nuclear
Localization of Smad2/3 and Smad4 in
TGF-β-Stimulated NRK49F Cells
The effect of MA on Smad signaling in response to TGF-β was
further examined by Smad nuclear translocation. Pre-incubating
NRK49F cells with MA significantly reduced the TGF-β–induced
Smad2/3 and Smad4 nuclear translocation, but did not affect the
nuclear expression of Smad6 and Smad7 (Figures 5A–F).

MyD88 Silencing Inhibits Fibrosis in
TGF-β-Stimulated NRK49F Cells
To evaluate the close relationship between MyD88 and fibrotic
changes in NRK49F cells, cells were transfected with siRNA
against MyD88 and then subjected to TGF-β insult for 30 min.
After 24 h in fresh media, TGF-β-induced increased expression
level of α-SMA, CTGF, and vimentin was significantly reduced by
MyD88 knockdown (Figures 6A–E).

MyD88 Silencing Hinders Nuclear
Expression of Smad4 in TGF-β-Stimulated
NRK49F Cells
In a previous study, MyD88 was shown to be directly upstream of
the Smad4 signaling cascade (Samba-Mondonga et al., 2018). To
evaluate the effect of MyD88 on the TGF-β/Smad signaling
pathway, we examined the effect of MyD88 knockdown on
Smad4 expression in NRK49F cells. Nuclear expression of
Smad4 was induced by TGF-β within 30 min, which was
significantly downregulated in the nucleus after transfection of
siRNA targeting MyD88 (Figures 7A–E).

MA Ameliorates Renal Macrophage
Infiltration and Inflammation in UUO Mice
Model Associated With the Suppression of
NF-κB Signaling
As the F4/80molecule was established as a uniquemarker ofmurine
macrophages, we assessed the effects of MA on the production of
macrophages marker F4/80. Immunohistochemistry showed that
there was clearly positive F4/80 antigen expression in UUO

FIGURE 2 | MA inhibits renal tubular ECM deposition and EMT in the
UUOmodel. (A) Expression of α-SMA, vimentin, E-cadherin, and fibronectin in
kidney tissues was detected by western blot and quantified by densitometry.
(B–E) Statistical significance was presented as the mean ± SD, n � 6.
*p < 0.05, **p < 0.01, ns: no significance. MA, maslinic acid; UUO, unilateral
ureteral obstruction.
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kidneys, while it was significantly reduced by MA treatment
(Figures 8A,B).

We evaluated the mRNA levels of pro-inflammatory
cytokines and cell adhesion molecules. Real-time PCR
revealed that the mRNA levels of IL-1β, TNF-α, MCP-1, and
ICAM-1 were increased in UUO kidneys, which was
reversed by MA pretreatment (Figures 8C–F). We further
investigated the underlying signaling mechanisms by which
MA protects against inflammation. To elucidate NF-κB
signaling in UUO kidneys, we detected the protein level of
p-P65 and P65. Compared with sham group, the protein
levels of total p-P65 and P65 were significantly increased in

UUO kidneys, while the MA treatment reversed these changes
(Figures 8G–I).

MA Attenuates LPS-Induced Inflammation
in NRK49F Cells and Suppresses NF-κB
Signaling
mRNA levels of IL-1β, TNF-α, MCP-1, and ICAM-1 were
increased in NRK49F cells by LPS treatment, the changes of
which were ameliorated by MA co-administration (Figures
9A–D). These results supported the notion that MA exerted
anti-inflammatory effect against the UUO injury and LPS. The

FIGURE 3 |MA attenuates TGF-β-stimulated fibrotic changes in NRK49F cells. (A) Cells were treated with MA for 24 h, and cytotoxicity assays were conducted.
(B) Expression of α-SMA, CTGF, and vimentin in TGF-β-stimulated NRK49F cells was detected by western blot and quantified by densitometry. Cells were pretreated
with MA for 2 h after starvation with 0.5% FBS medium, treated with TGF-β (10 ng/ml) for 30 min, and incubated in 5% FBS medium for 24 h. (C–E) The Statistical
significance was presented as the mean ± SD, n � 3. *p < 0.05, **p < 0.01, ns: no significance. MA, maslinic acid.
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protein expressions of MyD88 and p-P65 in LPS treated
NRK49F cells were higher than those in control group and
MA only group, which were reduced by MA treatment
(Figures 9E–G). Taken together, these results indicated that
MA prevented the MyD88 and NF-κB signaling thereby
suppressing the inflammatory response in the UUO model
and LPS induced NRK49F cell lines.

MA Attenuates LPS-Induced Inflammation
in NRK52E Cells and Suppresses NF-κB
Signaling
mRNA levels of IL-1β, TNF-α, MCP-1, and ICAM-1 checked
were increased by LPS treatment in NRK52E cells, MA decreased
the mRNA expressions of IL-1β and TNF-α, but not MCP-1 and

FIGURE 4 |MA suppresses the TGF-β/Smad signaling pathway and downregulates MyD88 expression in UUOmodel and NRK49F cells. (A) Expression of TGF-β,
p-Smad2/3, T-Smad2/3, Smad4, and MyD88 in the kidney model was detected by western blot and quantified by densitometry. (B–F) Statistical significance was
presented as the mean ± SD, n � 6. *p < 0.05, **p < 0.01, ns: no significance. (G) Expression of p-Smad2/3, T-Smad2/3, Smad4, and MyD88 in TGF-β-treated NRK49F
cells was detected by western blot and quantified by densitometry. Cells were pretreated with MA for 2 h after starvation with 0.5% FBS medium and then treated
with TGF-β (10 ng/ml) for 30 min (H–J) Statistical significance was presented as the mean ± SD, n � 3. *p < 0.05, **p < 0.01, ns: no significance. MA, maslinic acid; UUO,
unilateral ureteral obstruction; RT-PCR, Real-Time PCR.
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ICAM-1 (Figures 10A–D). MyD88 and p-P65 protein levels
were increased by LPS treatment in NRK52E cells, which were
reduced in MA treatment (Figures 10E–G). We further
determined whether MA also inhibits the NF-κB signaling by
TGF-β stimulation. No activation of p-P65 was observed by
TGF-β in NRK49F and NRK52E cells (Supplementary
Figures S2A–E).

DISCUSSION

In this study, we found that MA plays a beneficial role to attenuate
renal interstitial fibrosis by negatively regulating the TGF-β/Smad
andNF-κB pathway via targetingMyD88. Renal interstitial fibrosis
has a prominent role in the development and progression of kidney
injury. It is characterized by a large accumulation of ECM, which is

FIGURE 5 |MA reduces the TGF-β-induced nuclear localization of Smad2/3 and Smad4 in TGF-β-stimulated NRK49F cells. (A,B)Western blotting revealed that
Smad2/3 and Smad4 nuclear translocation was blocked by MA, MA does not affect Smad6 or Smad7 nuclear expression in TGF-β-stimulated NRK49F cells. NRK49F
cells were pre-treated with MA for 2 h and then treated with TGF-β (10 ng/ml) for 30 min for Smad2/3, Smad4 and Smad7 or 24 h for Smad6. Cytoplasmic and nuclear
proteins were separated using CER/NER buffer. β-actin and Lamin B indicate the cytoplasmic and nuclear fractions, respectively. (C–F) Statistical significance was
presented as the mean ± SD, n � 3. *p < 0.05, **p < 0.01, ns: no significance.
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a complex network of collagen, elastin, several glycoproteins (e.g.,
fibronectin), and proteoglycans (Frantz et al., 2010; Mutsaers et al.,
2015). Here, we demonstrated that MA treatment effectively
downregulated ECM protein expression, suggesting that MA is
effective in the treatment of renal fibrosis.

Fibroblast-to-myofibroblast transition, a representative
process among several routes of exaggerated ECM
accumulation in renal fibrosis, is characterized by the
expression of mesenchymal cell products such as α-SMA,
vimentin (intermediate filament), and collagen I (Klingberg

FIGURE 6 |MyD88 silencing inhibits fibrosis in TGF-β-stimulated NRK49F cells. (A)Western blotting demonstrated that MyD88 silencing facilitated the effect on the
protein expression of α-SMA, CTGF, and vimentin in TGF-β-stimulated NRK49F cells. NRK49F cells were transfected with siMyD88 or siScr for 24 h in high-glucose
DMEM without FBS, starved with 0.5% FBS medium, treated with TGF-β (10 ng/ml) for 30 min, and then incubated in 5% FBS medium for 24 h. Western blotting
demonstrated that MyD88 expression was significantly reduced by the specific siRNA. Results were normalized to β-actin expression. (B–E) Statistical significance
was presented as the mean ± SD, n � 3. *p < 0.05, **p < 0.01, ns: no significance. MA, maslinic acid; siRNA, small interfering RNA.
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et al., 2013; Desai et al., 2014). Additionally, downregulation of
the expression and function of E-cadherin, an epithelial cell
adhesion receptor essential in the maintenance of tubular
epithelial integrity and cell-cell adhesion, is a phenotypic
hallmark during EMT of tubular epithelial cells (Liu, 2004;
Nieto et al., 2016). To investigate the effect of MA on ECM
protein expression and EMT in renal fibrosis, we employed the
UUO model and finally demonstrated that MA had an
ameliorative effect on renal tubular injury and fibrosis. At the
molecular level, we demonstrated that MA could reverse the
expression of ECM, such as α-SMA, vimentin, and fibronectin.
Moreover, a drastic decrease in E-cadherin in the kidney of UUO
group was restored to a certain extent by MA treatment, further
indicating that MA could delay EMT progression in UUOmodel.
Collectively, the results demonstrated that MA is a beneficial

effector of anti-fibrosis in the kidney of UUO model, leading to
decreased ECM accumulation and EMT levels.

The increases in molecular markers, such as α-SMA, vimentin,
and CTGF, represent the induction of TGF-β-stimulated fibrosis
in NRK49F cells. Previous studies demonstrated that at least some
pro-fibrotic effects of TGF-β were mediated through the
upregulation of its downstream effector, CTGF (Biernacka
et al., 2011). The downregulated expression of these fibrosis-
related proteins clearly demonstrates the dose-dependent effects
of MA pretreatment in NRK49F cells, which was consistent with
the observation in vivo.

Our study also demonstrated that MA treatment attenuated
the TGF-β/Smad pathway. In renal fibrosis, TGF-β is considered
the master regulator of EMT and ECM accumulation (Xu et al.,
2009; Bon et al., 2019). It is generally accepted that TGF-β

FIGURE 7 | MyD88 silencing hinders nuclear expression of Smad4 in TGF-β-stimulated NRK49F cells. (A,D) Western blotting revealed that Smad4 nuclear
translocation was blocked by siMyD88 transfection in TGF-β-stimulated NRK49F cells. NRK49F cells were transfected with siMyD88 or siScr for 24 h in high-glucose
DMEM without FBS, starved with 0.5% FBS medium, and then treated with TGF-β (10 ng/ml) for 30 min. Western blotting demonstrated that MyD88 expression was
significantly reduced by the specific siRNA. Cytoplasmic and nuclear proteins were separated using CER/NER buffer. β-actin and Lamin B indicate the cytoplasmic
and nuclear fractions, respectively. (B,C,E) Statistical significance was presented as the mean ± SD, n � 3. *p < 0.05, **p < 0.01, ns: no significance. MA, maslinic acid;
siRNA, small interfering RNA.
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FIGURE 8 |MA ameliorates renal macrophage infiltration and inflammation in UUOmice model associated with the suppression of NF-κB signaling. (A) Expression
of F4/80 in kidneys was detected by immunohistochemistry with positive areas indicated by black arrows. Original magnification � ×20. Bar � 50 μm. (C–F) mRNA
expression levels of IL-1β, TNF-α, MCP-1 and ICAM-1 were evaluated in UUO mice detected by RT-PCR. Results were normalized to GAPDH expression. Statistical
significance was presented as the mean ± SD, n � 6. *p < 0.05, **p < 0.01, ns: no significance. (G) The protein levels of p-P65, P65 were detected by western blot
and quantified by densitometry. (B,H,I) Statistical significance was presented as the mean ± SD, n � 6. *p < 0.05, **p < 0.01, ns: no significance. MA, maslinic acid; UUO,
unilateral ureteral obstruction; RT-PCR, Real-Time PCR.
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FIGURE 9 |MA attenuates LPS-induced inflammation in NRK49F cells and suppresses NF-κB Signaling. (A–D)mRNA expression levels of IL-1β, TNF-α, MCP-
1 and ICAM-1 were evaluated in LPS-treated NRK49F cells and determined by RT-PCR. Cells were pretreated with MA for 2 h after starvation with 0.5% FBS
medium, then treated with LPS (25 ng/ml) for 2 h. Results were normalized to GAPDH expression. The data are presented as the mean ± SD, n � 3. *p < 0.05, **p <
0.01, ns: no significance. MA, maslinic acid; LPS, Lipopolysaccharide; RT-PCR, Real-Time PCR. (E) Expression of p-P65, P65 and MyD88 in LPS-treated
NRK49F cells was detected by western blot and quantified by densitometry. Cells were pretreated with MA for 2 h after starvation with 0.5% FBS medium and then
treated with LPS (25 ng/ml) for 2 h. (F,G) Statistical significance was presented as the mean ± SD, n � 3. *p < 0.05, **p < 0.01, ns: no significance. MA, maslinic acid;
LPS, Lipopolysaccharide.
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interacts with TGF-β receptors to phosphorylate Smad2/3,
subsequently activating p-Smad oligomerization with Smad4
and translocating them to the nucleus, where they jointly

transactivate downstream fibrogenesis genes (Schnaper et al.,
2003; Choi et al., 2012). Based on the notion that the
inhibition of Smad2/3 phosphorylation will reduce fibrosis

FIGURE 10 |MAattenuates LPS-induced inflammation in NRK52E cells and suppressesNF-κBSignaling. (A–D)mRNAexpression levels of IL-1β, TNF-α, MCP-1 and
ICAM-1were evaluated in LPS-treatedNRK52E cells and determined byRT-PCR. Cells were pretreatedwithMA for 2 h after starvationwith 0.5%FBSmedium, then treated
with LPS (200 ng/ml) for 2 h. Results were normalized toGAPDH expression. The data are presented as themean ± SD, n � 3. *p < 0.05, **p < 0.01, ns: no significance. MA,
maslinic acid; LPS, Lipopolysaccharide; RT-PCR, Real-Time PCR. (E) Expression of p-P65, P65 and MyD88 in LPS-treated NRK52E cells was detected by western
blot and quantified by densitometry. Cells were pretreated with MA for 2 h after starvation with 0.5% FBS medium and then treated with LPS (200 ng/ml) for 2 h. (F,G)
Statistical significance was presented as the mean ± SD, n � 3. *p < 0.05, **p < 0.01, ns: no significance. MA, maslinic acid; LPS, Lipopolysaccharide.
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levels, we successfully identified the ability of MA to suppress
Smad2/3 phosphorylation in vivo as well as in vitro, suggesting
that negative regulation of MA in renal fibrosis occurs through
the downregulation of p-Smad2/3, at least in part. Of interest, MA
also blocked Smad2/3 and Smad4 nuclear translocation,
suggesting that the inhibitory effect of MA appears to be
Smad2/3 and Smad4 specific upon TGF-β stimulation.
Additionally, we extend regulatory studies of MA to other
Smad family members, Smad6 and Smad7 have been reported
as an intracellular negative regulator of TGF-β signaling,
particularly in R-Smad activation, these two factors could
inhibit the phosphorylation of Smad2/3, thereby blocking
TGF-β signaling (Kretzschmar and Massagué, 1998;
Zimmerman and Padgett, 2000). MA treatment did not affect
the nuclear expression of Smad6 and Smad7 suggesting that MA
selectively downregulates nuclear activation of Smad2/3 and
Smad4, and subsequently inhibits fibrosis in NRK49F cells.

The role of Myd88 in kidney fibrosis remains controversial
(Skuginna et al., 2011; Anders and Lech, 2013). Recent studies
suggested the abnormal activation of TLR4/Myd88 might play a
role in the pathogenesis of kidney inflammation and fibrosis
(González-Guerrero et al., 2017; Ma et al., 2021). In addition,
Myd88 knockout mice had less UUO induced interstitial fibrosis
associated with improved renal function (Braga et al., 2012). Also,
inhibited activation of MyD88 could ameliorate kidney injury in
UUO (Lu et al., 2018). Myd88 deficiency was protective against
renal interstitial fibrosis and chronic allograft injury (Wu et al.,
2012). These findings suggest that MyD88 is a potential
therapeutic target for renal fibrosis. In the present study, we
have demonstrated that MA treatment decreased
tubulointerstitial fibrosis associated with downregulation of
Myd88 and TGF-β/Smad signaling pathways. TGF-β-induced
activation of α-SMA, CTGF and vimentin was reduced by Myd88
knockdown in NRK49F cells. Moreover, TGF-β induced nuclear
activation of Smad4 in NRK49F cells was significantly
downregulated by transfection of siRNA targeting MyD88.
These findings are consistent with recent study demonstrating
that MyD88 expression levels affect Smad4 protein levels in Hub7
hepatoma cells through the Toll/IL-1 receptor domain of the
MyD88 protein (Samba-Mondonga et al., 2018). Taken together
with the present study, MA exerts its anti-fibrotic effects on the
TGF-β/Smad pathway via targeting MyD88.

The kidney damage that occurs in CKD is at least partly
promoted by the immune system (Kurts et al., 2013). Different
types of kidney injury and repair involve tissue remodeling
mediated by the immune infiltration of renal tubular
interstitial macrophages. In particular, some pan-markers like
F4/80 antigen is a mature cell surface glycoprotein expressed at
high levels on various macrophages (Tian et al., 2015). In this
study, we detected the level of labeled F4/80 antigen. The results
revealed a less infiltration of F4/80 IHC staining positive area in
MA treat kidneys compared to those in UUO kidneys, which
proved that MA reduces the macrophage accumulation and
infiltration in UUO mice model.

Inflammation is another pathologic process engaged in renal
fibrosis (Meng et al., 2014). We further examined to address the
impact of MA on inflammatory state. Our results indicated that

the administration of MA inhibits the expression of pro-
inflammatory cytokines and cell adhesion molecules such as
IL-1β, TNF-α, MCP-1, and ICAM-1, suggesting that MA may
ameliorate renal fibrosis by the inhibition of inflammatory
response. It has been suggested that NF-κB is a recognized
downstream pro-inflammatory signaling pathway of MyD88
(Kawai and Akira, 2007), and LPS-induced NF-κB nuclear
translocation is primarily dependent on MyD88 (Sakai et al.,
2017). The present study also demonstrated that increased
expression of p-P65 in UUO kidneys and LPS-treated cells
(NRK49F cells and NRK52E cells) was counteracted by MA
treatment. These changes were associated with MA induced
MyD88 downregulation, and suggested that MyD88 inhibition
by MA may be associated with inhibition of NF-κB signaling
followed by anti-inflammatory and anti-fibrotic effects.

It should be mention that our current research has some
notable limitations. Firstly, research lacks preventive design used.
In addition, it remains to be elucidated whether the beneficial
effect of MA is unique to the UUO kidneys or may be a more
general characteristic beyond UUO in other experimental animal
models involving different injury mechanisms (Yang et al., 2010).
Thus, a comprehensive study on the other experimental models
should be conducted over the following studies.

In conclusion, our present study suggested that MA is not only
a potential agent for reducing renal fibrosis by directly targeting
TGF-β/Smad signaling, but also an effective inhibitor of MyD88
that may be involved in Smad4 nuclear expression or localization
and NF-κB signaling. We believe that MA may be an attractive
therapeutic candidate for progressive kidney disease.
Furthermore, we clarified novel cross-regulation between
MyD88 and the TGF-β/Smad pathway, thus identifying
MyD88 as a potential therapeutic target in renal fibrosis.
These findings may contribute to the identification of novel
signaling pathways involved in renal fibrosis and help to
unveil the pathogenesis of CKD in the near future.
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Transcriptome-Based Network
Analysis Reveals Hirudin Potentiates
Anti-Renal Fibrosis Efficacy in UUO
Rats
Hang-Xing Yu1,2, Wei Lin1,2, Kang Yang3, Li-Juan Wei1,2, Jun-Li Chen1,2, Xin-Yue Liu1,2,
Ke Zhong1,2, Xin Chen1,2*, Ming Pei 1,2* and Hong-Tao Yang1,2*

1Department of Nephrology, First Teaching Hospital of Tianjin University of Traditional Chinese Medicine, Tianjin, China, 2National
Clinical Research Center for Chinese Medicine Acupuncture and Moxibustion, Tianjin, China, 3Kidney Disease Treatment Center,
The First Affiliated Hospital of Henan University of CM, Zhengzhou, China

Background: Hirudin has been widely used in the treatment of antifibrosis. Previous
studies have shown that hirudin can effectively improve the clinical remission rate of chronic
kidney disease. However, the mechanism of its renal protection has not been
systematically investigated.

Methods: In this study, the reliability of UUO-induced renal interstitial fibrosis was
evaluated by histopathological verification. High-throughput transcriptome sequencing
was used to elucidate the molecular mechanism of hirudin, differentially expressedmRNAs
were identified, and their functions were analyzed by GO analysis and GSEA. In addition,
the RNA-seq results were validated by in vitro and vivo experiments.

Results: We found 322 identical differential expressed genes (IDEs) in the UUO hirudin-
treated group compared with the sham group. Functional enrichment analysis indicated
that cellular amino acid metabolic processes were the most obvious enrichment pathways
in biological processes. In terms of molecular functional enrichment analysis, IDEs were
mainly enriched in coenzyme binding, pyridoxal phosphate binding and other pathways. In
addition, microbody is the most obvious pathway for cellular components. A total of 115
signaling pathways were enriched, and AMPK, JAK-STAT, and PI3K-Akt signaling
pathways were the important signaling pathways enriched. We found that PI3K, p-Akt,
and mTOR expression were significantly reduced by hirudin treatment. In particular, our
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results showed that hirudin could induce a decrease in the expression of autophagy-
related proteins such as P62, LC3, Beclin-1 in TGF-β1-induced NRK-52E cells.

Conclusion:Our results suggest that hirudin may protect the kidney by ameliorating renal
autophagy impairment through modulating the PI3K/Akt pathway.

Keywords: renal fibrosis (RF), natural products, hirudin (PubChem CID: 72941487), transcriptome (RNA-seq), UUO
(unilateral ureteral obstruction)

INTRODUCTION

Chronic kidney disease (CKD) is one of the major diseases that
seriously endanger human health and is characterized by high
incidence, low awareness, elevated medical costs and high risk of
combined cardiovascular events (Yang C. et al., 2020; Luyckx
et al., 2020). About 10.8% of adults in China have CKD, and the
prevalence is as high as 18.3% in Central and Southwest China
(Zhang et al., 2012; Huang et al., 2019). CKD affects 8–16% of the
world’s population (Coresh, Josef et al., 2007; Jha, Vivekanand
et al., 2013). In developed countries, CKD is most often attributed
to diabetes and hypertension. However, less than 5% of people
with early CKD report being aware of their disease (Chen et al.,
2019). CKD usually has no obvious symptoms in the early stage,
but when it progresses to the middle and late stage, as the kidney
function declines, the body accumulates too many toxins leading
to a series of uremic symptoms, requiring dialysis or even kidney
transplantation, which seriously affects the quality of life of
patients and brings a huge economic burden (Drawz and
Rahman, 2015).

Renal interstitial fibrosis (RIF), a common pathway and the
main pathological basis for the development of various CKD to
end-stage renal disease (ESRD), mainly manifested as
glomerulosclerosis and RIF, which is triggered by the
inability of the kidney to be completely repaired due to
abnormal tissue repair/regeneration after chronic and
continuous injury, resulting in the replacement of normal
tissue by fibrous tissue and loss of function, eventually
causing renal failure, and the degree of RIF is closely related
to the decline in renal function, often suggesting a poor
prognosis for patients (Tang et al., 2019), is a common
pathological feature of most CKD (Drawz and Rahman, 2015).

Therefore, to inhibit RIF is significant for the treatment of
CKD. Many drugs used in clinical practice have anti-retrofibrotic
effects, such as ACEI, ARB, aldosterone inhibitors, statins,
endothelin receptors, beta-blockers, acetylsalicylic acid,
metformin, and MMP inhibitors (Brewster and Perazella,
2004; Kanbay et al., 2009; Manns et al., 2012; Böhm et al.,
2017; Rangarajan et al., 2018; Zhang et al., 2020), Among
them, ACEI and ARB are the first-line drugs for the clinical
treatment of CKD (KDOQI, 2012; Chen et al., 2018). The
antifibrotic effect of ACEI/ARB may also arise from the
preventive effect on glomerular injury induced by aldosterone
or high intra-glomerular pressure (Obata et al., 1997; Wang et al.,
2013). Although these drugs have shown some improvement in
fibrosis, their therapeutic targets do not focus on fibrosis.
Currently, the lack of exclusive drug targets for RIF and drugs

targeting RIF severely hampers the treatment of CKD, so new
drug targets and their targeting drugs are yet to be developed.

Hirudin is a bioactive protein extracted from the saliva of
medical leeches, consisting of 65–66 amino acids, with a relative
molecular weight of 7 kD, and is the main substance for leeches to
exert their anticoagulant effect (Markwardt, 1991). Hirudin is
excreted in urine principally in the form of prototype and
metabolites through renal metabolism (Zhang and Lan, 2018).
Studies have shown that hirudin is mostly distributed in the
kidney and plasma, its pharmacokinetics is dose-dependent, and
its metabolism in vivo depends on renal function (Robson et al.,
2002)which provides a theoretical basis for the application of
hirudin to blood concentrations in CKD.

Recently, hirudin has been used to treat diabetic nephropathy,
IgA nephropathy and other chronic kidney diseases (Deng et al.,
2019; Han et al., 2020), however, its specific mechanism of action
in patients with CKD is not unclear. In this study, the regulatory
mechanism of hirudin against CKD was investigated by RNA
sequencing, differentially expressed gene (DEG) identification
and annotation, gene ontology (GO) function and Gene Set
Enrichment Analysis (GSEA) enrichment.

MATERIALS AND METHODS

Animal Experiments
Eighteen healthy male SD rats with body weight (200 ± 20 g),
purchased from Beijing Viton Lever Laboratory Animal Co. The
animal production license number is SCXK (Jing) 2016–0006,
and the animal quality certificate is No.110011200110536318.
After 1 week of adaptive feeding, rats were randomly divided into
sham group, unilateral ureteral obstruction (UUO) group, and
UUO hirudin treatment group, with six rats in each group. Except
for the sham group, the rats in all groups underwent left unilateral
ureteral obstruction according to Martínez’s method (Martínez-
Klimova et al., 2019). The rats were fasted the night before surgery
and the left unilateral ureteral obstruction was performed under
aseptic conditions. We first injected 10% chloral hydrate
(3 ml/kg) intraperitoneally, and after the rats were
anesthetized, they were fixed in prone position, and a
longitudinal incision of about 1.5 cm in length was made on
the left side of the spine, about 0.5 cm below the lumbar point of
the ribs, and the left ureter were isolated, ligated and disconnected
layer by layer. The rats in the sham group were treated as the
UUO group except that they were not ligated and the ureter was
not disconnected. The corresponding drug was given to each
group of rats on the same day after the operation. The dose of the
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drug administered was determined according to the animal/
human surface area method of conversion and combined with
the results of the previous experiments (Yang K. et al., 2020).
UUO hirudin treatment group with a dose of 40 IU/kg/d by tail
vein injection, and the UUO group as well as Sham group with
stroke-physiological saline solution (SPSS) by tail vein injection
too. This study was approved by the Animal Protection and
Utilization Committee of the first teaching hospital of Tianjin
university of traditional Chinese medicine (Tianjin, China), in
accordance with our institutional regulations.

Sample Collection
Rats were anesthetized by intraperitoneal injection of 10% chloral
hydrate (3 ml/kg) after 14 days of continuous tail vein
administration. Subsequently, the rats were executed by
cervical dislocation and the left kidney was removed. we
divided the left kidney of each rat in each group into two
parts along the coronal plane of the longitudinal axis of the
kidney. A fresh half of the left kidney from all six rats in each
group was fixed in 4% paraformaldehyde at room temperature for
24 h, while the other half of the left kidney from each group was
rapidly frozen in liquid nitrogen and stored at −80°C until use.

Morphology Analysis
After the rats were executed, the left side of the obstructed kidney
tissue was left, and the kidney was incised along the sagittal plane
and fixed in 10% neutral formalin solution for 24 h, followed by
gradient dehydration, hyalinization, paraffin immersion, paraffin
bedding, hematoxylin and eosin (HE) staining. Histological
sections of the kidney were dewaxed and dehydrated, after
that stained with an acidic complex of hematoxylin and
Ponceau red liquid dye, followed by direct staining of the
histological sections. Then soaked in 1% phosphomolybdic
acid solution and stained directly with aniline blue solution
and 1% acetic acid. The observed collagen is represented as a
blue area for the degree of fibrosis, and the interstitial collagen
deposition in Masson staining sections was observed under
optical microscope.

Cell Culture
Normal rat kidney epithelial cell line (NRK-52E) was purchased
from Pronosai Life Sciences Co. (Wuhan, China). Cells were
cultured in 90% high glucose DMEM (Thermo Fisher Science,
Inc., United States) and 10% fetal bovine serum (FBS) at 37°C and
5% CO2 concentration. Then, NRK-52E cells were treated with
5 ng/ml TGF-β1 for 48 h to establish an in vitro fibrosis model.

Cell Viability Assay
NRK-52E cells in excellent growth condition were prepared in
cell suspension, and the cell density was adjusted to 8×104 cells/
mL at 100 μL per well and inoculated in 96-well plates. The cells
were divided into control group and experimental group, and the
experimental group was added with different concentrations (2.5,
5,7.5,10,12.5.15,17.5, and 20 IU/ml) of hirudin (patent no.
ZL03113566.8,100 IU/vial, Canton Xike Kang Biotechnology
Co. Ltd.,Guangxi, China), while the control group was added
with fresh medium, and three replicate wells were set up for each

group. After incubation for 24 and 48 h, 10 μL of CCK-8 reagent
(Bioworld, BD0079-1) was added to each well and incubated for
another 4 h. The 96-well plates were placed under an enzyme
marker to determine the OD value at 450 nm, and the cell
viability was calculated based on the OD value to determine
the appropriate concentration of hirudin to continue the
experiment. All samples were assayed at least three times.

Detection of Fibrosis-Associated Protein
Expression in Kidney Tissues by Western
Blot
Total protein was extracted from obstructed kidney tissues or
cells using 2×SDS lysate, and the protein concentration was
determined by BCA protein assay kit (Solarbio life sciences
Co., Beijing, China); 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) gel was used
for electrophoretic separation, and the separation was transferred
to PVDF membrane (Pierce Corporation, United States). The
PVDF membrane was immersed in QuickBlock™ Western
blocking solution (Beyotime Biotechnology, P0252) for 30 min
at room temperature then incubated overnight at 4°C with anti-
FN(1:2000, Proteintech, 15613-1-AP), anti-Col1 (1:1,000,Abcam,
ab184993), anti-Col3 (1:1,000,Abcam, ab7778), anti- E-Cad (1:
5,000, Proteintech, 20874-1-AP) , anti- PI3K (1:1,000, CST,
4,249), anti- Akt (1:1,000, CST, 4,691), anti-p-Akt (1:2000,
CST, 4,060), anti-mTOR (1:1,000, CST, 1983), anti-Beclin1 (1:
2000, Bioworld, AP0768),anti-P62 (1:500, Wanleibio,WL02385)
and anti-GADPH (1:10,000, Proteintech, 10494-1-AP)
respectively. After washing the membrane 3 times with TBST,
the membrane was incubated with HRP-conjugated AffiniPure
goat anti-mouse IgG (1:10,000, Proteintech, SA00001-1) or anti-
rabbit IgG (1:10,000, Proteintech, SA00001-2) for 1 h at room
temperature and washed 3 times again with TBST. Lastly, the
membranes were added with enhanced chemiluminescence
system (ECL) detection kit (Boster, China), ImageJ software
was used for grayscale analysis of the image bands, and
GAPDH was used as an internal reference for semi-
quantitative analysis of the target proteins.

Real-Time PCR
Total real-time polymerase chain reaction RNA was extracted
using Trizol reagent (Invitgen, Carlsad, CA, United States), and
the concentration of RNA for each sample was measured using
an ND5000 ultra-micro UV spectrophotometer and reverse
transcribed using the All-in-One™ First-Strand cDNA
Synthesis Kit (GeneCopoeia Cat. No. AORT-0050) for
reverse transcription. Target genes were analyzed by RT-
qPCR according to the manufacturer’s instructions (Applied
Biosystems Inc., Foster City, CA, United States). GAPDH
forward primer is 5′-TCCTGCACCACCAACTGCTTAG-3’;
reverse primer is 5′-AGTGGCAGTGATGGCATGGACT-3’;
FN primer forward is 5 ′-ATGAGAAGCCTGGATCCCCT-3′ and
the reverse is 5′-GGAAGGGTAACCAGTTGGGG-3’; COL1 is
forward:5′- GGGCAACAGCAGATTCACCTACAC-3′ and
reverse:5′-CAAGGAATGGCAGGCGAGATGG-3’; for COL3,
forward:5′- AGTGGCCATAATGGGGAACG-3′ and reverse:
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5′-CACCTTTGTCACCTCGTGGA-3’. GAPDH was used as an
internal control. Expression differences were assessed by the
2−ΔΔCT method.

Immunohistochemical Staining
Similar to HE staining, kidney tissues were fixed in paraffin and
next cut into paraffin-embedded kidney sections using a
microtome. The tissue sections were then dewaxed,
rehydrated and subjected to antigen retrieval in 0.01 M
citrate buffer (pH 6.0). After washing twice with PBS
(0.01 M, pH 7.4), sections were prepared for blocking with
primary antibodies against α-SMA (1:1,500, Proteintech,
14395-1-AP) and PI3K (1:300, Proteintech, 20584-1-AP) and
incubated overnight, followed by biotin labeled secondary
antibodies. Bound antibodies were visualized with
diaminobenzidine (DAB) staining and imaged (magnification, ×
200) using a light microscope (TE 2000, Nikon, Japan). Brown
granule staining in the cytoplasm and/or nucleus represents
positive expression of α-SMA and PI3K.

Cellular Immunofluorescence Staining
NRK-52E cells were crawled, then treated with TGF-β1 and
hirudin for 24 h, fixed with 4% paraformaldehyde, followed by
the addition of 0.1% Triton X-100 to break the membrane for
10 min, and blocked with 10% FBS to eliminate non-
characteristic fluorescent color development. After treatment
with rabbit anti-rat LC3 (1:300, Proteintech, 14600-1-AP) and
Beclin-1 (1:100, Bioworld, AP0768), and DyLight 488/594-
labeled secondary antibody, the nuclei were stained with DAPI
and sealed with anti-quenching blocker, and finally placed under
a fluorescent microscope and photographed. The nuclei were

stained with DAPI and blocked with anti-quenching blocker. The
expression levels of the corresponding proteins were expressed as
the integrated absorbance values.

Transcriptional and Bioinformatics Analysis
High quality RNA was used for library construction and high-
throughput sequencing. The RNA sequencing libraries were
performed using the NEBNext Ultra RNA Library Prep Kit
according to the manufacturer’s protocol. The library was
subsequently sequenced by CaptalBio technology Co. Ltd.
(Beijing, China) on a Novaseq6000 platform (Illumina,
Chicago, IL, United States). Transcriptome analysis was
performed using the rat reference genome-based read
mapping. Gene expression levels were estimated using
Fragments Per kilobase of an exon model per Million mapped
fragments (FPKM) values.

Statistical Analysis
All experiments were performed at least three times. SPSS 26.0
and GraphPad prism8 software were used for statistical analysis
of the data, and all data were expressed as mean ± standard
deviation. One-way analysis of variance (ANOVA) was used for
comparison between groups. Tukey’s test was used to compare
multiple methods. p < 0.05 was considered significant.

RESULTS

Hirudin Mitigated Renal Interstitial Fibrosis
We initially investigated the effects of resveratrol on interstitial
fibrosis in the kidneys of UUOmodels, which is a typical model of

FIGURE 1 | Effect of hirudin on renal histopathological alterations in unilateral ureteral obstruction (UUO)-induced renal interstitial fibrosis (RIF) rats. (A) HE staining
showed that hirudin significantly reduced tubular dilatation or atrophy, interstitial fibrosis and inflammatory cell infiltration in the UUO rats (magnification×200). (B)Masson
trichrome staining showed that hirudin significantly reduced renal tubulointerstitial damage and total collagen deposition in UUO rats. (magnification×400).
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RIF (Song et al., 2014). There were no rats died during the
experiment. The extent of kidney injury in the 14 days rats was
evaluated by HE staining (Figure 1A). Briefly, the kidney tissue
structure of the control group was normal. On the 14 days, the
renal tubular structure of the UUO group rats was severely
damaged, with massive necrosis of epithelial cells, atrophy and
collapse of interstitium, thickening or disappearance of basement
membrane, and obvious proliferation of renal interstitial fibrous
tissue with a large number of monocytes and macrophages
infiltration. The above pathological damage was significantly
reduced after hirudin treatment compared with the UUO
group. Masson trichrome staining was performed at 14 days to
assess the extent of fibrosis in the rat kidney tissue (Figure 1B).
No significant fibrosis was seen in the kidney tissues of the control
rats. The model kidney disturbed cell arrangement, disrupted
tubular structure and obvious proliferation of fibrous connective

tissue; compared with the UUO group, the kidney fibrosis was
reduced in the hirudin-treated group.

Expressions of Fibrosis-Associated Genes
in Rat Kidney Tissues
Next, we examined the protein levels of fibrosis markers in the
kidney tissues of each group. The expression of proteins COL1,
COL3, and FN, which are closely related to fibrosis formation,
was upregulated in the UUO group compared with the Sham
group, and the expression was reversed after hirudin treatment
(Figures 2A,B). Based on the biological importance of α-SMA in
mediating RIF, we next assessed the protein levels of α-SMA in rat
kidney tissues by immunohistochemistry (IHC). Compared with
the Sham group, α-SMA positive expression was increased in the
UUO group rats and was downregulated by hirudin treatment

FIGURE 2 | Effect of hirudin on inhibition of FN, COL1, COL3 and α-SMA induced by unilateral ureteral obstruction (UUO). (A) Effect of hirudin on FN,
COL1 and COL3 in UUO kidney tissues, as determined by Western blot. (B) Effect of hirudin on FN, COL1 and COL3 in UUO kidney tissues, according to the
results of Western blot. (C) Effect of hirudin on α-SMA in UUO kidney tissues, as determined by Immunohistochemical staining (magnification ×200). (D)
Effect of hirudin on α-SMA in UUO kidney tissues, according to the results of Immunohistochemical staining. (E) Effect of hirudin on FN, COL1 and COL3
in UUO kidney tissues, according to the results of RT-qPCR. Data are expressed as mean ± SD for six rats per group. pp indicates p < 0.01and p indicates
p < 0.05.
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(Figures 2C,D). The expression trends of COL1, COL3, and FN
mRNAwere further confirmed by RT-qPCR to be consistent with
protein expression (Figure 2E), and thus the transcript levels
were statistically significant between the groups.

Transcriptomic Analysis of Hirudin in the
Treatment of Renal Interstitial Fibrosis
We performed a comparative analysis of transcriptome analysis and
gene expression between the Sham group, the UUO group and the
UUO hirudin-treated group. In total, the RNA-Seq results included
30,408 differential expressed genes (DEGs, | log2FoldChange | ≥1).
Among them, the Sham and UUO groups had 15,112 DEGs, while
there were 15,296 DEGs between Sham and UUO hirudin-treated
group. In which, 2013 genes were up-regulated and 2,255 genes were
down-regulated in the UUO group compared to the Sham group
(Figure 3A). 708 genes were changed, of which 419 genes were up-
regulated and 289 genes were down-regulated in the UUO hirudin-
treated group compared with the UUO group (Figure 3B). We then
mapped the differentially expressed genes from the above two results
to obtain 322 identical differential expressed genes (IDEs), whichwere
the potential target genes for hirudin against kidney fibrosis
(Figure 3C). Of these genes, 169 common genes were consistently
upregulated and 153 common geneswere consistently downregulated.

PI3K/Akt Signaling Serves as a Candidate
Pathway in Hirudin Against CKD
To further discover the potential functional pathways of hirudin for
CKD treatment, we performed GSEA analysis on IDEs. A total of
115 signaling pathways were enriched, as shown in Figure 4A,
AMPK, JAK-STAT and PI3K-Akt signaling pathways were the
important signaling pathways enriched. PI3K/Akt signaling
pathway ranking five was priorly chosen to be verified in the
following experiments. To explore the biological functions of
IDEs, we performed Gene Ontology (GO) pathway annotation,

and the results showed that cellular amino acid metabolic process
was the most significantly enriched pathway in biological processes
(Figure 4B). For molecular functional enrichment analysis, IDEs
were mainly enriched in coenzyme binding, pyridoxal phosphate
binding and other pathways (Figure 4C). In addition, microbody is
the most obvious pathway for cellular components (Figure 4D).

PI3K and Akt Play an Important Role in the
Treatment of Chronic Kidney Disease With
Hirudin
Based on the above results, PI3K, Akt, mTOR were selected as
potential targets and their expressions were further examined by
RT-qPCR. Figure 5E shows the mRNA expression trends of
PI3K, p-Akt, and mTOR, and thus the transcript levels were
statistically significant between the groups. In addition, using the
same remaining samples forWestern blot analysis, the expression
of PI3K, p-Akt, and mTOR was significantly elevated in the UUO
group of rats, whereas it was significantly suppressed in the UUO
hirudin-treated group (Figures 5A–D). These results suggest that
hirudin can inhibit the PI3K/Akt signaling pathway, which is
involved in the construction of the UUO rats and hirudin
treatment of RIF.

Effect of Hirudin on NRK-52E Cell Viability
After TGF-β1treatment
To avoid the potential toxic effects of hirudin on NRK-52E cells
and to explore the effective and safe dose of hirudin, we treated
NRK-52E cells at 0,2.5,5,7.5,10,12.5,15, 17.5 and 20 IU/ml
concentrations of hirudin for 24 and 48 h, respectively.
Hirudin was found to significantly reduce the increase in cell
viability induced by 10 ng/ml TGF-β1, and this inhibition showed
a dose-dependent effect. In addition, cell viability was
significantly inhibited at hirudin concentrations >10 IU/ml for
24 h and at hirudin concentrations >5 IU/ml for 48 h

FIGURE 3 | Transcriptomic assay and bioinformatics analysis. (A) Compared Sham group with UUO group, filtering of DEGs was presented by volcano. (B)
Compared UUO hirudin-treated group with UUO group, filtering of DEGs was presented by volcano. (C) Venn diagram of overlapping genes derived from transcriptome
analysis in a pairwise comparison. Red color represents upregulated genes, while green color shows downregulated genes.
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FIGURE 4 | Functional analysis of the kidney transcriptome by hirudin treatment. (A) Gene Set Enrichment Analysis (GSEA) of hirudin treatment-related key
pathways. (B) biological processes (BP) of GO analysis of hirudin treatment-related functional annotations. (C) molecular function (MF) of GO analysis of hirudin
treatment-related functional annotations. (D) cellular component (CC) of GO analysis of hirudin treatment-related functional annotations. (E) Schematic diagram of
hirudin against RIF through PI3K/Akt pathway.
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(Figure 6A). Therefore, we concluded that intervention with
hirudin had no significant inhibitory effect on the cell viability of
NRK-52E cells at a concentration of 10 IU/ml for 24 h. Thereby,
we used 10 IU/ml of hirudin in the following experiments. To
assess whether hirudin has antifibrotic properties in vitro, we
analyzed the expression of fibrosis-associated proteins, which are
reliable markers of TGF-β1-induced fibrosis after activation.
Treatment with TGF-β1 significantly induced the expression
of COL1, FN but decreased E-Cad expression.

We observed that treatment of NRK-52E with 10 IU/ml of
hirudin for 24 h had an inhibitory effect on COL1 and FN
expression in TGF-β1-induced NRK-52E cells, while
promoting E-Cad expression (Figures 6B,C). This result was
consistent with the expression of COL1, FN, and E-Cad at the
mRNA level (Figure 6D).

Hirudin Inhibits PI3K/Akt Signaling Pathway
We further examined the effect of hirudin on regulating the PI3K/
Akt pathway in NRK-52E. The expression of PI3K, p-Akt and

mTOR was significantly upregulated after TGF-β1 treatment
compared to the control group. However, hirudin treatment
inhibited their increased expression (Figures 7A,B).
Furthermore, we treated NRK-52E cells in the TGF-β1 group
using the PI3K inhibitor wortmannin to investigate whether
attenuating renal fibrosis in the TGF-β1 group was caused by
inhibition of the PI3K/Akt pathway. As shown in Figures 7C,D,
wortmannin treatment partially reversed the TGF-β1-induced
increase in PI3K compared to cells in the TGF-β1 group. In
addition, p-Akt and mTOR were correspondingly reduced by
wortmannin treatment (p < 0.01). These data confirm that renal
fibrosis is inhibited and restored by blocking the PI3K/Akt
pathway.

Hirudin Ameliorated Autophagy Disorders
Changes in autophagy are important for the physiological
function of the kidney and the course of disease development
(Kaushal et al., 2020; Tang et al., 2020). And PI3K/Akt signaling
pathway is the classical pathway of autophagy (Reedquist et al.,

FIGURE 5 | Hirudin inhibited the PI3K/Akt signaling pathway in UUO kidneys. (A) Effect of hirudin on PI3K in UUO kidney tissues, as determined by
immunohistochemical staining. (magnification ×400) (B) Hirudin reduced the PI3K positive expression area in UUO kidneys, according to the results of
immunohistochemical staining. (C) Effect of hirudin on p-Akt and mTOR in UUO kidney tissues, as determined by Western blot. (D) Effect of hirudin on p-Akt and mTOR
in UUO kidney tissues, according to the results ofWestern blot. (E) Effect of hirudin on PI3K, p-Akt andmTOR in UUO kidney tissues, according to the results of RT-
qPCR. Data are expressed as mean ± SD for six rats per group. pp indicates p < 0.01and p indicates p < 0.05.
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FIGURE 6 | Hirudin attenuates renal interstitial fibrosis in TGF-β1 induced NRK-52E cells. (A) CCK-8 assay showed that the ability of cell viability was decreased in
NRK-52E cells by treatment with hirudin. (B) Effect of hirudin on COL1, FN and E-Cad in NRK-52E cells, as determined byWestern blot. (C) Effect of hirudin on COL1, FN
and E-Cad in NRK-52E cells, according to the results of Western blot. (D) Effect of hirudin on COL1, FN and E-Cad in NRK-52E cells, according to the results of RT-
qPCR. Data are expressed as mean ± SD (n � 3 for each group). pp indicates p < 0.01 and p indicates p < 0.05.

FIGURE 7 | Hirudin inhibits the PI3K/Akt signaling pathway in TGF-β1-treated NRK-52E cells. (A) Effect of hirudin on PI3K, p-Akt, mTOR, Beclin1 and P62 in TGF-
β1-treated NRK-52E cells, as determined by Western blot. (B) Effect of hirudin on PI3K, p-Akt, mTOR, Beclin1 and P62 in TGF-β1-treated NRK-52E cells, according to
the results of Western blot. (C) Effect of wortmannin on PI3K, p-Akt, mTOR in TGF-β1-treated NRK-52E cells, as determined by Western blot.(D) Effect of wortmannin
on PI3K, p-Akt, mTOR in TGF-β1-treated NRK-52E cells, according to the results of Western blot. Data are expressed as mean ± SD (n � 3 for each group).
pp indicates p < 0.01 and p indicates p < 0.05.
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2006; Jung et al., 2010). Therefore we then tested the effect of
TGF-β1 on the autophagic capacity of NRK-52E cells. Western
blotting results showed that the expression of P62 and Beclin-1

was increased in the TGF-β1 group compared with the Control
group; the expression of P62 and Beclin-1 was significantly
decreased in the TGF-β1+Hirudin group compared with the

FIGURE 8 | Cellular immunofluorescence detection of LC3 protein expression.

FIGURE 9 | Cellular immunofluorescence detection of Beclin-1 protein expression.
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TGF-β1 group (Figures 7A,B). Immunofluorescence assay
results showed that intracellular autophagy marker proteins
LC3 and Beclin-1 were significantly increased in the TGF-β1
group compared with the Control group; intracellular LC3 and
Beclin-1 were significantly decreased in the TGF-β1+Hirudin
group compared with the TGF-β1 group (Figures 8, 9). In
conclusion, hirudin could attenuate TGF-β1-induced
autophagy impairment in NRK-52E cells.

DISCUSSIONS

Leeches are the dried bodies of the annelids W. pigra Whitman, H.
nipponica Whitman, or W. acranulata Whitman, and modern
pharmacological studies indicate that leeches mainly have
anticoagulant and antithrombotic effects (Eldor et al., 1996). The
hirudin in leeches is the strongest specific inhibitor of thrombin found
so far (Markwardt, 1994). Therefore, the presence of hirudin in
leeches and its content has become an important criterion for
measuring the efficacy of medicinal leeches (Zhang et al., 2013). In
addition to its anticoagulant effect, hirudin also has some anti-
inflammatory and anti-fibrotic effects (Li et al., 2019; Shen et al.,
2019).However, there are few reports on the anti-nephrogenic fibrotic
effects of hirudin.UUO is a commonway to elucidate the pathological
mechanisms associated with RIF, such as glomerulosclerosis,
inflammatory cell infiltration, interstitial ECM aggregation, and
collagen deposition (Nishida et al., 2007; Islam et al., 2016). In this
study, we evaluated the effect of hirudin in improving renal function
by detecting renal fibrosis indexes. The experimental results illustrated
that hirudin significantly improved the renal fibrosis-related protein
levels in UUO rats, suggesting its protective effect on renal function in
UUO rats. To further investigate the molecular mechanism of the
renal protective effect of hirudin, we identified 322mRNAs (including
169 up-regulated mRNAs and 153 down-regulated mRNAs) that
were differentially expressed in the hirudin-treated group compared
with the UUO group.

Functional enrichment analysis showed that these genes were
significantly enriched in relation to Go-BP, such as negative
regulation of cytokine production, positive regulation of cytokine
production, adaptive immune response, activation of immune
response and cell activation involved in immune response, were
significantly enriched. response, activation of immune response and
cell activation involved in immune response, etc. It was shown that
cytokines TGF-β, HIF-1, and NLRP3 promote the development of
chronic kidney disease and influence the immune status of CKD.
Corresponding to the GO results, pathway enrichment analysis
enriched 115 terms, including AMPK signaling pathway, JAK-
STAT signaling pathway and PI3K-Akt signaling pathway.

The adenylate-activated protein kinase (AMPK) pathway is
involved in the development of CKD (Guo et al., 2014; Ha
et al., 2014). Activation of the AMPK signaling pathway reduces
oxidative stress in chronic kidney disease (Kidokoro et al., 2013),
decreases the expression of inflammatory factors in plasma and
renal tissues of CKD patients (Xie et al., 2017), and inhibits the
development of renal tubular fibrosis (Ishibashi et al., 2012).

The JAK/STAT signaling pathway is an important class of
cytokine signaling pathway that is widely involved in cell

proliferation, differentiation, apoptosis and inflammatory
response, and has a regulatory role in various renal diseases
(Chuang and He, 2010; Wiezel et al., 2014; Pace et al., 2019). This
pathway can be involved in the development of obstructive
nephropathy, diabetic nephropathy and acute kidney injury by
regulating the expression of JAK and STAT family factors, and
inhibition of this signaling pathway can help to slow down the
progression of CKD (Liu et al., 2020; Zhao et al., 2020).

The phosphatidylinositol kinase-3 (PI3K)/protein kinase B
(Akt) signaling pathway is also an important signaling pathway
in chronic kidney disease, and overactivation of this signaling
pathway can trigger the onset and development of CKD (Lu
et al., 2019). We randomly selected the PI3K-Akt signaling
pathway for validation. Our study suggests that PIK3/Akt
signaling pathway activation is involved in the development
of CKD. After hirudin treatment, PI3K protein was reduced in
renal tissues of UUO rats as well as in TGF-β-induced NRK-52E
cells. The same trend was observed for Akt phosphorylation
levels. We conclude that hirudin is able to alleviate renal tissue
injury by inhibiting the activation of the PIK3/Akt signaling
pathway. The PI3K/Akt signaling pathway is the most classical
signaling pathway in the regulation of cellular autophagy, and it
plays an important role (Chen and Debnath, 2013; Yu et al.,
2015). In recent years, an increasing number of studies have
found that PI3K/Akt pathway-regulated cellular autophagy is
closely associated with the development and pathological
progression of chronic kidney diseases such as diabetic
nephropathy and RIF (Kimura et al., 2017; Liu et al., 2017;
Lin et al., 2019).

There is also extensive research evidence further suggesting
the presence of autophagy-deficient kidneys in CKD patients
(Kume et al., 2012; Lin et al., 2019; Choi, 2020). Based on these
findings, the hypothesis that defective autophagy in the kidney
may increase the susceptibility of renal cells to the associated
injury, leading to treatment-emergent resistant proteinuria and
progressive decline in renal function, was then proposed
(Leventhal et al., 2014). Therefore, restoring autophagy as a
treatment for CKD may become a new therapeutic option.
LC3 is widely used as a marker of autophagy, and the
transition from LC3I to LC3II suggests the formation of
autophagosomes. In addition, ubiquitin-binding protein P62 is
another marker protein reflecting autophagic activity, and its
accumulation in the cytoplasm suggests diminished autophagic
activity. Beclin1 also positively regulates autophagic activity by
binding to PI3K3C, forming a core complex that initiates
autophagy (Yang and Klionsky, 2010). Our results showed that
the expression levels of P62, Beclin-1 and LC3 were significantly
increased after TGF-β intervention in NRK-52E cells, suggesting
an intracellular impairment of autophagy, which was reversed
by hirudin. Therefore, we suggest that hirudin has a
nephroprotective effect and ameliorates autophagy impairment
in renal injury, and this effect is associated with the PIK3/Akt
signaling cascade.

In this study, we investigated the mechanism of action of
hirudin against RIF from the perspective of transcriptomic
analysis and in vivo and in vitro experimental validation, and
there are some areas for improvement in the follow-up study.
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First, clinical data and samples need to be studied to support our
findings. Second, RIF is a complex pathological process involving
various mechanisms such as autophagy, oxidative stress,
impaired energy metabolism, and apoptosis, and further
elucidation is still needed for the specific mechanism of
hirudin against RIF.

The anti-renal fibrotic effect of hirudin has been studied, but
its mechanism of action has not been fully elucidated. In the
present study, we investigated the molecular mechanism of the
anti-renal fibrosis effect of hirudin from the whole transcriptome
and ex vivo experiments. The results showed that hirudin
ameliorated renal fibrosis in rats by a mechanism involving
the regulation of the PIK3/Akt signaling pathway and thus the
activation of autophagy.
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Astragalus Polysaccharide Reduces
Blood Pressure, Renal Damage, and
Dysfunction Through the TGF-β1-ILK
Pathway
Wei Zheng1†, Tao Huang1†, Qi-Zhen Tang1†, Shi Li 2, Jie Qin1* and Feng Chen1*

1Department of Urology, First Affiliated Hospital of Dalian Medical University, Dalian, China, 2Department of Urology, Dalian
Central Hospital, Dalian, China

Background: Astragalus polysaccharide extract (APS) has been shown to exhibit
antioxidant and anti-inflammatory potential in the treatment of several diseases.
However, whether APS could protect against renal damage in hypertensive mice is
unknown.

Methods: Hematoxylin and eosin staining, immunohistochemistry, real-time polymerase
chain reaction, andWestern blotting were used to investigate the effect of APS on the renal
damage in deoxycorticosterone acetate- (DOCA) salt- and angiotensin II- (Ang II-) induced
hypertensive mice and to elucidate the underlying mechanisms.

Results: Our data demonstrated that APS significantly reduced blood pressure in DOCA-
salt- and Ang II-treated mice. Furthermore, APS reduced the inflammatory response and
renal fibrosis, thereby improving renal function. Furthermore, the levels of serum creatinine,
urea nitrogen, and uric acid increased in DOCA-salt-treated mice, alleviated by APS
administration. At the molecular level, DOCA-salt and Ang II increased the mRNA levels of
IL-1β, IL-6, α-SMA, collagen I, and collagen III, while APS significantly inhibited these
effects. APS inhibited the TGF-β1/ILK signaling pathway, which was activated in
hypertensive mice due to the administration of DOCA-salt.

Conclusion: Our results suggest that APS plays a beneficial role in improving renal
dysfunction in hypertensive mice.

Keywords: Astragalus polysaccharides, hypertension, transforming growth factor-β, integrin linked kinase, renal
damage

INTRODUCTION

Hypertension is a major risk factor for cardiovascular diseases (Doyle 1991; Elliott 2007) and is
considered a chronic and low-grade inflammatory disease causing inflammatory reaction in the
kidneys (Mennuni et al., 2014). In the human body, the kidney is a physiologically, structurally, and
metabolically (Krishnan et al., 2016) complicated organ. Inflammation is a key pathology in
hypertensive and inflammation-injured kidneys. In turn, injury to the tubules induces
inflammatory responses and results in renal fibrosis (Ying and Wu., 2017).

The transforming growth factor-β (TGF-β) family consists of different growth factors and has
many functions involved in development and fibrosis (Nüchel et al., 2018). For example, TGF-β
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could promote the growth and production of fibroblasts and
could also inhibit the proliferation of epithelial, endothelial, and
immune cells (Massagué., 2012). TGF-β1 is the best-
characterized isoform of the TGF-β superfamily and is a
potent fibrogenic cytokine. Furthermore, TGF-β1 promotes the
formation of myofibroblasts, which induce organ fibrosis (Border
and Noble, 1994; Frangogiannis, 2020). These are the most
important effector cells that produce and stiffen excessive
amounts of extracellular matrix, resulting in fibrotic changes
in tissues (Tomasek et al., 2002). Recent studies have shown
that it is a key intercellular mediator that controls TGF-β1-
induced epithelial–mesenchymal transition in renal tubular
epithelial cells (Higgins et al., 2018). Integrin-linked kinase
(ILK) is an important protein located in focal adhesions. ILK
transduces integrin signaling to the interior of the cell and
mediates diverse cellular processes by interacting with the
cytoplasmic domain of β-integrins. ILK has many functions
that regulate cell survival, proliferation, adhesion,
differentiation, and migration (Alasseiri et al., 2018; Huang
et al., 2019). Several studies have found that ILK is induced
simultaneously by TGF-β1 in a Smad-dependent manner (Janji
et al., 1999; Zhang and Huag., 2018).

Astragalus polysaccharides are the main bioactive components
extracted from Astragalus membranaceus. Astragalus
polysaccharide extract (APS) is famous for its various
pharmacological activities (Yang et al., 2019; Sun et al., 2021).
APS is a critical active ingredient responsible for various
bioactivities of Astragalus membranaceus. APS is well known
to have various properties, including antioxidant,
immunomodulatory, anti-inflammatory, antidiabetic,
antiatherosclerosis, hematopoiesis, hepatoprotective, and
neuroprotective properties (Huang et al., 2017; Tian et al.,
2017). A recent study found that APS could inhibit the
activity of TGF-β1 and reduce the formation of extracellular
matrix in diabetic rats (Meng et al., 2020). In our study, we used
APS as a protective agent to investigate its healing effect in
hypertensive kidneys.

MATERIALS AND METHODS

Chemicals and Antibodies
APS (batch number: HQ090312, purity >98% by HPLC) was
purchased from Sciphar (Xi’an, Shanxi Province, China). Primary
antibodies, such as anti-TGF-β1 (3711s), anti-Smad2/3 (8685s),
anti-phospho-Smad2/3 (8828s), anti-phospho-P65 (3033s), anti-
P65 (4764s), and anti-GAPDH (5174s), were purchased from Cell
Signaling Technology. Anti-ILK (ab236455) was purchased from
Abcam. Secondary antibodies, namely, goat anti-rabbit IgG
polyclonal antibody and anti-mouse IgG, were purchased from
Proteintech, China.

Animals and Treatment
In our study, we used 8-week-old male C57BL/6J mice (average
weight, 23–25 g) for all wild-type (WT) experiments. All animals
were maintained under a 12 h light-dark cycle with free access to
food and water. All in vivo experiments were performed

according to the Protection of Animals Act and the National
Institutes of Health Guide (NIH Publication No. 85-23) for the
Care and Use of Laboratory Animals (Krishnan et al., 2016). The
study was approved by the Institutional Animal Care and Use
Committee of the University of DalianMedical University (SCXK
2015-2003). For the in vivo study, we examined the protective
effect of APS in two different hypertensive models, in which the
mice were randomly divided into four groups: control, APS,
hypertensive, and hypertensive + APS groups. We used APS
as a protective agent, which was intravenously injected into mice
2 days before surgery (angiotensin II (Ang II) infusion model or
one kidney/deoxycorticosterone acetate/salt model), and
200 mg/kg of APS was administered every 2 days after the
surgery (Yang et al., 2019).

One Kidney/Deoxycorticosterone Acetate/
Salt Model of Hypertension
The first hypertensive model in our study was a kidney/
deoxycorticosterone acetate/salt model. In this study, all
surgeries were performed under anesthesia induced by the
inhalation of 2% isoflurane. Under anesthesia, we removed the
left kidney of the WT mice and implanted a deoxycorticosterone
acetate pellet (DOCA, 2.4 mg/day; Innovative Research of
America, Sarasota, FL, United States) and replaced their
drinking water with 0.9% saline (1K/DOCA/salt) to induce a
hypertensive model (Wang et al., 2016). Mice in the control group
in this model were also uninephrectomized but received a placebo
pellet (Innovative Research of America) and normal drinking
water (1 K/placebo).

Angiotensin II-Infusion Model of
Hypertension
Another hypertensive model in our study was the angiotensin II
infusion model. WTmice were infused with saline or angiotensin
II (Ang II) at a dose of 0.7 mg/kg/day (Model 1004, Alzet,
Cupertino, CA, United States) for 28 days. The control group
mice received the vehicle for Ang II (i.e., 0.9% saline) with
osmotic minipumps as previously described (Krishnan et al.,
2016).

Blood Pressure Measurements
Blood pressure (BP) was measured using the tail-cuff method
(SoftronBP-98A; Softron, Tokyo, Japan). Before treatment, we
first recorded the BP of each mouse before the surgery as their
basic BP value and regarded them as −1 and 0 days. After surgery,
we measured the BP on days 3, 6, 9, 12, 15, 18, and 21 for the
DOCA model, whereas for the Ang II-infused model, BP was
measured on days 3, 7, 10, 14, 21, and 28 (Krishnan et al., 2019).

Renal Function, Histopathology, and
Immunohistochemical Staining
After the study period, mice were fasted for 12 h. We collected
serum from each group of mice and processed it for the analysis
of serum creatinine, urea nitrogen, and uric acid concentrations
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using an enzyme-linked immunosorbent assay (ELISA)
according to the manufacturer’s instructions (R&D System,
Minneapolis, MN). Approximately 60 μl of serum was used for
each measurement.

After the study period, all the mice were sacrificed under
anesthesia. We fixed the kidney tissues with 4%
paraformaldehyde (PFA) for more than 24 h, followed by
embedding in paraffin. All sections (4 μm) were subjected to
hematoxylin and eosin (H&E), periodic acid-Schiff (PAS), and
Masson’s trichromatic staining. Immunochemistry was
performed with the primary antibody anti-α-smooth muscle
actin (α-SMA), which was purchased from Sigma-Aldrich. The
degree of injury was graded semiquantitatively and blindly by two
independent researchers from 10 randomly chosen fields of each
kidney section, according to the extent of injury involved in each
field as follows: 0, normal; 1, <10%; 2, 11–25%; 3, 26–75%; and 4,
>75% of the observed tubules (Huang, et al., 2019).

Cells and Treatment
Human renal proximal tubular cells (HK-2 cells) and bone
marrow-derived macrophages (iBMDMs) were obtained from
Dalian Medical University. HK-2 cells and iBMDMs were
cultivated in DMEM (Gibco) basic medium supplemented
with 5% fetal bovine serum and 100 U/ml penicillin–100 μg/ml
streptomycin antibiotics at 37°C under a 5% CO2-humidified
environment. For the in vitro study, HK-2 cells were pretreated
with APS (100 μg/ml) or an inhibitor of TGF-β (disitertide, P144,
100 μg/ml) for 3 h and then treated with saline or Ang II
(100 nM) for 24 h (Sun et al., 2021; Jun et al., 2019).

Real-Time PCR Analysis
According to the manufacturer’s instructions, we used TRIzol
regent (Invitrogen, New York) to purify the total RNA from the

fresh kidneys and cells. The first-strand cDNA (1–2 μg) was
synthesized with Superscript II (TAKARA, Japan). All the
primer sequences were synthesized by Sangon Biotech
Company (Shanghai, China). The primer sequences were listed
as follows: IL-1β: forward 5′-TGC CAC CTT TTG ACA GTG
ATG-3′ and reverse 5′-TTC TTG TGA CCC TGA GCG AC-3′;
IL-6: forward 5′-TTC CAT CCA GTT GCC TTC TTG-3′ and
reverse 5′-TTG GGA GTG GTA TCC TCT TGT GA-3′; collagen
I: forward 5′-TGA CTG GAA GAG CGG AGA GTA C-3′ and
reverse 5′-TTC GGG CTG ATG TAC CAG TTC-3′; collagen III:
forward 5′-AAA TTC TGC CAC CCC GAA CT-3′ and reverse
5′-CCA GTG CTT ACG TGG GAC AGT-3′; and GAPDH:
forward 5′-GGT TGT CTC CTG CGA CTT CA-3′ and
reverse 5′-GGT GGT CCA GGG TTT CTT ACT C-3′. We
used GAPDH as the internal control and normalized the
resulting transcript levels to those of GAPDH gene. The
results were analyzed using the ΔΔCt technique.

Immunoblot Analysis
Total proteins were purified from snap frozen kidney tissue and
cells using RIPA buffer (PSMF: RIPA � 1:100; Solar-Bioscience
Technology, Beijing, CA). The protein lysates were separated by
electrophoresis on 10% SDS–PAGE gels and transferred onto
polyvinylidene difluoride membranes. The blots were incubated
with primary antibodies at 4°C overnight. On the following day,
the blots were treated with goat anti-rabbit or anti-mouse
secondary antibodies. We used ImageJ software for the
densitometric analysis, and GAPDH was used as an internal
control.

Cell Migration Assays
For the cellmigration assay,HK-2 cells were pretreatedwith saline or
Ang II (100 nM) for 24 h and then blocked with PBS, P144, or APS

FIGURE 1 | Treatment with APS prevents DOCA-induced hypertension. (A)Diagrammatic representation of treatment of different groups of mice: 1K/placebo, 1K/
placebo + APS, 1K/DOCA/salt, and 1K/DOCA/salt + APS. (B) Average systolic blood pressure of each group before and after DOCA treatment obtained by telemetry
(n � 6 per group). **P < 0.01 versus control mice. ##P < 0.01 versus DOCA + APS mice.
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(100 μg/ml) for an additional 3 h. The isolated iBMDMs (5 × 104)
were added to the upper chambers of the transwell inserts in a 24-
well cell culture plate (8 μm pore, Corning, New York,
United States). Conditioned medium obtained from Ang II-
pretreated HK-2 cells was added to the lower wells. After 24 h of
exposure, cells that hadmigrated to the lower surface were fixed with
4% formalin, stained with 4’,6-diamidino-2-phenylindole (DAPI),
and counted in six randomly chosen fields using an inverted
microscope (Olympus, IX73, Japan) (Liao, et al., 2012).

Statistics
All data in our study are expressed as mean ± SD and tested with
SPSS19.0. Systolic BP pressure data were analyzed using two-way
repeated measures ANOVA followed by the Bonferroni post hoc

two-tailed analysis. Other data were analyzed using either
Student’s unpaired t-test or one-way ANOVA followed by the
Bonferroni post hoc two-tailed analysis. Statistical significance
was set at p < 0.05. Data were graphed using GraphPad Prism 9.0.

RESULTS

Treatment with APS Alleviates the Increase
in Systolic BP in 1K/DOCA/Salt-Induced
Mice
We established a 1K/DOCA mouse model to investigate the
protective effects of APS (Figure 1A). In this study, we found

FIGURE 2 | APS reduces inflammation reaction in DOCA-treated mice. (A) H&E staining of each group were analyzed (scale bar 50 μm, n � 6 per group). (B) PAS
staining of each group were analyzed (scale bar 50 μm, n � 6 per group). (C) Immunoblotting analysis of phospho-p65 and p65 protein in each group (n � 4 per group).
(D) Quantification of protein bands (n � 4). (E) Tubular injury score was computed from the percentage of damaged tubulars. Based on the different degree of tubular
injury, the score was divided into 0, normal; 1, <10%; 2, 11–25%; 3, 26–75%; 4, >75% of the observed tubules. (F) qPCR analysis of IL-1β and IL-6 mRNA
expression levels in the kidney (n � 6). **P < 0.01 versus control mice. ##P < 0.01 versus DOCA + APS mice.
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FIGURE 3 | APS prevents collagen deposition in DOCA-treated mice. (A) Masson staining of each group was analyzed (scale bar 50 μm). (B) Percentage of the
fibrotic area was analyzed (n � 6 per group). (C) Immunochemistry staining of the kidney sections with α-SMA (scale bar 50 μm). (D) Quantification of α-SMA-positive
area (n � 6). (E) Immunoblotting analysis of TGF-β1, phospho-Smad2/3, Smad2/3, and ILK protein in each group (n � 4 per group). (F) Quantification of protein bands
(n � 4). (G) qPCR analysis of α-SMA, collagen I, and collagen III mRNA expression levels in the kidney (n � 6). **P < 0.01 versus control mice. ##P < 0.01 versus
DOCA + APS mice.

FIGURE 4 | APS improves the kidney function in DOCA-treatedmice. (A) The level of serum creatinine in each group (n � 6 per group). (B) The level of urea nitrogen
in each group (n � 6 per group). (C) The level of uric acid in each group (n � 6 per group). **P < 0.01 versus control mice. ##P < 0.01 versus DOCA + APS mice.
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that after treatment with 1K/DOCA/salt, the systolic BP of WT
mice was increased by 40–50 mmHg. However, after treatment
with APS, the increase in BP was reduced (Figure 1B).

APS Reduces the Inflammation Reaction in
the Kidneys of 1K/DOCA/Salt-Treated Mice
We used H&E staining and PAS staining to examine the renal
damage in the 1K/DOCA/salt group and the effect of APS. The
staining results revealed increased tubular dilation and tubular
cell atrophy in 1K/DOCA/salt kidneys; however, following APS
treatment, the tubular injury score decreased (Figures 2A,B,E).

In addition, we evaluated the expression of phosphorylated
p65 and inflammation-related genes in the kidneys of 1K/DOCA/
salt-induced hypertensive mice. We found that the
phosphorylation of p65 and the expression of inflammation-
related genes, including those encoding IL-1β and IL-6, were
increased compared with the observations in the saline group
(Figures 2C,D); however, after treatment with APS, both

decreased (Figure 2F). The results confirmed that APS
regulated the inflammatory response in 1K/DOCA/salt mice,
leading to the attenuation of the renal injury in the mice.

APS Reduces the Expression of the Fibrosis
Makers in the Kidneys of 1K/DOCA/
Salt-Treated Mice
Kidney sections from 1K/DOCA/salt-treated mice displayed
distinct collagen deposition in the renal interstitium compared
with the control mice (Figures 3A,B), and collagen deposition
was reduced in the 1K/DOCA/salt-treated mice (Figures 3A,B).
The number of α-SMA-positive myofibroblasts was lower in the
APS-treated mice than in the 1K/DOCA/salt-treated mice
(Figures 3C,D). In addition, when compared with the control
group, treatment with DOCA induced the activation of TGF-β
and Smad2/3 signaling in 1K/DOCA/salt-treated mice, which
was also blocked in APS-treated mice (Figures 3E,F).
Furthermore, ILK expression was detected. Following

FIGURE 5 | Treatment with APS prevents Ang II-induced hypertension. (A) Diagrammatic representation of treatment of different groups of mice: saline, APS, Ang
II, and Ang II + APS. (B) Average systolic blood pressure of each group before and after Ang II treatment obtained by telemetry (n � 6 per group). (C)H&E staining of each
group were analyzed (scale bar 50 μm, n � 6 per group). (D) Tubular injury score was computed from the percentage of damaged tubulars. Based on the different
degrees of tubular injury, the score was divided into 0, normal; 1, <10%; 2, 11–25%; 3, 26–75%; 4, >75% of the observed tubules. (E) qPCR analysis of IL-1β and
IL-6 mRNA expression levels in the kidney (n � 6). (F)Masson staining of each group was analyzed (right, scale bar 50 μm). Percentage of the fibrotic area was analyzed
(left, n � 6 per group). (G) qPCR analysis of collagen I and collagen III mRNA expression levels in the kidney (n � 6). (H) Immunoblotting analysis of TGF-β1 and ILK protein
in each group (n � 4 per group). **P < 0.01 versus control mice. ##P < 0.01 versus Ang II + APS mice.
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FIGURE 6 | APS decreases the expression of ILK through regulating the TGF-β pathway in Ang-II-treated HK-2 cells. (A)Migration ability of iBMDM was assessed
using a transwell assay. iBMDM was added to the upper chambers, and conditioned media obtained from Ang II and P144-pretreated HK-2 cells were added to the
lower wells. The migrated iBMDM was stained with DAPI to visualize nuclei (left), and the migrated cells were quantified (right, scale bar 100 μm). (B) Immunoblotting
analysis of TGF-β1 and ILK protein in each group (n � 3 per group). (C) qPCR analysis of IL-1β, IL-6, collagen I, and collagen III mRNA expression levels in the kidney
(n � 6). (D)Migration ability of iBMDM to Ang II and APS-pretreated HK-2 cells was added as described above. The migrated iBMDM was stained with DAPI to visualize
nuclei (left), and the migrated cells were quantified (right, scale bar 100 μm). (E) Immunoblotting analysis of TGF-β1 and ILK protein in each group (n � 3 per group). (F)
qPCR analysis of IL-1β, IL-6, collagen I, and collagen III mRNA expression levels in the kidney (n � 6). **P < 0.01 versus control group. ##P < 0.01 versus Ang II + P144
group or Ang II + APS group.
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treatment with APS, ILK expression was lower than that observed
in 1K/DOCA/salt-treated mice (Figures 3E,F). Along with the
increase in fibrosis signaling, the gene expression of α-SMA,
collagen I, and collagen III also increased following IK/DOCA/
salt treatment (Figure 3G). Treatment with APS reduced the
mRNA expression of collagen I and collagen III (Figure 3G).

APS Improves Kidney Function in 1K/
DOCA/Salt-Treated Mice
Inflammation and fibrosis of the kidneys are associated with
impaired function and a shift in the pressure-natriuresis
relationship (Wang et al., 2020). We examined the levels of
serum creatinine, urea nitrogen, and uric acid in 1K/DOCA/
salt-treated mice (Huang et al., 2019). After treatment with 1K/
DOCA/salt, the levels of serum creatinine and urea nitrogen
increased compared with those in the control, but after treatment
with APS, the levels of both decreased (Figures 4A,B). The level
of uric acid increased after treatment with APS compared with
that in 1K/DOCA/salt mice (Figure 4C). The results confirmed
that APS could rescue kidney function injury in 1K/DOCA/
salt mice.

APS Attenuates the Renal Injury in Ang II
Infusion Mice
To further detect the effect of APS, we established a 1K/DOCA
mouse model (Figure 5A). After Ang II infusion for 28 days,
systolic BP was lower in the APS-treated mice than in WT mice
(Figure 5B). We used H&E staining to examine the renal injury
in Ang II-treatedmice.We also used H&E andMasson staining to
observe the renal injury of Ang II infusion mice treated with APS
and evaluated the protective effect of APS. The staining results

revealed increased tubular dilation, tubular cell atrophy, and
collagen deposition in Ang II-infused mice (Figures 5C,D,F),
but after treatment with APS, the tubular injury score and
collagen deposition decreased in Ang II-infused mice (Figures
5C,D,F). In addition, we examined the gene expression of IL-1β,
IL-6, collagen I, and collagen III and observed it to be increased
after Ang II infusion. APS treatment alleviated the increase in the
gene expression (Figures 5E,G). Furthermore, we detected the
expression of TGF-β and ILK proteins, and the results showed
that after treatment with APS, the expression of both proteins was
decreased in Ang II-infused mice (Figure 5H).

APS Pretreatment Reduces the Damage in
Ang II-Induced HK-2 Cells
To confirm that APS could alleviate renal damage through the
TGF-β/ILK pathway in hypertensive mice, we used the inhibitor
of TGF-β, P144. The migration assay results showed that after
treatment with P144, the migration of iBMDMs decreased. In
addition, the expression of TGF-β and ILK decreased after
pretreatment with P144 in Ang II-treated HK-2 cells. We next
detected the expression of inflammatory and fibrosis makers and
found that the levels of IL-1β, IL-6, collagen I, and collagen III
were reduced following pretreatment with P144 in Ang II-
induced cells (Figures 6A–C). Similar results were observed in
Ang II-induced cells that were pretreated with APS
(Figures 6D–F).

DISCUSSION

Hypertension contributes to more than 10% of the deaths
worldwide (Caillon et al., 2019). Renal damage is a frequent
event in hypertension. A benign to malignant form of
nephropathy depends on several factors, such as individual
susceptibility, degree of hypertension, type of etiology, and
underlying kidney disease (Wenzel et al., 2017). Prior analyses
have revealed that several pathological changes are always
observed in renal damage, including kidney enlargement and
thickening, widening of the glomerular capillary basement
membrane, glomerular sclerosis, tubular atrophy, and renal
interstitial fibrosis (Eddy, 2004; Shankland, 2006; Romagnani
and Remuzzi., 2013). However, the mechanism of renal damage
remains unclear. To our knowledge, the present study
demonstrates that APS could ameliorate the increase in BP
and renal injury in both Ang II infusion and one kidney/
deoxycorticosterone acetate/salt mouse models. Hypertension
is a chronic inflammatory disease. It is well known that
hypertension is associated with increased expression of
inflammatory cytokines and the accumulation of macrophages
in the kidneys (Gu et al., 2006). These inflammatory reactions
contribute to renal fibrosis and injury. Moreover, renal fibrosis
and injury disrupt pressure natriuresis and reset BP at a
chronically elevated level (Blasi et al., 2003). APS could reduce
the increase in BP and renal damage, and the treatment
mechanism may be related to its anti-inflammatory and
antifibrotic effects. We have a limitation in the present study.

FIGURE 7 | Working model for APS in the regulation of DOCA-induced
hypertensive kidney modeling. After treatment with APS reduces the
expression of ILK and downregulates the TGF-β/Smad signaling pathway to
improve the kidney function and reduce the injury in hypertensive kidney.
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The noninvasive tail cuff method provides a useful tool in
detecting BP, but it is incapable in continually measuring the
blood pressure and imposes substantial amounts of thermal and
restraint stress to affect BP and heart rate. Thus, the effect of APS
on hypertension needs to further confirm by radiotelemetry in the
future.

TGF-β has tropic functions of promoting fibrosis in many
systems and diseases. ILK is one of the downstream targets of
TGF-β based on several studies that have found that the
expression of ILK is regulated by TGF-β in different disease
models (Jan et al., 1999). In our in vivo study, APS was used as a
protective agent. We found that APS could reduce renal
inflammation and fibrosis and improve renal function in both
1K/DOCA/salt-treated and Ang II-infused mice. Furthermore,
we also found that APS could decrease the expression of TGF-β
and ILK, which are involved in the growth and production of
fibroblasts and cell migration (Border ad Noble, 1994; Alasseiri
et al., 2018; Huang et al., 2019; Frangogiannis., 2020). To
elucidate the mechanism underlying the protective effects of
APS, we used an inhibitor of TGF-β (P144) in an in vitro
study and found that following pretreatment with P144, the
migration of iBMDMs and the expression of the ILK protein
were both decreased. These results confirmed that ILK activity
was regulated by TGF-β inhibition. In addition, we pretreated
Ang II-treated HK-2 cells with APS and obtained similar results.
These results illustrate that APS can inhibit the activity of ILK by
inhibiting the expression of TGF-β. Furthermore, the levels of
inflammation and fibrosis gene markers also showed that
pretreatment with APS could alleviate the renal injury in an
in vitro hypertensive model by regulating the TGF-β/ILK
pathway. This study highlights APS as a new medicine for
therapies aimed at reducing BP and end organ damage
associated with hypertension (Figure 7).

APS is regarded as the most active component of Astragalus
roots. Previous studies have demonstrated that APS has diverse
potential effects, including anti-inflammatory, antioxidative, and
antitumor effects (Auyeung et al., 2016; Liu et al., 2017). TGF-β is
one of the most important regulatory molecules in the
development of renal fibrosis, and TGF-β also plays an
important role in the synthesis of the extracellular matrix in
the kidney (Annes et al., 2004; Buscemi et al., 2011).
Hypertension can upregulate the expression of TGF-β and
collagen synthesis in the kidney. The increase in collagen
synthesis leads to a decrease in the degradation of the
extracellular matrix, with a subsequent promotion of
thickening of the glomerular and tubular basement membrane,
extracellular matrix deposition, and renal interstitial fibrosis (Lu
and Crowley, 2018). In our study, we found that APS could
reduce the expression of TGF-β, which is involved in fibrosis in
1K/DOCA/salt-treated mice. This result suggests that APS could
attenuate the presence of TGF-β to regulate the development of

fibrosis in hypertension. In addition, we detected TGF-β signaling
as a downstream mechanism of ILK expression and the
phosphorylation of p65. The results showed that APS could
also reduce the expression of ILK, the phosphorylation of the
p65 protein, and the deposition of collagen in 1K/DOCA/salt-
treated mice. These observations suggest that APS exhibits an
anti-inflammatory potential, with the ability to inhibit the
adhesion and migration of some inflammatory cells.

In China, traditional Chinese medicine has been used for
many years for the treatment of hypertension. Several clinical
cases have shown remarkable results, and traditional Chinese
medicine has become more popular worldwide (Cao, et al., 2019).
In our study, we examined the effect of APS on both 1K/DOCA/
salt-treated and Ang II-infused mouse models of hypertension.
The results of our analyses could form the basis for the
development of novel strategies for the amelioration of renal
dysfunction and BP in hypertension.

CONCLUSION

APS is effective in reducing renal inflammation and fibrosis and
in improving renal function by regulating the TGF-β/ILK
pathway.
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Tongluo Yishen Decoction
Ameliorates Renal Fibrosis via
Regulating Mitochondrial Dysfunction
Induced by Oxidative Stress in
Unilateral Ureteral Obstruction Rats
Qi Jia1†, Lin Han2†, Xiaoyu Zhang1, Wenning Yang3, Yushan Gao2, Yifan Shen4, Bing Li5,
Shuyan Wang2, Mingzhen Qin6, Scott Lowe7, Jianguo Qin1* and Gaimei Hao8*

1Department of Nephropathy, Dongfang Hospital, Beijing University of Chinese Medicine, Beijing, China, 2School of Basic
Medicine, Beijing University of Chinese Medicine, Beijing, China, 3School of Chinese Materia Medica, Beijing University of Chinese
Medicine, Beijing, China, 4Emergency Department, Shanghai Municipal Hospital of Traditional Chinese Medicine, Shanghai
University of Traditional Chinese Medicine, Shang Hai, China, 5Beijing First Hospital of Integrated Chinese andWestern Medicine,
Beijing, China, 6Dongzhimen Hospital, Beijing University of Chinese Medicine, Beijing, China, 7Kansas City University of Medicine
and Biosciences, College of Osteopathic Medicine, Kansas City, MO, United States, 8Institute of Basic Theory for Chinese
Medicine, China Academy of Chinese Medical Sciences, Beijing, China

Tongluo Yishen (TLYS) decoction is an herb that is extensively applied for the treatment of
chronic kidney disease (CKD) in traditional Chinese medicine. In this study, 37 different
dominant chemical constituents of TLYS were identified. Rats with unilateral ureteral
obstruction (UUO) were used as animal models, and TLYS decoction was administered
orally for 14 days. TLYS decoction reduced the levels of renal function indicators, serum
creatinine levels and blood urea nitrogen levels and alleviated renal pathological changes.
Gene Ontology (GO) and KEGG pathway analyses of RNA sequencing data showed that
TLYS decoction had significant effects on biological processes, cellular components and
molecular functions in UUO rats and that the phagosome (a membrane source in the early
stages of autophagy), lysosome (an important component of autolysosome), and oxidation
pathways (which contribute to mitochondrial function) might be related to the antifibrotic
effects of TLYS decoction. Moreover, we found significant mitochondrial function
impairment, including a decreased mitochondrial membrane potential (MMP) and an
imbalance in mitochondrial dynamics, excessive oxidative stress, and activation of
Pink1/Parkin-mediated mitophagy in UUO rats. Treatment with TLYS decoction
significantly increased the MMP, normalized mitochondrial dynamics and ameliorated
renal injury. Moreover, TLYS alleviated the mitophagy clearance deficiency. In conclusion,
our study showed that TLYS decoction can ameliorate mitochondrial dynamics by
reducing oxidative stress and regulating mitophagy, thereby relieving renal injury,
protecting renal function, and reducing renal fibrosis. This study provides support for
the application of and further research on TLYS decoction.

Keywords: tongluo yishen decoction, obstruction-induced renal fibrosis, mitochondria, oxidative stress, mitophagy,
Chinese medicine
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INTRODUCTION

Chronic kidney disease (CKD) is a leading global public health
issue associated with substantial comorbidities and reduced life
expectancy (Mills et al., 2015). Currently, this disease affects
approximately 10% of the world’s adult population, but effective
treatments for its prevention and progression are lacking (Levin
et al., 2017). Most patients with renal failure who progress to end-
stage renal disease (ESRD) in low- and middle-income countries
have little access to dialysis and kidney transplantation (Jha et al.,
2013; Liyanage et al., 2015). The pathologic changes of renal
fibrosis include renal interstitial fibrosis (RIF) and glomerular
sclerosis, which involve epithelial injury, the inflammatory
response and multiple signal transduction pathways. Studies
have shown that compared with glomerulosclerosis, RIF is
considered to be a crucial determinant leading to ESRD
(Zeisberg and Neilson 2010). The current treatments for RIF
include immunosuppressants, angiotensin-converting enzyme
inhibitors, angiotensin II receptor antagonists, vitamin D and
erythropoietin. Nevertheless, these treatments are still limited,
and alternative therapeutic strategies are urgently needed.

Extensive studies have shown that oxidative stress is an
important pathogenic mechanism of RIF, and the main cause
of oxidative stress is the production of excessive reactive oxygen
species (ROS) by the mitochondria (Sharma 2014; Nakanishi
et al., 2019; Kitada et al., 2020). As the most important energy
storage and supply sites, mitochondria are indispensable
organelles in cells, but defective and aging mitochondria
produce toxic ROS (Tang et al., 2021). Furthermore, ROS
accumulation induces changes in mitochondrial membrane
permeability and leads to the loss of mitochondrial membrane
potential (MMP). Thus, clearance of damaged mitochondria is
critical for cell survival to reduce the concentration of ROS.
Mitophagy, a highly selective type of autophagy that eliminates
damaged and aging mitochondria, is considered an important
way to maintain mitochondrial quality and the stability of the
intracellular environment (Li et al., 2020). In recent years,
mitophagy via the PTEN-induced putative kinase 1 (Pink1)/
Parkin pathways has been emphasized (Zhuet al., 2013). In
normal mitochondria, Pink1 is continuously transferred to the
mitochondrial intima, where it is cleaved by proteasomal
degradation. However, the pathway by which Pink1 enters the
mitochondrial inner membrane is blocked after loss of MMP, and
Pink1 aggregates in the outer membrane of mitochondria, where
it recruits and phosphorylates Parkin. Then, mitochondria are
targeted for selective removal (Koyano et al., 2014; Li et al., 2020).
Therefore, the clearance of damaged mitochondria by mitophagy
has therapeutic potential for the treatment of RIF.

As a supplementary treatment, Chinese herbal medicine based
on traditional Chinese medicine (TCM) has been widely used
clinically in China for up to 2000 years. According to TCM
theories, blood stasis is considered to be a key pathological
factor in the pathogenesis of RIF (Guo, Li, and Rao 2019).
Tongluo Yishen (TLYS) decoction has been clinically used for
CKD treatment for decades and can reduce blood stasis and
promote blood circulation, according to the theory of TCM.
TLYS is composed of Salvia miltiorrhiza bunge (Danshen),

Carthamus tinctorius L. (Honghua), Achyranthes bidentata Bl.
(Niuxi), and Spatholobus suberectus Dunn (Jixueteng). These
herbs or extracts are considered potential candidates for
treating kidney diseases. Their bioactive properties include
antioxidation (Cai et al., 2018; Do et al., 2018; Wang et al.,
2020), inhibition of mitophagy (Liu et al., 2020), inhibition of
epithelial to mesenchymal transition (EMT) (Li et al., 2017) and
antifibrotic effects (Wang et al., 2010). However, the mechanisms
of TLYS in the treatment of RIF need further study.

Hence, in this study, we focused on the effects of TLYS on
renal function and mitochondrial quality. We found that TLYS
ameliorated mitochondrial dysfunction, reduced oxidative stress
and regulated Pink1/Parkin-mediated mitophagy in rats with
unilateral ureteral obstruction (UUO). Our findings provide
better insight into the molecular mechanism of TLYS as a
treatment for RIF.

MATERIALS AND METHODS

Preparation of Tongluoyishen Decoction
A total of 60 g of raw herbal pieces, including Salvia sinica Migo
(25 g), Achyranthes bidentata Blume (10 g), Salvia coccinea Linn
(15 g) and Caulis Spatholobi (10 g), was used. The herbal
ingredients are shown in Table 1. Each herb was purchased
from Dongfang Hospital affiliated with Beijing University of
Traditional Chinese Medicine. The above herbs were boiled in
a 10-fold volume of water at 100°C for 1.0 h. After filtration, the
first extraction was boiled in an 8-fold volume of water for 0.5 h.
Finally, both filtrates were mixed and concentrated to a volume of
60 ml containing 1 g/ml raw herbs. Valsartan capsules (Beijing
Novartis Pharmaceutical Co., Ltd., batch number X2,375) were
provided by Novartis (Bale, Switzerland).

UHPLC-MS Analysis
TLYS decoction extract was combined with methanol and double
distilled water (1:1, v/v) at 1:20, sonicated for 30 min and filtered
through a 0.22 microns filtration membrane. Quality control of
TLYS was performed using a UHPLC System (Dionex Ultimate
3,000, Thermo Corporation, United States) coupled with a mass
spectrometer (LTQ-Oribitrap XL, Thermo Scientific). The
chromatographic column was an Acquity UPLC C18 column
(2.1 mm × 100 mm, 1.7 µm). The chromatographic conditions
were as follows: 0.1% formic acid water (A) and methanol (B)
were used as the mobile phase. The gradient elution conditions
were as follows: 0–3 min, 5%–5% B; 3–45 min, 5%–75% B;
45–45.1 min, 75%–5% B; 45.1–50 min, 5% B. The column
temperature was 30°C. The flow rate was 0.3 ml· min-1, and
the injection volume was 2 μL. A mass spectrometer equipped
with an electrospray ionization source was used for both positive
and negative ion mode with the mass range of 120–1800 m/z. The
ionization voltages were 3500 V (positive mode) and 3000 V
(negative mode), the capillary temperature was 320°C, the
sheath gas flow rate was 35 arb and the auxiliary gas flow rate
was 10 arb. XCMS software was used to import mass spectra.
Peak integration, peak extraction, peak alignment, peak
identification and retention time correction were carried out.
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Material identification of peaks was conducted with information
collected from the databases and literature.

Animal Model and Experimental Design
Male Sprague-Dawley (SD) rats (n � 15 per group, 180–200 g,
7–8 weeks of age) were provided by Beijing Vital River Laboratory
Animal Technology Co., Ltd. (certificate number: SCXK (Beijing)
2016–0,006). The animal operation in this study was carried out
according to the “Guiding Principles in the Use and Care of
Animals” published by the US National Institutes of Health (NIH
Publishing, No. 85–23, revised in 1996). This procedure was
completed under the supervision of the Laboratory Animal Ethics
Committee of Dongfang Hospital affiliated with Beijing
University of Chinese Medicine (permit no. 202004). All
animals were kept in a clean room at 22 ± 2°C and had free
access to water and food.

As previously described, the UUO model was established in
SD rats by ligation of the left ureter and sacrifice 14 days later
(Masaki et al., 2003). In short, the rats were anesthetized by
intraperitoneal injection of pentobarbital (50 mg/kg body
weight); the left ureter was exposed via a midline incision and
was ligated at two points with 4–0 silk sutures. The sham group
underwent identical surgical procedures except for ligation of the
ureter. The rats were randomly divided into four groups as
follows: sham group, UUO group, TLYS group, and valsartan
group. In the sham group and the UUO group, an equal volume
of physiological saline was administered. The adult daily dosage
for TLYS was 60 g. The daily dosage of TLYS in rats was
calculated to be 7.8 g/kg by a correction factor equal to the
human-rat body surface area ratio (6.3) (Xuan et al., 2021).
The valsartan group was given 30 mg/kg/d of valsartan
intragastrically.

Measurement of SerumCreatinine (Scr) and
Blood Urea Nitrogen (BUN)
The Scr and BUN levels were measured with a creatinine assay kit
(C011-1, Nanjing Jiancheng Bioengineering Institute, Nanjing,
China) and BUN assay kit according to the manufacturer’s
instructions (C013-1, Nanjing Jiancheng Bioengineering
Institute, Nanjing, China).

Histological Examination
Six kidneys from each group were immediately fixed with 10%
formalin, dehydrated, embedded in paraffin, and sectioned to a
thickness of 5 µm. These sections were then stained with
hematoxylin and eosin (H&E) and Masson’s trichrome. The

kidney injury score was determined based on tubular atrophy
and degeneration, renal papillary necrosis, interstitial
inflammation, and fibrous hyperplasia as previously reported
(Debelle et al., 2002).

Immunohistochemistry (IHC) Staining
Five-micron thick paraffin-embedded kidney sections were
deparaffinized, followed by antigen retrieval in
ethylenediaminetetraacetic acid (1 mM). The samples were
blocked with 0.3% H2O2 in methanol and 5% BSA. Kidney
sections were incubated with α-SMA (1:200, 14395-1-AP,
Proteintech, United States) and TGF-β1 (1:200, ab92486,
Abcam, United States) primary antibodies overnight at 4°C,
followed by horseradish peroxidase (HRP)-conjugated
secondary antibodies (PV9001, Beijing Zhongshan Jinqiao
Biotechnology Co., Ltd., Beijing). The reaction was visualized
with DAB staining using a Leica Aperio Versa 8 system (Leica,
Wetzlar, Germany). The cumulative optical density of the area of
interest analysis was calculated using ImageJ software.

RNA Sequencing (RNA-Seq) Analysis
Total RNA of rat kidney cortical tissue (three samples per group)
was extracted using TRIzol (Invitrogen, Carlsbad, CA,
United States). After total RNA extraction, eukaryotic mRNA
was enriched with oligo (dT) beads, and rRNA-enriched
prokaryotic mRNA was removed with a Ribo-Zerotm
magnetic kit (Epicentre). Then, fragmentation buffer was used
to fragment the enriched mRNA fragments into short fragments,
which were reverse-transcribed into cDNAwith random primers.
The second strand of cDNAwas synthesized by DNA polymerase
I, RNase H, dNTP and buffer. The cDNA fragment was then
purified with a QIAquick PCR extraction kit, the ends were
repaired, poly (A) was added and the fragments were attached
to the Illumina sequencing adapter. The ligation products were
detected by agarose gel electrophoresis, PCR amplification and
Illumina HiSeqTM 2,500 sequencing.

First, the raw data were filtered, and the clean data obtained
after filtering were compared to the reference genome of the
species. Second, the expression level of each gene was calculated
according to the comparison results. On this basis, differential
expression analysis, enrichment analysis and clustering analysis
of the samples were further performed. Finally, we used DESeq
for gene expression analysis and screening of differentially
expressed genes as follows: multiple expression differences |
log2FoldChange |>1, significance p-value<0.05. The Pearson
correlation coefficient between all samples was calculated using
the function cor, and hierarchical clustering was performed using

TABLE 1 | The herbal composition and proportion of TLYS decoction.

Scientific name Pinyin name Plant part
used

Batch number Herb dose
(g)

Composition (%)

Salvia miltiorrhiza bunge Danshen Root 20200509 25 41.67
Carthamus tinctorius L. Honghua Flower 20111610 10 16.67
Achyranthes bidentata Bl. Niuxi Root xf8311 15 25
Spatholobus suberectus Dunn Jixueteng Stem 20042303 10 16.67
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the hclust function in the stats package in R software. Then, GO
function and KEGG pathway enrichment analyses were
performed on the differentially expressed genes (DEGs).

Determination of the Mitochondrial
Membrane Potential
Mitochondria were extracted from renal tissue using a
mitochondrial extraction kit (C3606, Beyotime, China). Briefly,
fresh kidneys were harvested, cut into small pieces, and washed
thrice with precooled PBS. After digestion with trypsin, the renal
tissues were homogenized in mitochondrial isolation reagent
using a Dounce tissue grinder on ice. The homogenate was
then centrifuged at 600 g for 10 min, and the supernatant was
centrifuged at 1,500 g for 15 min to isolate the mitochondria. The
change in MMP was measured by the JC-1 fluorescent probe, and
the JC-1 red/green fluorescence intensity ratio was used to
represent MMP. Fresh isolated mitochondria were incubated
with 10 μg/ml JC-1 (at 37°C for 20 min), and the fluorescence
intensity was measured by a Synergy H1 fluorometer microplate
reader (BioTek, United States).

Renal Biochemical Marker Analysis
Renal tissues were homogenized followed by ultrasonic
disruption to obtain renal tissue homogenates and then
centrifuged at 3,000 rpm for 15 min at 4°C. Dihydroethidium
(DHE) fluorescence was used to detect the level of ROS in rat
renal tissues. Detection of the malondialdehyde (MDA) level as
well as the superoxide dismutase (SOD) and glutathione
peroxidase (GSH-Px) activities was performed according to the

instructions provided by Shanghai Biyuntian Biotechnology Co.,
Ltd. (Shanghai, China).

Immunofluorescence Staining
Frozen sections were used to assess colocalization of Pink1 and
TOM20. Kidney sections were blocked with 5% bovine serum
albumin for 30 min at room temperature, followed by incubation
overnight at 4°C with primary antibodies against Pink1 (1:200,
SC517353, Santa Cruz, United States) and TOM20 (1:200, 11802-
1-AP, Proteintech, United States). After the samples were washed
with PBS, an Alexa Fluor 488-conjugated goat anti-mouse
secondary antibody (1:300) and Alexa Fluor 594-conjugated
goat anti-rabbit secondary antibody (1:300) were added for 1 h
at room temperature. Finally, the slides were stained with DAPI
solution for 10 min and captured by a laser scanning confocal
fluorescence microscope (Olympus FV 1000, Japan). Ten
nonoverlapping high-power fields (40X) were randomly
captured in each specimen and analyzed by ImageJ software.

Western Blot Analysis
For western blot assays, renal tissues were lysed and homogenized
in RIPA buffer supplemented with protease inhibitor cocktail l
(C0001-1, Targetmol, China) and quantified with a BCA kit
(P0013C, Beyotime, China). Protein sample extracts (30 mg/
lane) were separated by SDS-PAGE and transferred onto a
polyvinylidene difluoride membrane (PVDF). After the
membranes were blocked with 5% BSA, they were incubated
with the primary antibodies at 4°C overnight, followed by HRP-
conjugated secondary antibody. Then, the membranes were
incubated with HRP-conjugated secondary antibody (Boster

FIGURE 1 | TLYS samples were examined by UHPLC–MS. Total ion chromatography in positive (A) and negative (B) ion modes for TLYS samples are shown.
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TABLE 2 | Components identified in TLYS decoction.

Peak
NO.

tR/
min

Moleculear
formulla

Dection
pattern

m/z Secondary
debris

(MS/MS)

Source Identification CAS

1 0.83 C6H8O7 − 191.01950 111, 87, 85 Unknown Citric acid or isocitric acid 77-92-9 or
320-77-4

2 1.05 C6H8O7 − 191.01950 111, 87, 85 Unknown Citric acid or isocitric acid 77-92-9 or
320-77-4

3 1.96 C9H10O5 − 197.04533 179, 135, 123 Salvia
miltiorrhiza Bge

Danshensu 76822-21-4

4 2.08 C9H11NO2 + 166.08610 120 Unknown L-Phenylalanine 63-91-2
5 3.90 C7H6O3 − 137.02415 93 Unknown 4-Hydroxybenzoic acid 99-96-7
6 5.53 C15H14O6 − 289.07170 245, 203, 125 Spatholobus

suberectus Dunn
Catechin 7295-85-4

7 6.47 C9H8O4 − 179.03477 135 Salvia
miltiorrhiza Bge

Caffeic acid 331-39-5

8 7.13 C33H38O23 + 803.18799 303, 479 Carthamus
tinctorius L

2-(3,4-dihydroxyphenyl-3-{[2-O-(β-D-erythro-
hexopyranosyl)-β-D-glycero-hexopyranosyl]
oxy}-5-hydroxy-4-oxo-4H-chromen-7-yl-β-D-
threo-hexopyranosi-duronic acid

—

9 7.38 C27H32O16 + 613.17627 355, 313, 211 Carthamus
tinctorius L

Safflomin A 78281-02-4

10 8.31 C15H14O6 − 289.07156 245, 203,
109, 125

Spatholobus
suberectus Dunn

L-Epicatechin 490-46-0

11 10.31 C33H40O21 + 773.21393 303 Carthamus
tinctorius L

Cyanidin 3-O-β-(2″-ecaf-feoyl-glucopyranosyl)-
(1→2)-O-β-galactopyranoside

—

12 11.19 C27H30O16 + 611.16095 287 Carthamus
tinctorius L

Rutin 153-18-4

13 11.33 C21H20O12 + 465.10281 303 Carthamus
tinctorius L

6-Hydroxykaempferol-3-O-glucoside —

14 12.17 C27H44O7 − 525.30650 [M
+ COOH]-

159, 319,
301, 83

Achyranthes
bidentata Bl

β-Ecdysone 5289-74-7

15 12.26 C27H30O15 − 593.15110 285, 255, 227 Carthamus
tinctorius L

Kaempferol-3-O-rutinoside 17650-84-9

16 12.33 C27H22O12 − 537.1037 109, 185, 295 Salvia
miltiorrhiza Bge

Lithospermic acid 28831-65-4

17 12.42 C27H44O7 − 525.30650 [M
+ COOH]-

159, 319, 479 Achyranthes
bidentata Bl

β-Ecdysone isomer —

18 12.60 C27H44O7 − 525.30650 [M
+ COOH]-

159, 319, 479 Achyranthes
bidentata Bl

β-Ecdysone isomer —

19 13.03 C27H44O7 + 481.31573 171 Achyranthes
bidentata Bl

Inokosterone 15130-85-5

20 13.09 C27H30O15 + 617.14709 − Carthamus
tinctorius L

Safflor Yellow A 85532-77-0

21 13.14 C27H30O15 + 595.16571 287 Carthamus
tinctorius L

Kaempferol 3-rutinoside 17650-84-9

22 13.33 C36H30O16 − 717.14703 339, 321 Salvia
miltiorrhiza Bge

Salvianolic acid E 142998-
46-7

23 13.54 C18H16O8 − 359.07700 161 Salvia
miltiorrhiza Bge

Rosmarinic acid 20283-92-5

24 13.87 C26H22O10 − 493.11349 295,185 Salvia
miltiorrhiza Bge

Salvianolic acid A 96574-01-5

25 13.87 C26H20O10 − 537.10360 [M
+ COOH]-

293, 197,
135, 105

Salvia
miltiorrhiza Bge

Salvianolic acid C 15841-09-3

26 14.59 C36H30O16 − 717.14612 339, 321 Salvia
miltiorrhiza Bge

Salvianolic acid B 121521-
90-2

27 14.82 C26H22O10 − 493.11380 109, 185, 295 Salvia
miltiorrhiza Bge

Salvianolic acid A isomer —

28 15.43 C36H30O16 − 717.14673 321, 339, 519 Salvia
miltiorrhiza Bge

Salvianolic acid Y 1638738-
76-7

29 15.61 C26H22O10 − 493.11400 109, 185, 295 Salvia
miltiorrhiza Bge

Salvianolic acid A isomer —

30 15.75 C19H18O8 − 373.09310 135, 179 Salvia
miltiorrhiza Bge

Methyl rosmarinate 99353-00-1

31 22.28 C42H66O14 − 793.43870 631, 569,
455, 113

Achyranthes
bidentata Bl

Chikusetsu saponin IVa 51415-02-2

(Continued on following page)
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Biological Technology Co., Ltd., China) at room temperature for
1 h. Films were scanned by a ChemiScope 6,000 system
(Qinxiang, Shanghai, China). ImageJ software was used to
measure the protein bands based on that of GAPDH.

Immunofluorescence Staining
Frozen sections were used to assess colocalization of Pink1 and
TOM20. Kidney sections were blocked with 5% bovine serum
albumin for 30 min at room temperature, followed by incubation
overnight at 4°C with primary antibodies against Pink1 (1:200,
SC517353, Santa Cruz, United States) and TOM20 (1:200, 11802-
1-AP Proteintech, United States). After the samples were washed
with PBS, an Alexa Fluor 488-conjugated goat anti-mouse
secondary antibody (1:300) and Alexa Fluor 594-conjugated
goat anti-rabbit secondary antibody (1:300) were added for 1 h
at room temperature. Finally, the slides were stained with DAPI
solution for 10 min and captured by a laser scanning confocal
fluorescence microscope (Olympus FV 1000, Japan). Ten
nonoverlapping high-power fields (40X) were randomly
captured in each specimen and analyzed by ImageJ software.

Statistical Analysis
GraphPad Prism software was used for statistical analysis.
Quantitative data are expressed as the mean ± standard error
of the mean (SEM). One-way ANOVA was used for all
experimental data followed by Dunnett’s test. A p value <0.05
was considered significant.

RESULTS

Identification of the Chemical Components
in Tongluo Yishen Decoction
To evaluate the major chemical components, we analyzed TLYS
decoction using UHPLC-MS in positive and negative ion mode
(Figure 1). Thirty-seven compounds (6 organic acids, 5 diterpene
quinones, 4 sterones, 6 flavonoids, 10 phenolic acids and 6 other
compounds) were detected at relatively high levels. The detailed
information is shown in Table 2.

The Effect of Tongluo Yishen Decoction on
Renal Function and Histological Injury
To study the effects of TLYS decoction on renal fibrosis, we
adopted a rat model of UUO with 14-days TLYS treatment. We
found that in the UUO group, the level of Scr was significantly
higher than that in the sham group (66.79 ± 1.93 μmol/L vs
40.14 ± 1.83 μmol/L), and TLYS treatment partly decreased the
levels to 57.25 ± 1.20 μmol/L (Figure 2A). Similarly, the rats with
UUO showed significantly higher levels (4.36 ± 0.23 mmol/L) of
BUN than the control rats (3.04 ± 0.11 mmol/L), while TLYS
treatment significantly reduced the BUN levels to 3.52 ±
0.12 mmol/L (Figure 2B). As a positive control group, losartan
(30 mg/kg) decreased serum concentration of BUN (p < 0.05) but
not Scr. H&E staining andMasson’s trichrome staining were used
to evaluate renal pathological injury (Figure 2C). H&E staining
showed that the UUO group exhibited notable tubule atrophy
and lumen dilation with diffuse interstitial inflammation. TLYS
treatment attenuated kidney tubulointerstitial injury following
UUO whereas the positive control, losartan, decreased the
tubulointerstitial injury (Figure 2D). Masson’s staining
showed substantial interstitial fibrosis in the UUO group; this
fibrosis was significantly attenuated in the TLYS-treated rats
(Figure 2E). These data suggested that treatment with TLYS
could significantly mitigate renal injury.

The Effect of Tongluo Yishen Decoction on
Renal Fibrosis
Given the protective effect of TLYS on renal fibrosis, we
investigated the expression of α-SMA and TGF-β1 by
immunohistochemistry. As shown in Figures 3A,B, the
expression of α-SMA in the tubular interstitium was much
higher in the UUO group than in the sham group. However,
in the TLYS group, this increase was significantly suppressed. In
addition, compared with the sham group, the UUO group
showed a dramatic increase in TGF-β1 levels, while TLYS
treatment significantly inhibited this abnormal increase in
TGF-β1 (Figures 3A,C). Similarly, valsartan treatment

TABLE 2 | (Continued) Components identified in TLYS decoction.

Peak
NO.

tR/
min

Moleculear
formulla

Dection
pattern

m/z Secondary
debris

(MS/MS)

Source Identification CAS

32 22.28 C47H72O20 − 955.45600 835, 793, 631,
455, 161

Achyranthes
bidentata Bl

Achyranthoside G —

33 28.59 C19H20O3 + 297.14822 253, 238, 211 Salvia
miltiorrhiza Bge

Cryptotanshinone isomer —

34 29.12 C18H14O3 + 279.10147 261,233 Salvia
miltiorrhiza Bge

Dihydrotanshinone I 87205-99-0

35 31.27 C19H18O3 + 295.13306 90, 277,
249, 225

Salvia
miltiorrhiza Bge

Tanshinone IIA isomer —

36 33.14 C19H20O3 + 297.14822 251, 254,
279, 282

Salvia
miltiorrhiza Bge

Cryptotanshinone 35825-57-1

37 37.32 C19H18O3 + 295.13306 277, 249,
235, 90

Salvia
miltiorrhiza Bge

Tanshinone IIA 568-72-9
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significantly reduced the level of α-SMA and TGF-β1
(Figures 3A–C).

Tongluo Yishen Decoction Showed
Comprehensive Regulatory Effects in the
Rats With UUO
To explore the mechanisms of TLYS decoction, we performed
RNA-Seq analysis. There were 1,541 DEGs with upregulated

expression and 877 DEGs with downregulated expression in
the UUO group relative to the sham group. Ninety-five DEGs
had upregulated expression and 200 DEGs had downregulated
expression in the TLYS group relative to the UUO group.
Additionally, the differences were significant (|log2 (fold-
change)| > 1 and p < 0.05, Figures 4A,B). Next, these
overlapping DEGs were analyzed by GO analysis of
biological processes, cellular components, and molecular
functions. The number of DEGs with upregulated

FIGURE 2 | TLYS decoction alleviates renal function and pathological kidney injuries in UUO rats. (A,B) serum creatinine and BUN were detected (n � 8). (C) H&E
and Masson’s trichrome were performed to evaluate kidney injury (n � 6). (D) Tubular damage scores based on H&E staining. (E) quantification of collagen areas
according to Masson’s trichrome staining. The magnification of the images is ×200, scale bar � 50 μm. Data were presented as means ± SEM. *p < 0.05, **p < 0.01.
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expression was significantly higher, whereas the number of
DEGs with downregulated expression was lower in the UUO
group than in the sham group (Figure 4C). After TLYS
treatment, the number of DEGs with downregulated
expression significantly increased and was greater than that
of DEGs with upregulated expression (Figure 4D). These
results further showed that TLYS has a comprehensive
regulatory effect in the rats with UUO.

To screen out the most representative DEG group affected by
TLYS, we performed a trend analysis of all selected DEGs. DEGs
were divided into 8 categories (Figure 5A), of which profiles 2, 6
and 7 were significant (Figure 5B). We calculated the
proportion of each DEG trend in the corresponding
pathways, and signal transduction was commonly affected by
the above three DEG trends (Figure 5C). Then, by KEGG
enrichment analysis, three significant pathways were
identified for TLYS treatment; the pathways were
phagosomes (a membrane source in the earlier stages of
autophagy), lysosome (an important component of
autolysosome), and oxidative phosphorylation, which may
participate in mitochondrial function (Figure 5D). Therefore,
TLYS treatment might be associated with mitochondrial
dysfunction and mitophagy in the rats with UUO.

Tongluo Yishen Decoction Ameliorated
Mitochondrial Function and Mitochondrial
Dynamics
A reduction in MMP suggests damage to mitochondrial function,
which is indicated by a lower ratio of red-to-green fluorescence. The
MMP was lower in the UUO group than in the sham group, but
TLYS increased theMMP level (Figure 6A).Mitochondrial division
and fusion are crucial for maintaining morphology and function.
The expression of proteins related to mitochondrial fusion (Mfn1
and Mfn2) showed a significant reduction in the UUO group (p <
0.01), and this trend was reversed after TLYS treatment (p < 0.01)
(Figures 6B–D). As shown in Figures 6B,E,F, the expression of the
proteins related to mitochondrial fission (Drp1 and Mff) was
upregulated in the UUO group compared with the sham group,
and TLYS treatment significantly prevented this trend.

Tongluo Yishen Decoction Ameliorated
Oxidative Stress in the Rats With UUO
Oxidative stress induced by the accumulation of ROS causes serious
damage to mitochondria; therefore, we investigated the effects of
TLYS on oxidative stress. Our results demonstrated that the activities
of SOD andGSH-PXwere significantly lower and that the content of

FIGURE 3 | TLYS decoction suppresses a-SMA expression and TGF-β1 expression in UUO rats. (A–D) Expression levels of a-SMA and TGF-β1 in the kidney were
detected by immunohistochemistry and analyzed the optical intensity of the abovementioned proteins was measured (n � 6). The magnification of the images is ×200,
scale bar � 50 μm. Data were presented as means ± SEM (n � 6). *p < 0.05, **p < 0.01.
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ROS and MDA was higher in the UUO group than in the sham
group. Interestingly, TLYS treatment significantly enhanced the
levels of SOD and GSH-PX and inhibited the increase in ROS
and MDA (Figures 7A–D). The results indicated that TLYS could
ameliorate oxidative stress in the rats with UUO.

Tongluo Yishen Decoction Alleviated Pink1/
Parkin-Mediated Mitophagy in the Rats
With UUO
Damaged mitochondria can be degraded by mitophagy, which is
driven by Pink1/Parkin signaling. In our study, we assessed the

protein expression of this pathway. Compared with the sham
group, the UUO group showed significantly increased protein
levels of Pink1 and Parkin in the kidney. However, TLYS
treatment significantly decreased the expression of Pink1 and
Parkin. Moreover, immunofluorescence confirmed and further
revealed that Pink1 in the renal tubular epithelial cell was
diminished in the rats with UUO compared with the sham
rats (Figures 8A–C). The colocalization of mitochondria
(marked by TOM20) and Pink1 was markedly decreased in
the TLYS group compared with the UUO group (Figure 8D).
These results suggested that the translocation of Pink1 from the
cytoplasm to mitochondria machinery is inhibited, resulting in

FIGURE 4 | TLYS decoction played comprehensive regulatory roles in UUO rats. (A,B) Volcano plot of genes with significant differences, FDR <0.05, |log FC|> 1.
(C,D) Gene Ontology (GO) function analysis of genes with significant differences in three experimental groups. Three independent samples were tested in each
experimental group.
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FIGURE 5 | TLYS decoction may be related to mitochondria and mitophagy in UUO rats. (A) All trends (profile 0–7) of genes with significant differences. (B)
Histogram of the four trends (red) with significant differences, p < 0.05. (C) Pathway-related gene distribution (%) in all profiles. (D)Bubble diagram of Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway enrichment. Three independent samples were tested in each experimental group.
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the accumulation of Pink1 at the outer mitochondrial membrane
in the UUO group, and TLYS could reverse this change. These
data indicated that TLYS inhibited Pink1/Parkin-mediated
mitophagy in the rats with UUO.

DISCUSSION

Although the definite pathological mechanism of CKD remains
unclear, RIF is regarded as the final common pathway of CKD
leading to end-stage renal failure, without regard to etiology (Boor
and Floege 2011). RIF is closely associated with a deterioration in
renal function in patients with CKD (Nangaku 2006). Because the
pathogenesis of RIF has not yet been fully clarified, effective and
specific therapeutic methods for the treatment of RIF are lacking,
and the development of strategies to prevent and intervene in RIF
would be beneficial for patients with CKD. TLYS decoction is
composed of four herbs, and 38 different compounds were
identified by UHPLC-MS analysis. Studies have also shown that
quercetin and salvianolic acid B can effectively improve RIF.
Furthermore, in a model of acute pancreatitis, tanshinone IIA
decreased ROS release and protected the mitochondrial structure
(Chen et al., 2020). In addition, achyranthes was reported to have a
protective effect on the kidney by reducing the accumulation of ROS
and apoptosis in the renal tissues of mice with acute kidney injury
(Wang et al., 2020). These protective effects and mechanisms are
consistent with our observations in this study. These ingredientsmay

be involved in the protective effect of TLYS in RIF. In this study, we
investigated the renal protective effects of TLYS in rats with UUO
and its underlyingmolecularmechanisms. Renal function is assessed
by Scr and BUN, which reflect glomerular filtration barrier
impairment and renal filtration function. In this study, we found
that TLYS reduced the levels of Scr and BUN in the rats with UUO.
This finding suggested that TLYS plays a crucial role in improving
renal function in these rats. RIF is a dynamic and converging process
characterized by activated tubulointerstitial myofibroblasts and
ECM, and activated myofibroblasts are thought to be a major
contributor to the pathogenesis of RIF (Nangaku 2006). α-SMA
is a marker protein of myofibroblasts, and TGF-β1 is a key mediator
in progressive renal fibrosis. TGF-β1 can enhance fibroblast growth
and collagen production and promote the differentiation of
fibroblasts into myofibroblasts, which secrete ECM components
(Meng, Nikolic-Paterson, and Lan 2016). In this study, α-SMA
and TGF-β1 levels were significantly lower in the TLYS group than
in the UUO group, indicating that TLYSmight alleviate RIF through
its antifibrotic effect.

Next-generation high-throughput RNA-Seq is an unbiased
technology that can objectively reveal gene expression changes
in disease and reveal unknown transcripts that are not annotated in
current databases (Trapnell et al., 2010). In this study, we found
that three significant pathways (phagosomes, lysosome, and
oxidative phosphorylation pathways) were affected in UUO by
TLYS treatment. Then, we observed the abnormal mitochondrial
function during UUO and found that it was improved by TLYS

FIGURE 6 | TLYS decoction attenuated mitochondrial function and dynamics in UUO rats. (A) Mitochondrial membrane potential (MMP) assessed using a JC-1
fluorescence probe (n � 6). (B–F) The protein levels of Mfn1, Mfn2, Drp1, and Mff were assayed by Western blot and analyzed semi-quantitatively. Data were presented
as means ± SEM. *p < 0.05, **p < 0.01.
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treatment, which might rescue mitochondrial function by
inhibiting oxidative stress.

The increase in ROS in the cytoplasm triggers the opening
of mitochondrial permeability transition pores and leads to
dissipation of the MMP, inhibition of ATP production, and
induction of mitochondrial swelling (Yang et al., 2017).
Mitochondrial outer membrane fusion is mediated by Mfn1
and Mfn2, and the recruitment of Drp1 from the cytosol to the
outer mitochondrial membrane is mediated by its receptor
proteins (Mff), which are involved in mitochondrial division.
Although in several CKD models, there is a shift of
mitochondrial dynamics toward fission (Hallan and Sharma
2016; Xiao et al., 2017; Aparicio-Trejo et al., 2018), the
involvement of this change in UUO is still under
discussion. Our results indicated that there was
mitochondrial damage (decreased MMP) and a dynamic
imbalance of mitochondria (upregulated Drp1 and Mff
expression, downregulated Mfn1 and Mfn2 expression) in
the rats with UUO. Interestingly, TLYS treatment could
preserve the stability of mitochondrial structures.

For mitochondrial damage, excessive oxidative stress causes the
most serious damage to mitochondrial membrane permeability,
especially lipid peroxidation of the inner membrane. Oxidative
stress includes increasing levels of ROS and the loss of antioxidant
enzymes, such as SOD and GSH-PX, which play crucial roles in
protecting kidneys against oxidative stress. Previous studies
demonstrated that MDA was significantly increased in rats

with ureteral obstruction compared with sham-treated rats (Shi
et al., 2020). ROS production and RIF are enhanced by deficiencies
in these antioxidant enzymes (Aranda-Rivera et al., 2021). In our
study, UUO led to a decrease in the activities of SOD andGSH-PX
compared to those of the sham group. In contrast, the MDA level
was markedly increased compared with that in the sham group.
TLYS treatment mitigated the oxidative stress induced by UUO.
Briefly, the above results indicated that TLYS may reduce
mitochondrial damage through antioxidative stress in the rats
with UUO. However, the abnormal mitochondria clearance and
the regulatory effects of TLYS on mitophagy need further study.

Mitophagy, mediated by the Pink1/Parkin pathway, is a
major mechanism to remove damaged mitochondria (Zhu
et al., 2013). Autophagic flow is a dynamic process, and an
increase in Pink1/Parkin levels does not indicate normal
mitophagic flow, as illustrated by the increase in the
number of damaged mitochondria and autophagic bodies in
these models (Aparicio-Trejo et al., 2019; Avila-Rojas et al.,
2019; Aparicio-Trejo et al., 2020), which could indicate
disruption downstream of mitophagic flux. Therefore, it is
not clear whether mitophagic flow is carried out properly in
tubular epithelial cells in the rats with UUO due to the
accumulation of damaged mitochondrial bodies observed by
electron microscopy. In this context, Sang et al. (Sang et al.,
2020)showed that the upregulation of renal calcineurin 1
induced translocation of Drp1 to the mitochondria, increasd
mitochondrial fission, and regulated mitochondrial dynamics.

FIGURE 7 | TLYS decoction ameliorated oxidative stress in UUO rats. The renal tissues were taken to evaluate the contents of ROS (A), superoxide dismutase
(SOD) (B), glutathione peroxidase (GSH-Px) (C), and malondialdehyde (MDA) (n � 6). Data were presented as means ± SEM. *p < 0.05, **p < 0.01.
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However, the increase in mitochondrial fission, PINK1 and
Parkin may also indicate mitophagic dysfunction. Similarly,
our results indicated that there is an activation in Pink1/
Parkin-mediated mitophagy, including increased Pink1 and
Parkin levels. TLYS could decrease Pink1 and Parkin levels and
alleviate the translocation of Pink1 from the cytoplasm to
mitochondria. Overall, the above results show that
overactivation in Pink1/Parkin-mediated mitophagy occurs
in UUO rats, and TLYS can improve damaged
mitochondria function via Pink1/Parkin-mediated
mitophagy to protect against RTC (renal tubular cell)
injury. However, autophagic activation has different effects
in kidneys with different statuses or under different stress
factors. Therefore, more studies of each of the steps of
mitophagic flow are still needed to elucidate its role in
kidney obstructive damage.

In conclusion, our study showed that TLYS decoction can
ameliorate renal pathological damage and improve renal function
in UUO rats. This renoprotective effect may be related to a reduction
in oxidative stress; thus, TLYS can improve mitochondrial function
and dynamics to protect against RTC injury.
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50 μm, (n � 6). Data were presented as means ± SEM. *p < 0.05, **p < 0.01.
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Effect of Mahuang Fuzi and Shenzhuo
Decoction on Idiopathic Membranous
Nephropathy: A Multicenter,
Nonrandomized, Single-Arm Clinical
Trial
Zhaocheng Dong1†, Haoran Dai2†, Yu Gao1,3†, Hanxue Jiang1, Meiqi Liu1,4, Fei Liu1,4,
Wenbin Liu4, Zhendong Feng5, Xiaoyan Zhang6, Aijie Ren7, Xiaolan Li8, Hongliang Rui1,
Xuefei Tian9, Guiming Li10 and Baoli Liu1,2*

1Beijing Hospital of Traditional Chinese Medicine Affiliated to Capital Medical University, Beijing, China, 2Shunyi Branch, Beijing
Traditional Chinese Medicine Hospital, Beijing, China, 3Capital Medical University, Beijing, China, 4Beijing University of Chinese
Medicine, Beijing, China, 5Beijing ChineseMedicine Hospital Pinggu Hospital, Beijing, China, 6Yanqing Hospital of Beijing Chinese
Medicine Hospital, Beijing, China, 7Tangshan Fengrun Hospital of Traditional Chinese Medicine, Tangshan, China, 8Zhangjiakou
Hospital of Traditional Chinese Medicine, Zhangjiakou, China, 9Department of Internal Medicine, Yale University School of
Medicine, New Haven, CT, United States, 10Department of Nephrology, Feicheng Mining Center Hospital, Tai’an, China

Objective: To explore the clinical effect of Mahuang Fuzi and Shenzhuo Decoction on
idiopathic membranous nephropathy.

Methods: This study is a multicenter, nonrandomized, single-arm clinical trial carried out
as per the objective performance criteria, with the target being set at 35.0%. 184 cases of
patients suffering from idiopathic membranous nephropathy with Shaoyin Taiyin syndrome
were collected. These patients were treated with Mahuang Fuzi and Shenzhuo Decoction
with a follow-up period of 3 years. The 24-hour urine protein and blood albumin were
observed, and the remission rates of the patients were compared with the target.

Results: The mean follow-up time was 18 (12.5, 30) months, and the remission rate was
61.4%, which is a statistically significant difference from the target group of 35%. The
remission rates for patients who had and had not used immunosuppressive therapy were
59.6 and 65.5%, respectively, but the difference was not statistically significant (p � 0.254).
However, the albumin before the treatment and the course of treatment of the patients was
significantly correlated with the disease remission (p < 0.05). However, the albumin before
the treatment and the course of treatment of the patients was significantly correlated with
the disease remission (p < 0.05). There were no significant changes in renal function before
and after treatment, and no severe adverse events occurred during treatment.

Conclusion:Mahuang Fuzi and Shenzhuo Decoction have significant effects on idiopathic
membranous nephropathy, and has the same effect on patients with membranous
nephropathy who are newly treated as well as those who have been treated with
immunosuppressive therapy without remission. In addition, the efficacy of this regimen
is related to the albumin and the duration of the therapy, but not to 24-hour urine protein or
other factors.
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criteria, single-arm clinical trial, herbal medicine

INTRODUCTION

Idiopathic membranous nephropathy (IMN) is one of the
pathological types of primary nephrotic syndrome (NS), with
approximately 5–10 patients per million population (Ruggenenti
et al., 2017). The prevalence of this disease in China is increasing
year by year, second only to IgA nephropathy in primary NS (Xu
et al., 2016). IMN is an immune-mediated disease caused by the
deposition of IgG and complement components in the underlying
epithelium of the glomerular capillary wall. About one-third of
patients with this disease will develop the end-stage renal disease
(ESRD) (Keri et al., 2019). In contrast, the remaining third of
patients will experience clinical remission with
immunosuppressive therapy (IST), while the remainder will
experience spontaneous remission with continued stable renal
function (Couser, 2017). Although IST is effective, it also has
significant toxic side effects, such as those of cyclophosphamide,
including hyperglycemia, myelosuppression, infection, infertility,
and cancer (van den Brand, 2017). In addition, these drugs also
have a recurrence rate after discontinuation (Fervenza et al.,
2017). This presents opportunities and challenges for
traditional Chinese medicine in the treatment of this disease.
Mahuang Fuzi and Shenzhuo Decoction (MFSD) is a common
prescription used by Baoli Liu to treat the Shaoyin Taiyin
syndrome of IMN. This study is a multicenter,
nonrandomized, single-arm, clinical trial, using the objective
performance criteria method to explore the effect of MFSD on
idiopathic membranous nephropathy.

METHODS

Inclusion Criteria
1) Patients meeting the diagnostic criteria of IMN in modern

medicine, diagnosed by pathology and light or electron
microscopy (Couser, 2017).

2) Patients meeting the diagnostic criteria of Shaoyin Taiyin
syndrome in traditional Chinese medicine (formulated based
on the standard of Interpreting Zhang Zhongjing Medicine
compiled by Feng Shilun). Primary symptoms include the
following: aversion to cold, chills in the hands and feet,
back pain, swelling, abdominal distension, loose or dry
stools, soft tongue, thin greasy or slippery coated with
water, and sunken pulse. Secondary symptoms include the
following: fatigue and weakness, shortness of breath,
laziness in words, sweating, scanty urination, and
nighttime frequency. Patients with the above three
primary symptoms and two secondary symptoms can be
determined to have Shaoyin Taiyin syndrome (Feng and
Zhang, 2011).

3) Patients who have complete case information and have been
receiving traditional Chinese medicine treatment in our
department for more than 8 months.

4) Patients aged between 16 and 80 years.
5) Patients with CKD1-3 (GFR>30 ml/min).

Exclusion Criteria
1) Patients with CKD stage 3 or above.
2) Patients with other types of glomerular diseases.
3) Patients with confirmed secondary hepatitis B, systemic lupus

erythematosus, tumors, and other factors.
4) Patients with acute central nervous system disease, severe

gastrointestinal disease, history of HIV infection, history of
mental illness, history of malignant tumor, and prohibition of
immunosuppressive agents.

5) Patients with serious diseases, other organs dysfunctions, and
life-threatening complications such as severe infection.

6) Pregnant or lactating women undergoing other clinical trials.
Patients with any of the above conditions must be excluded
from the study.

Experimental Design and Sample Size
Calculation
This study is a single-arm clinical trial with the objective
performance criteria, and the efficacy of traditional Chinese
medicine in the treatment of IMN was evaluated by setting a
target value in advance. According to the literature, about one-
third of patients with IMN are in spontaneous remission, clinical
remission after IST, and no remission in ESRD (Couser, 2017).
Because our team previously counted 108 outpatients with IMN,
50.0% of them did not respond after routine use of
immunosuppressant (unpublished). In addition, during the
progression of IMN, about one-third of the patients have
spontaneous responses to effective immunosuppressive therapy
and ineffective immunosuppressive therapy, meaning that, for
newly treated IMN patients, the response rate to modern medical
therapy is about 66.7%. Therefore, for the remaining 50.0% of the
newly treated patients with IMN who came to our TCM
outpatient department, only 66.7% of them could achieve
remission if they continued to be treated with modern medical
regimens. These remission patients accounted for 33.3% of our
TCM clinics. Therefore, the target value of treatment was 35.0%
(higher than the calculated value: 50% × 1/3 × 2 � 33.3%), with an
expected target value of 45.0% to determine the efficacy.
According to the requirement of single-arm clinical study with
the objective performance criteria, the sample size was calculated
and the shedding rate was designed to be 10%. The target value P0 �
0.35 and the target value P1 � 0.45 were set according to the formula
used to calculate the sample size of the single-group target value test
(US. FDA, 2013). The calculated results were 183, the designed
shedding rate of this study was 10%, and the calculated test sample
size was 202 cases in total.

Case Shedding and Treatment
All subjects who complete the informed consent form and are
screened for admission to the trial are referred to as shedding
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cases whenever or for any reason they withdraw, as long as the
observation period specified in the protocol is not completed. The
case records of exfoliation shall be kept, stating the cause of
exfoliation, and converted to the final result based on the final test
result.

Treatment Options
The treatment group was treated on the basis of the KDIGO
clinical practice guidelines issued in 2012 (Rojas-Rivera et al.,
2019): 1) high-quality low protein and low phosphorus; 2)
angiotensin-converting enzyme inhibitors (ACEIs) or
angiotensin receptor blockers (ARBs) control blood pressure
between 120-135/75-85 mmHg; 3) symptomatic diuretic,
correct water, electrolyte, and acid–base balance; 4) anti-
infection treatment for infected persons; and 5) conventional
low molecular weight heparin anticoagulation for serum albumin
below 25 g/L. The base prescription is MFSD, which contains Ma
Huang (Ephedra sinica Stapf.) 15 g, Hei Fu Zi (Aconitum
carmichaeli Debx.) 15 g (boiled first), Zhi Gan Cao
(Glycyrrhiza uralensis Fisch.) 6 g, Gan Jiang (Zingiber officinale
Rosc.) 20 g, Fu Ling (Poria cocos (Schw.) Wolf) 30 g, and Chao
Bai Zhu (Atractylodes macrocephala Koldz.) 20 g. The main
ingredients of these medicines in Chinese prescriptions are
detailed in Supplementary Table S1. The dosage is as follows:
1 dose daily, boiled with 400 ml water, and taken in the morning
and evening for 6–36 months. The distribution of herbs and
collection of patient-related information will be conducted during
the outpatient hours. Patients who are not seen in time will be
followed up by telephone or online, and the initiative will be taken
to mail the herbs to these patients if necessary.

Observation Indicators and Methods
Main Curative Effect Index and Curative Effect
Standard
The patient’s blood albumin and 24-hour urine protein
quantification were monitored regularly to determine the
remission (Kanigicherla et al., 2013). 1) Complete remission
(CR): 24-h urine protein quantification <0.3 g, normal renal
function and blood albumin, and disappearance of clinical
symptoms. 2) Partial remission (PR): 24-h urine protein
quantitative <3.5 h and a decrease of more than 50% from the
base value, blood albumin increased before treatment, and
normal renal function. 3) Non-remission (NR): the
quantitative decrease of 24-h urine protein was less than 50%
from the base value or deteriorated renal function, and the blood
albumin was less than 30 g/L, without improvement in clinical
symptoms.

Safety Standard
To observe whether hepatic and renal injury and other adverse
reactions occurred in the treatment group during treatment.

Statistical Analysis
The statistical analysis plan was developed according to the
acquired data, and SPSS Statistics 20.0 software was adopted
for analysis. The measurement data conforming to the normal
distribution are expressed as the mean ± standard deviation, and

the enumeration data and measurement data not conforming to
the normal distribution are expressed as the median
(interquaternary interval). In single-group analysis and
comparison between two groups, the paired design
quantitative data t test was used for measurement data
conforming to the normal distribution, and the paired design
sign rank-sum test or χ2 test was used for counting data and
measurement data not conforming to normal distribution.
Kaplan–Meier survival analysis was used to perform the log-
rank test to compare the remission status of different groups, and
survival curves were drawn. If the survival curves of two groups
were intersected, the Breslow test would be used. Data relating to
remission were selected to build the model, and remission or non-
remission was taken as the dependent variable. The goodness-fit
of the model was tested by the Hosmer–Lemeshow test. Based on
this, a binary logistics regression analysis was conducted, and the
ROC curve was plotted to calculate the cutoff value.

RESULTS

Baseline Results
A total of 202 IMN patients admitted to the Beijing Hospital of
Traditional Chinese Medicine, Shunyi Branch of Beijing Hospital
of Traditional Chinese Medicine, Yanqing Hospital of Beijing
Hospital of Traditional Chinese Medicine, Tangshan Fengrun
Hospital of Traditional ChineseMedicine, and ZhangjiakouHospital
of Traditional Chinese Medicine from September 2016 to January
2019 were selected as the research subjects. 18 patients who had
been treated for less than 6 months were not included in the
analysis based on clinical experience. Therefore, a total of 184
IMNs were included in the study (Figure 1), including 114 males
and 70 females. The patients were aged 17–80 years, with a mean
age of 50 (38, 60) years. The mean follow-up period was 18 (12.5,
30) months. 40 patients (21.7% of the total) were at low risk, 59
patients (32.1% of the total) were at moderate risk, and 85

FIGURE 1 | Study flow diagram.
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patients (46.2% of the total) were at high risk. Among the patients
studied, 126 patients had not been relieved by regular
immunosuppressive therapy, and 58 patients had not been
treated with immunosuppressive therapy. Of the patients who
had previously received immunosuppressive therapy, 48 had
received cyclophosphamide, 48 had received cyclosporine, 15
had received tacrolimus, 3 had received mycophenolate
mofetil, 28 had received tripterygium glycosides, and 18 had
received other regimens such as prednisone alone, leflunomide,
and hydroxychloroquine. No patients had received the rituximab
regimen. In addition, 106 patients had received only one
treatment regimen, 11 patients had received two treatment
regimens, and 9 patients had received three or more treatment
regimens without remission (Supplementary Table S2).

Patients were grouped according to whether or not they had
previously used immunosuppressants, and baseline levels were
compared between the two groups. We identified 84 males and 42
females (mean 51 (40, 63) years old) with previous
immunosuppressive therapy. Eighty-one patients, or 64.3% of
the total, had nephrotic syndrome. 23.8% of patients were at low
risk, 26.2% at medium risk, and 50.0% at high risk. The mean
serum albumin was 25.61 ± 7.74 g/L, the mean 24-hour urine
protein was 6.99 (4.00, 11.53) g/24 h, the mean cholesterol was
6.53 (5.25, 8.38) mmol/L, triglyceride was 2.20 (1.50, 3.23) mmol/
L, serum creatinine was 72.00 (61.05, 93.75) μmmol/L, and the
estimated glomerular filtration rate was 99.21 ± 35.84 ml/min.
The mean follow-up period was 18 (13, 30) months. 44 patients
had hypertension in the past, and 21 patients had diabetes. 30
males and 28 females (mean 47 (35, 59) years old) were not
treated with immunosuppressive agents. 39 patients have
nephrotic syndrome, accounting for 67.2% of the total. 17.2%
of the patients were at low risk, 44.8% at medium risk, and 37.9%
at high risk. The mean serum albumin was 25.38 ± 7.35 g/L, the
mean 24-hour urine protein was 6.25 (4.53, 9.47) g/24 h, the
mean cholesterol was 6.12 (5.55, 7.44) mmol/L, triglyceride was
2.20 (1.48, 3.51) mmol/L, serum creatinine was 64.40 (57.00,

77.60) μmmol/L, and the estimated glomerular filtration rate
was 112.82 ± 25.14 ml/min. The mean follow-up period was
18.5 (12, 30) months. There were 25 patients with hypertension
and 5 patients with diabetes. When comparing the two groups at
baseline, we found that there was no statistical significance in the
composition of gender between the two groups (p � 0.052).
Patients who had received immunosuppressive therapy were
older than those who had not, and the difference was
statistically significant (p < 0.05). There were no significant
differences in serum albumin, 24-hour urinary protein, total
cholesterol, and triglyceride between the two groups (p >
0.05). The serum creatinine of patients who had received
previous immunosuppressive therapy was significantly higher
than that of patients who had not, and their glomerular
filtration rate was significantly lower (p < 0.05). There was no
significant difference in the risk ranking, treatment course, and
medical history between the two groups (p > 0.05) (Table 1).

Efficacy Results
All the 184 included patients with IMN were followed up until
December 2019, of which 113 met the criteria for remission and
71 did not, so the remission rate is 61.4% [95% C.I. 54.4–68.4%].
The target remission rate set by this regimen was 35.0%, the target
remission rate was 45%, and the lower limit of the 95% confidence
interval was greater than the target value and target value, proving
that this regimen has significant efficacy (Supplementary Table
S3). Of all patients included, the remission rate was 59.6%, the
complete remission rate was 16.7%, the partial remission rate was
42.9% for those who had received previous immunosuppressive
therapy, while for those who had not, these rates were 65.5, 10.4,
and 55.1%, respectively. There was no significant difference in the
remission rate between the two groups (p � 0.254).

For patients who had been treated for 6–12months, these rates
were 39.1, 6.5, and 32.6%, respectively. Among these patients, those
who had received previous immunosuppressive therapy had a
remission rate of 32.3%, the complete remission rate of 6.5%, and

TABLE 1 | Baseline characteristics of the subjects (grouped according to whether they had used immunosuppressive therapy in the past).

Treated (N = 126) Untreated (N = 58) p-value

Gender 0.052
Male 84 (66.7%) 30 (51.7%)
Female 42 (33.3%) 28 (48.3%)

Age 51 (40, 63) 47 (35, 59) 0.041
Nephrotic syndrome 81 (64.3%) 39 (67.2%) 0.696
Albumin (g/L) 25.61 ± 7.74 25.38 ± 7.35 0.849
24-h urine protein (g/24 h) 6.99 (4.00, 11.53) 6.25 (4.53, 9.47) 0.507
Cholesterol (mmol/L) 6.53 (5.25, 8.38) 6.12 (5.55, 7.44) 0.570
Triglyceride (mmol/L) 2.20 (1.50, 3.23) 2.20 (1.48, 3.51) 0.602

Risk ranking 0.487
Low 30 (23.8%) 10 (17.2%)
Medium 33 (26.2%) 26 (44.8%)
High 63 (50.0%) 22 (37.9%)

Renal function
Serum creatinine (μmol/L) 72.00 (61.05, 93.75) 64.40 (57.00, 77.60) 0.008
eGFR (ml/min) 99.21 ± 35.84 112.82 ± 25.14 0.019

Treatment course (month) 18 (13, 30) 18.5 (12, 30) 0.773
Medical history
Hypertension 44 25 0.287
Diabetes 21 5 0.145
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the partial remission rate of 25.8%, while these rates for those who
had not received immunosuppressive therapy were 53.3, 6.7, and
46.7%, respectively. There was no significant difference in the
remission rate between the two groups (p � 0.359).

For patients who took the drug for 13–24 months, the
remission rate was 65.3%, complete remission rate 15.3%, and
partial remission rate 50.0%. Among them, these rates for patients
who had been regularly treated with immunosuppressive therapy
were 68.7, 20.8, and 47.9%, respectively, while for those who had

not, these rates were 58.3, 4.2, and 54.2%, respectively. There was
no significant difference in the remission rate between the two
groups (p � 0.122).

For patients who took the drug for 25–36 months, these rates
were 72.7, 19.7, and 53.0%. Among them, patients who had been
regularly treated with immunosuppressive therapy had rates of
68.1, 19.1, and 48.9%, respectively, while those who had not been
treated with immunosuppressive therapy had rates of 82.2, 21.1,
and 63.2%. There was no significant difference in the remission
rate between the two groups (p � 0.375; Table 2). The
Kaplan–Meier survival analysis was performed based on the
time to remission between the two groups, and the results
showed that there was no statistically significant difference in
the partial remission rate (p � 0.641) or complete remission rate
(p � 0.346) between the two groups (Figure 2).

After treatment with MFSD, the serum albumin increased to
an average of 37.35 (30.75, 41.70) g/L, the 24-hour urinary
protein quantified to an average of 2.23 (0.70, 4.10) g/24h,
while the average values for the total cholesterol and the
triglyceride decreased to 5.33 (4.49, 6.55) mmol/L and 1.69
(1.03, 2.45) mmol/L, respectively. These results were
significantly different from those of the baseline before
treatment, and were statistically significant (p < 0.001). In
addition, the average serum creatinine was 69.20 (55.00,
83.03) μmol/L (p � 0.239), and the average estimated
glomerular filtration rate was 107.36 ± 36.46 ml/min (p �
0.127). There was no significant difference between before and
after treatment.

Patients were grouped according to whether they had used
immunosuppressants in the past, and the results of various
laboratory tests after treatment were compared between the
two groups. For patients who had received
immunosuppressive therapy, after treatment with MFSD, the
average serum albumin increased to 37.85 (30.33, 41.73) g/L,
the average 24-hour urinary protein level was 2.18 (0.71, 4.47) g/
24 h, the average total cholesterol decreased to 5.38 (4.52, 6.75)
mmol/L, and the average triglyceride was 1.69 (1.02, 2.66) mmol/
L. These results were significantly different from those of the

TABLE 2 | Composition of remission rates (grouped by previous use of immunosuppressive therapy).

All Treated Untreated p-value

All 0.254
CR 27/184 (14.7%) 21/126 (16.7%) 6/58 (10.4%)
PR 86/184 (46.7%) 54/126 (42.9%) 32/58 (55.1%)
Both 113/184 (61.4%) 75/126 (59.6%) 38/58 (65.5%)
6–12 Months 0.359
CR 3/46 (6.5%) 2/31 (6.5%) 1/15 (6.7%)
PR 15/46 (32.6%) 8/31 (25.8%) 7/15 (46.7%)
Both 18/46 (39.1%) 10/31 (32.3%) 8/15 (53.3%)
13–24 Months 0.122
CR 11/72 (15.3%) 10/48 (20.8%) 1/24 (4.2%)
PR 36/72 (50.0%) 23/48 (47.9%) 13/24 (54.2%)
Both 47/72 (65.3%) 33/48 (68.7%) 14/24 (58.3%)
25–36 Months 0.375
CR 13/66 (19.7%) 9/47 (19.1%) 4/19 (21.1%)
PR 35/66 (53.0%) 23/47 (48.9%) 12/19 (63.2%)
Both 48/66 (72.7%) 32/47 (68.1%) 16/19 (82.2%)

FIGURE 2 |Survival analysis of remission rates (grouped by previous use
of immunosuppressive therapy). (A) is the survival analysis of partial response
rate, and (B) is the survival analysis of complete response rate. The red line is
treated with immunosuppressive, the blue line is un-treated with
immunosuppressive. Its annotation is consistent with the grouping words in
Table 1.
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baseline before treatment, and were statistically significant (p <
0.001). After treatment, the serum creatinine decreased to an
average of 70.90 (55.00, 87.80) μmol/L (p � 0.074), and the
estimated glomerular filtration rate increased to an average of
104.73 ± 38.29 ml/min (p � 0.066). There was no statistical
significance between the above combination and the difference
before treatment.

For patients who had not received immunosuppressive
therapy, after treatment with MFSD, the serum albumin
increased to an average of 35.45 ± 7.81 g/L, the 24-hour
urinary protein quantitative mean was 2.30 (0.56, 3.72) g/24 h,
the total cholesterol decreased to an average of 5.04 (4.30, 6.43)
mmol/L, and the triglyceride was 1.68 (1.08, 2.38) mmol/L. There
were significant differences between the above results and the
baseline before treatment, and were statistically significant (p <
0.05). The average serum creatinine after treatment was 67.90 ±
18.26 μmol/L (p � 0.385), and the average estimated glomerular
filtration rate was 113.74 ± 31.08 (p � 0.901). There was no
significant difference between the above combination and before
treatment (Table 3).

Prognostic Correlation Analysis
Patients were grouped according to whether they relieve or not.
The following factors are compared between the two groups:

gender, age, pathological type, nephrotic syndrome history,
serum albumin before treatment, 24-h urinary protein before
treatment, cholesterol before treatment, triglycerides before
treatment, serum creatinine before treatment, the estimated
glomerular filtration rate before treatment, immunosuppressive
therapy history, and medical history. Factors with statistical
differences were screened out. There were no significant
differences in gender composition and mean age between the
two groups (p > 0.1) when comparing the baseline levels of the
two groups. The proportion of patients with nephrotic syndrome
was significantly lower in the remission group than that in the
non-remission group, and there was a significant difference
between the risk ranking of the two groups (p < 0.001).
Patients who had remission had significantly higher serum
albumin levels and lower 24-hour urinary protein levels than
those who did not (p < 0.001). The total cholesterol of patients
with remission was significantly lower than that of patients
without remission (p � 0.029). Patients who achieved
remission had slightly lower triglycerides than those who did
not, but the difference was not statistically significant (p � 0.183).
In terms of renal function, there were no significant differences in
serum creatinine and the estimated glomerular filtration rate
between the two groups (p > 0.1). The mean treatment course for
patients who achieved remission was significantly longer than
that for those who did not (p � 0.001). Patients who had a
previous history of hypertension achieved remission at a
significantly lower rate than those who had not (p � 0.047).
However, previous use of tacrolimus was associated with
remission (p � 0.020) (Supplementary Table S4).

Previous histories of hypertension, tacrolimus, nephrotic
syndrome, risk ranking, and treatment course were selected as
Model A. The histories of hypertension, tacrolimus, serum
albumin before treatment, 24-hour urinary protein before
treatment, cholesterol before treatment, and course of
treatment were used as Model B. Age, gender, history of
hypertension, tacrolimus, serum albumin before treatment, 24-
hour urinary protein before treatment, cholesterol before
treatment, triglyceride before treatment, and the course of
treatment were taken as Model C. According to the above,
binary logistics regression is carried out. Based on Model A,
we found that only previous use of tacrolimus, nephrotic
syndrome, risk ranking, and treatment course were associated
with remission from MFSD (p < 0.05). Using Model B, we found
that only pretreatment serum albumin and duration of treatment
were associated with remission from MFSD (p < 0.05), and
tacrolimus medication history was no longer associated with
remission (p � 0.224). Based on Model C, we found that
serum albumin before treatment and the duration of treatment
were still related with the remission of MFSD (p < 0.05; Table 4;
Supplementary Table S5).

In order to further reflect the effects of serum albumin and 24-
hour urinary protein quantification before treatment and
treatment course on remission, we found through the ROC
curve that the cutoff value of serum albumin before treatment
was 22.95 g/L and the cutoff value of treatment course was 12.50
months, so 24-hour urinary protein quantification was difficult to
be predicted whether patients were in remission or not (Figure 3).

TABLE 3 | Test results before and after treatment (grouped according to the
previous application of immunosuppressive therapy).

Prior treatment Post-treatment p-value

Albumin (g/L) 24.95 (20.00,
31.00)

37.35 (30.75,
41.70)

＜0.001

24-hour urine protein
(g/24 h)

6.57 (4.29, 10.21) 2.23 (0.70, 4.10) ＜0.001

Cholesterol (mmol/L) 6.36 (5.39, 8.17) 5.33 (4.49, 6.55) ＜0.001
Triglyceride (mmol/L) 2.20 (1.48, 3.30) 1.69 (1.03, 2.45) ＜0.001
Serum creatinine
(μmol/L)

71.00 (59.20,
85.10)

69.20 (55.00,
83.03)

0.239

eGFR (ml/min) 103.23 ± 33.54 107.36 ± 36.46 0.127

Treated Prior treatment Post-treatment p-value

Albumin (g/L) 25.00 (19.70,
31.85)

37.85 (30.33,
41.73)

＜0.001

24-h urine protein
(g/24 h)

6.99 (4.00, 11.53) 2.18 (0.71, 4.47) ＜0.001

Cholesterol (mmol/L) 6.53 (5.25, 8.38) 5.38 (4.52, 6.75) ＜0.001
Triglyceride (mmol/L) 2.20 (1.50, 3.23) 1.69 (1.02, 2.66) ＜0.001
Serum creatinine
(μmol/L)

72.00 (61.05,
93.75)

70.90 (55.00,
87.80)

0.074

eGFR (ml/min) 99.21 ± 35.84 104.73 ± 38.29 0.066

Untreated Prior treatment Post-treatment p-value

Albumin (g/L) 25.38 ± 7.35 35.45 ± 7.81 ＜0.001
24-h urine protein
(g/24 h)

6.25 (4.53, 9.47) 2.30 (0.56, 3.72) ＜0.001

Cholesterol (mmol/L) 6.12 (5.55, 7.44) 5.04 (4.30, 6.43) 0.002
Triglyceride (mmol/L) 2.20 (1.48, 3.51) 1.68 (1.08, 2.38) 0.001
Serum creatinine
(μmol/L)

66.26 ± 14.34 67.90 ± 18.26 0.385

eGFR (ml/min) 112.82 ± 25.14 113.74 ± 31.08 0.901
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Safety Results
During the treatment period, no kidney damage (Table 3) and
other adverse reactions, such as headache, nausea, and sweating,
were observed in the treatment.

DISCUSSION

Although the treatment of IMN has been mature, the toxic side
effects and recurrence rate are still important problems to be
solved urgently (Liu et al., 2019). Moreover, for newly treated
IMN patients, the most classic Italian protocol clinically used for
the treatment of IMN had an overall remission rate of 58% at year
1, 54% at year 2, and 66% at year 3 (Ponticelli, 1992). The overall
response rate of IMN after 1 year of cyclosporine treatment was
52% and that after 2 years of cyclosporine treatment was 20%
(Fervenza, 2019). The overall response rates of IMN treated with
rituximab were 60% at both year 1 and year 2 (Fervenza, 2019).
The overall response rates of MFSD treatment were 53.3, 58.3,
and 82.2% for year 1, year 2, and year 3, respectively. In short, the
efficacy of herbal medicine for newly treated IMN patients is
comparable to the current commonly used the
immunosuppressive therapy regimen, and its total remission
rate in the third year is much higher than that of the Italian
regimen. In addition, there was no statistically significant
difference between the efficacy of unremitted patients treated
with immunosuppression and those who underwent initial
MFSD treatment. These illustrate the advantages of the
traditional Chinese medicine.

Although spontaneous remission has been reported in IMN
patients with impaired renal function (Polanco et al., 2012), we

classified them according to the risk level specified in the KDIGO
guidelines and analyzed the number and use of previous
immunosuppressive regimens. We found that 46.2% of 184
patients were at high risk, while 16.5% of these patients had
unremission with two or more immunosuppressive regimens.
However, we found no statistically significant correlation between
previous use of immunosuppressants and whether remission was
achieved with MFSD. These might prove that herbal medicine is
effective in treating IMN, especially refractory IMN. On the other
hand, 126 patients were treated with immunosuppressive therapy
regularly, accounting for 68.5% of the total, which was higher
than the 50% previously observed. This indicates that the target
value of this study is accurately specified and the efficacy results
have certain credibility.

In traditional Chinese medicine (TCM), there is no such
disease named as “idiopathic membranous nephropathy,” as
most patients have edema as the first symptom, so the disease
can be classified as “edema disease” in TCM (Chen et al., 2013).
Edema is due to fluid retention in the skin and subcutaneous
tissue. This is a manifestation of the disturbance of the Qi-
transformation function of the whole body (Wang et al.,
2018). The location of this disease is on the surface. When we
discuss its TCM pathogenesis, we must use modern medicine’s
description of the clinical symptoms of IMN. IMN usually occurs
in the elderly, with edema as the first symptom and
thromboembolism (Alfaadhel and Cattran, 2015). “Shang Han
Lun” records that “aversion to cold with fever belongs to the Yang
syndrome, aversion to cold without fever belongs to the Yin
syndrome.” The insidious onset of this disease, unlike other
sudden onset of edema, coincides with the fact that IMN
“belongs to Yin syndrome.” This is further supported by the

TABLE 4 | Correlation between baseline predictors and mitigation outcomes in binary logistics regression analysis.

Model A Model B Model C

Or
(95%C.I.)

p-value Or
(95%C.I.)

p-value Or
(95%C.I.)

p-value

Gender 1.199 0.673
(0.517–2.782)

Age 1.000 0.975
(0.971–1.031)

Hypertension 0.609 0.163 0.801 0.583 0.783 0.565
(0.303–1.224) (0.363–1.768) (0.340–1.801)

Tacrolimus 0.269 0.040 0.435 0.224 0.409 0.209
(0.077–0.944) (0.114–1.666) (0.102–1.647)

Nephrotic Syndrome 0.346 0.034
(0.130–0.924)

Risk Ranking 0.510 0.024
(0.284–0.915)

Albumin (g/L) 1.096 0.008 1.093 0.012
(1.024–1.174) (1.020–1.171)

24-h Urine Protein (g/24 h) 0.904 0.055 0.893 0.038
(0.815–1.002) (0.802–0.994)

Cholesterol (mmol/L) 0.963 0.666 0.917 0.397
(0.810–1.144) (0.750–1.120)

Triglyceride (mmol/L) 1.103 0.351
(0.898–1.354)

Treatment Course (Month) 1.074 <0.001 1.079 0.001 1.076 0.002
(1.034–1.116) (1.032–1.128) (1.028–1.127)
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fact that the disease is more commonly seen in the elderly (Kim
et al., 2019). Thromboembolism indicates the presence of “blood
stasis” in pathological products (Wang et al., 2017). Given it is Yin
syndrome, the IMN patients have deficiency of Yang and excess
of Yin, as the explanation in the “Huang Di Nei Jing SuWen”: “the
excess of Yin causes internal cold, warm qi is left while cold qi
stays alone, thus causing blood coagulation.” To sum up, the
pathogenesis of IMN is the deficiency of Yang and excess of Yin,
and its pathological products are mainly water and blood stasis.
According to Mr. Hu xishu’s syndrome differentiation system of
the six syndromes and the eight guiding principles, or Liu Jing Ba
Gang in Chinese, this disease belongs to the combination of
exterior Yin syndrome and interior Yin syndrome, and is
distinguished as Shaoyin Taiyin syndrome (Feng and Zhang,
2011). However, MFSD is used to treat the edema of Shaoyin
Taiyin syndrome in “Jin Gui Yao Lüe,” namely, NS in modern
medicine. Therefore, we compared the data in terms of whether
or not there was NS.

The results of this study showed that MFSD could effectively
treat IMN, and had no significant correlation with whether the
presence of kidney syndrome, ineffectiveness of
immunosuppressive treatment, gender, age, or previous
medical history, etc. The following conclusions can be drawn
from this study. First, this prescription can treat IMN that cannot
be solved by current immunosuppressive regimens, indicating
that the target of MFSD is different from or significantly exceeds
that of traditional immunosuppressive regimens, which is a
prototype for future ideas for new drug development. But the
exact prescribing mechanism needs further study. Second, this
course of treatment is the key to efficacy, which is stable after
12 months of administration. However, for each patient, the
disease changes at each stage still need to be observed and
analyzed to comprehensively evaluate whether there is any
relapse of IMN treated by this prescription. Third, the efficacy
of this prescription is related to the initial blood albumin,
indicating the importance of albumin in evaluating the prognosis
of patients. However, the disease remission still depends on whether
the urine protein is reduced (Rojas-Rivera et al., 2019). We believe
that with the development of IMN studies, the understanding of the
blood albumin level will be deepened and be used as the evaluation
criterion for efficacy. Finally, this subject is a single-arm clinical trial
with objective performance criteria, not a randomized controlled
trial, so there is a degree of bias in the data results. In the future, we
will conduct a randomized controlled trial to comprehensively
evaluate the difference in efficacy and safety between MFSD and
IST, so as to demonstrate the advantages of TCM treatment more
comprehensively.
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New Insights Into the Effects of
Individual Chinese Herbal Medicines
on Chronic Kidney Disease
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The clinical and experimental study into the effects of Chinese herbal medicines on chronic
kidney disease has evolved over the past 40 years with new insight into their mechanism
and evidence of their clinical effects. Among the many traditional Chinese herbs examined
in chronic renal disease, five were found to have evidence of sufficient clinical efficacy, high
frequency of use, and well-studied mechanism. They are: Abelmoschus manihot and
Huangkui capsule,Salvia miltiorrhiza and its components (tanshinone II A, salvianolic acid A
and B); Rhizoma coptidis and its monomer berberine; Tripterygium wilfordii and its
components (triptolide, tripterygium glycosides); Kudzu root Pueraria and its monomer
Puerarin. These Chinese herbal medications have pharmaceutical effects against fibrosis,
inflammation and oxidative stress and also promote renal repair and regeneration. This
article reviews their clinical efficacy, anti-fibrotic effects in animal models, and molecular
mechanism of action.

Keywords: renal fibrosis, Chinese herbs, monomers, chronic kidney disease, Abelmoschus manihot, Salvia
miltiorrhiza, therapeutic molecular mechanism

INTRODUCTION

Chronic kidney disease (CKD) is a global public health issue, affecting more than 10% of the world’s
population (Glassock et al., 2017; Ruiz-Ortega et al., 2020). The burden of CKD is not only restricted
to the requirement of renal replacement therapy for end stage of renal disease (ESRD), but also
associated with cardiovascular events and mortality (Glassock et al., 2017). Although the etiology of
CKD and pathological course are diverse, renal interstitial fibrosis and gradual loss of nephron mass
are the common pathological changes. Renal fibrosis is characterized by activation of renal interstitial
fibroblasts and deposition of extracellular matrix components that are driven by multiple signaling
pathways, transcriptional factors, inflammatory factors, oxidative stress and vasoactive substances,
including angiotensin (Liu 2011; Meng, et al., 2016; Ruiz-Ortega, et al., 2020). Current treatment of
patients with CKD most still relies mostly on an angiotensin-converting enzyme inhibitor (ACEI)
and an angiotensin receptor blocker (ARB), however, these drugs only ameliorate, but not halt the
progression of CKD to ESRD (Ruiz-Ortega et al., 2020). The limitations of Western medicine in
curing or slowing progression of CKDmay drive some patients to seek alternative treatments such as
Chinese herbal medicines.

Chinese herbal medicines have been extensively used to treat CKD and other chronic diseases in
China and some Asian countries. However, high-quality clinical evidence is lacking to support use of
Chinese herbal medicines for CKD treatment worldwide. In 2015, Lin et al., published the first
population-based retrospective cohort study on the use of Chinese herbal medicine in CKD patients
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(Lin et al., 2015). By searching for the Taiwan National Health
Insurance Research Database from 2000 to 2005, they found that
among the 24,971 study patients, 11,351 received prescribed
Chinese herbal medicine after CKD diagnosis. After adjusting
confounding variable, the group using Chinese herbal medicine
exhibited a significantly reduced ESRD risk (60%) compared with
the nonuse group. This provides solid evidence of the association
between the use of Chinese herbal medicines with reduced ESRD
risk in patients with CKD. Further analysis of Chinese herbal
medicines used in this population of CKD patients revealed that
the formulas classified as “blood-regulating,” “dampness-
dispelling,” or “harmonizing” were strongly associated with the
protection effect against CKD (Lin et al., 2015), suggesting that
these classes of Chinese herbal formulas contain therapeutic
components that prevent CKD progression.

A Chinese herbal medicine formula usually contains several
medicinal herbs. Identifying the role of individual herbs is
essential for understanding the role and mechanism of a
Chinese herbal medicine formula in treating various diseases
including CKD. In the past 40 years, many such studies have been
conducted to search for medicinal herbs that are effective for
treating CKD. Five were found to have evidence of sufficient
clinical efficacy, high frequency of use, and well-studied
mechanism. These herbs include Abelmoschus Manihot, Salvia
miltiorrhiza, Rhizoma coptidis, Tripterygium wilfordii, and Kudzu
root Pueraria. Interestingly, these five Chinese medicinal herbs
are also major components in either blood-regulating, dampness-
dispelling, heat-clearing, or harmonizing formula associated with
beneficial effect to CKD patients as mentioned above (Lin et al.,
2015). Moreover, the extract and/or monomer of these five
medicinal herbs have been made and tested in animal models
of CKD and/or patents with CKD (see below). A prospective,
open-label, multicenter, randomized controlled trial
demonstrated that Huangkui capsule, a single-plant drug
extracted from the dry corolla of Flos A. Manihot, was more
effective than the angiotensin-receptor blocker losartan in
reducing proteinuria in patients with primary glomerular
disease after 24 weeks of treatment (Zhang, et al., 2014), which
resulted in its approval by the China Food and Drug
Administration to treat CKD stages 1–2 with primary
glomerular disease.

In this article, we review the therapeutic effect of these five
medicinal herbs in animal models of CKD (Table 1) and their
clinical efficacy in CKD patients (Table 2) as well as molecular
mechanism of their actions. We also discuss the challenge and
directions of medicinal herb research associated with CKD.

ABELMOSCHUS MANIHOT AND
HUANGKUI CAPSULE

Abelmoschus manihot, also called as “Huangkui” in Chinese, is an
annual flowering herb plant in the family of Malvaceae. As a
traditional Chinese medicine (TCM), the ethanol extract of the
flower in Abelmoschus manihot is made as Huangkui capsule and
has been used for medication of the patients with kidney diseases.
Studies have confirmed that the major pharmacologically

bioactive constituents in the flower of Abelmoschus Manihot
are seven flavonoids, including Rutin, Hyperoside, Hibifolin,
Isoquercetin, Myricetin, Quercetin, and Quercetin-3-O-
robinobioside (Guo, et al., 2015a).

Animal Studies
The biological effects of Abelmoschus manihot have been studied
in several animal models of CKD, including 5/6 nephrectomy
(Gu, et al., 2020), adriamycin-induced nephropathy (Li, et al.,
2019), and streptozotocin-induced diabetic nephropathy (DN)
(Liao, et al., 2019). The overall results show that treatment with
Abelmoschus Manihot can improve kidney function, attenuate
kidney damage and tubulointerstitial fibrosis, and reduce
proteinuria (Cai, et al., 2017). These beneficial effects are
related to inhibition of inflammation (Li, et al., 2019), anti-
oxidative stress (Liao, et al., 2019), inhibiting renal epithelial-
mesenchymal transition (EMT) (Gu, et al., 2020; Peng, et al.,
2016), remodeling the intestinal microbiota and inhibiting micro-
inflammation (Tu, et al., 2020). Mechanistically, Abelmoschus
Manihot is able to suppress ROS-ERK1/2-mediated NLRP3 (NLR
Family Pyrin Domain Containing 3) inflammasome activation
(Li, et al., 2019), reduce tumor necrosis factor-α (TNF-α) and
transforming growth factor-β1 (TGF-β1) protein expression (Tu,
et al., 2013), inhibiting p38MAPK signaling pathway (Tu, et al.,
2013) and autophagy-mediated macrophage polarization (Tu,
et al., 2020). Abelmoschus manihot can also prevent glomerular
podocyte apoptosis (Zhou, et al., 2012) by a mechanism
associated with activating peroxisome proliferator-activated
receptor (PPAR)-alpha/gamma (Ge, et al., 2016), inhibiting
iRhom2/TACE signaling pathway (Liu, et al., 2017),
attenuating endoplasmic reticulum stress (ERS) (Ge, et al.,
2016; Liu, et al., 2017), and regulating autophagy and
mitochondrial dynamics (Kim, et al., 2018). Moreover,
Abelmoschus manihot has an ability to reduce oxidative stress
and inflammation via modulation of AMPK (AMP-activated
protein kinase)-Sirt1-PGC-1α (peroxisome proliferator-
activated receptor-gamma coactivator-α) signaling axis (Liao,
et al., 2019) and NADPH oxidase/ROS/ERK pathway (Cai,
et al., 2017).

Clinical Studies
Abelmoschus manihot is one of the important drugs for the
treatment of CKD. It has been reported that treatment with
Abelmoschus manihot can reduce proteinuria and improve renal
function in patients with diabetic kidney disease (DKD) (Shi,
et al., 2019), IgA nephropathy (Li, et al., 2020a), and CKD stages
1–2 (Zhang, et al., 2014). In a meta-analysis identified 72 clinical
investigations involving 5,895 participants. Compared to a RAS
blocker alone, combined treatment of Abelmoschus Manihot
with a RAS blocker was more effective in reducing 24 h
urinary protein (24 h UP), urinary albumin excretion rate
(UAER), and serum creatinine (SCr) levels. Abelmoschus
manihot did not increase adverse events (Shi, et al., 2019).
Recently, a multicenter randomized controlled clinical trial for
determining the efficacy of Abelmoschus Manihot were
conducted in a total of 417 patients with biopsy-proven
primary glomerular disease (Zhang, et al., 2014) (CKD stage
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TABLE 1 | Recent animal studies on Chinese herbal medicines with anti-renal fibrosis function.

Herbal/extract Animal model Outcome Mechanism Reference

Abelmoschus
Manihot

5/6 nephrectomy ↓EMT ↓PI3K-Akt-eNOS, ERK1/2 Gu, et al. (2020); Peng, et al. (2016)
ADRN ↓OX, inflammation ↓ROS-ERK1/2-NLRP3 Li, et al. (2019); Cai, et al. (2017)

↓NADPH oxidase/ROS/ERK
UNE-ADR ↓inflammation, glomerulosclerosis ↓TNF-α,TGF-β1, p38MAPK Tu, et al. (2013)
STZ-DN mice ↓OX ↑AMPK-Sirt1-PGC-1 Liao, et al. (2019)
UNE-STZ-DN ↓podocyte apoptosis ↑PPAR-α/γ Ge, et al. (2016); Liu, et al. (2017)

↓ iRhom2/TACE,ERS
UNE-STZ-
HFD-DN

↓podocyte loss, FN Regulating autophagy,
mitochondrial dynamics

Kim, et al. (2018)

UPPR rat ↑intestinal microbiota autophagy-mediated macrophage
polarization

Tu, et al. (2020)
↓micro-inflammation

Salvianolic Acid A,
Tanshinone IIA

5/6 nephrectomy ↓OX, inflammation ↑Akt/GSK-3β/Nrf2, BMP-7, Smad6 Zhang, et al. (2019b); Zhang, et al.
(2019a); Zhang, et al. (2018); Wang,
et al. (2015b)

↓NF-kB, p38 MAPK, TGF-β/Smads

Salvianolic acid A ADR-MCD rats ↓proteinuria, podocyte injury ↑PPAR-γ/Angptl4, Nrf2/HO-1 Wang, et al. (2019b)
Tanshinone IIA STZ-DN ↓ERS, albuminuria ↓PERK (Xu, et al., 2020a)

↓pathological damage ↓OX, inflammation Chen, et al. (2017)
Salvianolic Acid A STZ-HFD-DN ↓OX, inflammation, endothelial permeability;

↑autophagy
↓AGE-RAGE-RhoA/ROCK, AGE-
RAGE-Nox4 axis

Hou, et al. (2017)

Salvianolic Acid B UUO rat ↓pathological damage ↓heparanase/syndecan 1 Hu, et al. (2020)
Salvianolic Acid A, C UUO rat ↑renal function, tubular function ↓CCL5 and CXCL10 Li, et al. (2015)

↓pathological damage
Tanshinone IIA AD-PO-UAN ↓OX ↓ NOX4, MAPK Zhang et al. (2020c)
Salvianolic Acid B RIRI rats ↓OX, inflammation; caspase-1-mediated

pyroptosis
↑ PI3K/Akt; ↓ Nrf2 pathway Ma et al., (2017b)

Pang, et al. (2020)
Tanshinone IIA ioversol-CIN ↓tubular necrosis, apoptosis, OX ↑ Nrf2/ARE activation Liang, et al. (2018)
Tanshinone I AAI-KI ↓kidney injury ↑cytochrome P450 1A Feng, et al. (2013)
Salvianolic Acid B FA-RTI mice ↓tubular injury ↓ ERS Mai, et al. (2020)
Berberine UUO rats ↓ECM, inflammation, OX ↓TGF-b1/Smad3 Wang, et al. (2014)

DKD Murine improve metabolism; ↓podocyte damage,
glomerulosclerosis, mitochondrial dysfunction

↓mitochondrial ROS Qin, et al. (2020)
↑PGC-1α

STZ-DN ↓proteinuria, TIF, podocytes injury ↑AMPK phosphorylation Sun et al. (2015); Zhang et al. (2020b)
↓NF-k-light-chain-enhancer,
TGFb1/Smad3

Li and Zhang, (2017)

↑Drp1 Qin, et al. (2019)
STZ-DN ↓inflammation ↓TLR4/NF-kB Sun et al. (2015)

Zhu et al. (2018)
STZ-DN ↓ECM ↓Nrf2; regulating MMPs/TIMPs Ni, et al. (2015)
STZ-DN ↑renal pathology ↑GRKs Wang, et al. (2013)
SHR ↓hypertension, renal damage ↓RAS, IL-6, IL-17, IL-23 Guo, et al. (2015b)
2K1C-RV-HTN
rats

↓hypertension, sympathoexcitation ROS/Erk1/2/iNOS Tian, et al. (2019)

tripterygium
glycosides

NUE-STZ-DN ↓glomerulosclerosis, TIF, microinflammation ↓macrophage infiltration, TNF-a, IL-
1b, TGF-b1, p38 MAPK, NF-kB

Wu, et al. (2017)

Triptolide STZ-HFD-DN ↓MA, inflammation, pathological damage regulating Th cell balance Guo et al. (2016)
↓macrophage infiltration

STZ-HFD-DN ↓renal EMT MiR-188-5p-PI3K/AKT Xue et al. (2018)
STZ-DN ↓renal ECM ↓microRNA-137/Notch1 Han, et al. (2018)
STZ-DN restoring autophagy ↓miR-141-3p/PTEN/Akt/mTOR Li, et al. (2017b)
UUO rats ↓inflammatory, ECM; immune activity ↓TGF-β1, CTGF, MCP1,

osteopontin
Yuan, et al. (2011)

PKD adult rats ↓disease progression; ↑renal function ↓JAK2-STAT3 Jing, et al. (2018)
DOCA-salt
hypertension

↓pathological damage ↓inflammatory Zhang, et al. (2020a)

FSGS rats ↓kidney injury, podocyte apoptosis ↓ IL4 Li, et al. (2020c)
Puerarin UUO murine ↓ECM, TIF, epithelial cell apoptosis ↓NOX4; ↓phosphorylation of p38,

ERK, JNK, MAPK
Zhou, et al. (2017)

STZ-DM
eNOS(−/−) mice

↓OX, albuminuria, kidney injury ↓NOX4↑; deacetylation of SIRT1-
NF-κB

Li et al. (2017a); Xu, et al. (2020c)

STZ-DN ↓pathological damage, apoptosis ↑miRNA-145-5p Li et al. (2017a); Xu, et al. (2020c)
↓TLR4/MyD88/NF-κB (p65)

STZ- DN mice ↓UACR, kidney injury ↑HMOX1, Sirt1-mediated podocyte
autophagy

Li, et al. (2020b)

STZ- DN rats ↓kidney hypertrophy, OX, podocyte injury ↑nephrin, podocin Zhong, et al. (2014)
↓MMP9

(Continued on following page)
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1–2, with moderate proteinuria) from 26 hospitals in China. The
results show that Abelmoschus manihot can effectively reduce
urine protein, and no obvious adverse events were identified. In
another multicenter randomized clinical trial, 1470 biopsy-
proven IgAN patients (proteinuria between 0.5 and 3.0 g/d
and eGFR of >/ � 45 ml/min/1.73 m2 were treated with either
Abelmoschus manihot or losartan at 1:1, observed for 48 weeks.
The results indicated that the effectiveness of Abelmoschus
manihot was similar to losartan in reducing urinary proteins
(Li, et al., 2020a). The eGFR was stable and did not show a

significant decline in both treatment groups during the 48-weeks
follow-up. The rates of adverse events did not differ between the
two treatment groups (Li, et al., 2020a). Thus, Abelmoschus
manihot can be used to treat patients who may not tolerate
ACEI/ARB due to hypotension or other disease. As such,
Abelmoschus manihot appears effective and safe in improving
proteinuria and preserve renal function in patients with CKD.
The long-term benefits of Abelmoschus manihot in reducing the
risk of progressive renal dysfunction remain unclear and need
further study.

TABLE 1 | (Continued) Recent animal studies on Chinese herbal medicines with anti-renal fibrosis function.

Herbal/extract Animal model Outcome Mechanism Reference

STZ-DN mice ↑autophagy, nephrin, podocin, podocalyxin ↑ PERK/eIF2α/ATF4 Xu et al. (2020b)
↓HIF-1alpha, VEGF Shukla, et al. (2017)

STZ-DN rats ↓renal AGEs contents ↓AGEs, RAGE Shen, et al. (2009)

↑: increase or activation or improve; ↓: decrease or inhibition; AAI: aristolochic acid I; ADR: Adriamycin; ADRN: adriamycin nephropathy; AD-PO-UAN: adenine and potassium oxonate-
induced uric acid nephropathy mice; AMPK: AMP-activated protein kinase; BMP-7: bone morphogenetic protein 7; CTGF: connective tissue growth factor; CIN: Contrast-Induced
Nephropathy; DN: diabetic nephropathy; DM: diabetes mellitus; DKD: diabetic kidney disease; Drp1: dynamin-related protein 1; ECM: extracellular matrix; EMT: epithelial-mesenchymal
transition; EMTD: epithelial-myofibroblast trans-differentiation; ERS: endoplasmic reticulum stress; eNOS(−/−): endothelial nitric oxide synthase-null mice; FA-RTI: fatty acids-induced
renal tubular injury; FSGS: focal segmental glomerular sclerosis; GRKs: G protein-coupled receptor kinases; HFD: high-fat diet; KI: kidney injury; MMPs: matrix metalloproteinases; MCD:
minimal change disease; NF: nuclear factor; NLRP3: NLR Family Pyrin Domain Containing 3; OX: oxidative stress; PGC-1: peroxisome proliferator-activated receptor-gamma
coactivator-1; PKD: polycystic kidney disease; PO: potassium oxonate; PPAR: peroxisome proliferator-activated receptor; RIRI: renal ischemia-reperfusion injury; SHR: spontaneously
hypertensive rats; STZ: Streptozotocin; STZ-DN: streptozotocin induced diabetic nephropathy; STZ-HFD-DN: streptozotocin induced and high-fat diet diabetic nephropathy; UACR:
urinary albumin creatinine ratio; MA: urine micro-albumin; UNE: unilateral nephrectomy; UPPR: rat models were induced by uninephrectomy, potassium oxonate, and proinflammatory
diet; UUO: unilateral ureteral obstruction; TIF: tubulointerstitial fibrosis; TIMPs: tissue inhibitor of metalloproteinases; TNF-a: tumor necrosis factor-a; TGF-b1: transforming growth factor-
b1; 2K1C-RV-HTN:Two-kidney, one-clip renovascular hypertensive rats.

TABLE 2 | Clinical studies on the efficacy of CHM in the CKD.

Chinese herbal
name

Disease N Therapeutic arms Primary outcome Study
period

References

Abelmoschus Manihot
(Huangkui capsule)

IgAN (24hUTP 0.5–3.0 g/d,
eGFR≥ 45 ml/min/1.73 m2)

1,470 Huangkui capsule/placebo vs. losartan
placebo

24 h UTP (mg/d) 48 weeks Li, et al. (2020a)

DN 5,895 Huangkui capsule + RAS blocker vs. RAS
blocker

24 hUTP (g/d); UAER
(mug/min);
SCr(umol/L)

Meta-
Analysis

Shi, et al. (2019)

CKD1-2, primary glomerular
disease (biopsy), moderate
proteinuria

417 Huangkui capsule vs. losartan vs. Huangkui
capsule + losartan

24 hUTP (mg/d) 24 weeks Zhang, et al.
(2014)

Tanshinone CKD 1,857 Tanshinone vs. control 24 hUTP (g/d); eGFR Meta-
Analysis

Zhou, et al.
(2020)

Tanshinone IIA hypertensive nephropathy 1,696 Tanshinone IIA/ARBs vs. ARBs eGFR Meta-
Analysis

Xu, et al. (2019)

Berberine hypertensive patients with type
2 diabetes mellitus

69 control vs. berberine add-on UACR (µg/mg) 2 years Dai, et al. (2015)

Tripterygium
Glycosides

DN 1,810 tripterygium glycosides + ARBs vs. ARBs 24 hUTP (g/d); UAER
(mg/min); SCr

Meta-
Analysis

Wu, et al.
(2020a)

Tripterygium Wilfordii DKD (stage IV) 1,414 Tripterygium Wilfordii +(ARB/ACEI) vs. (ARB/
ACEI)

24 hUTP (g/d); Alb(g/
l); TER

Meta-
Analysis

Ren, et al.
(2019)

Tripterygium
Preparations

CKD 4,386 Tripterygium preparations vs. placebo,
standard care, or other immunosuppressive
treatment

UPE; SCr(mg/dL);
CR; PR; relapse

Meta-
Analysis

Zhu, et al.
(2013)

Tripterygium
glycosides

DN 70 Tripterygium glycosides + ARBs vs. ARBs 24 h UTP 48 weeks Lengnan, et al.
(2020)

Puerarin DN(Stage III) 669 Puerarin + ACEI vs. ACEI UACR (mug/min) Meta-
Analysis

Wang, et al.
(2015a)

24 h UTP: 24 h urinary total protein; Alb: serum albumin; ACEI: angiotensin-converting enzyme inhibitors; ARB: angiotensin receptor blockers; CKD: chronic kidney disease; CR: complete
remission; DN: diabetic nephropathy; DKD: diabetic kidney disease; eGFR: estimated glomerularfiltrationrate; IgAN: IgA nephropathy; PR partial remission; RAS: renin angiotensin system;
SCr: serum creatinine; TER: total effective rate; UACR: Urinary Albumin Creatinine Ratio; UAER: urinary albumin excretion rate; Tripterygium Preparations: Tripterygium glycoside tablets,
Tripterygium hypoglaucum Hutch tablets, and Tripterygium granules or extracts.
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SALVIA MILTIORRHIZA AND ITS
COMPONENTS: TANSHINONE AND
SALVIANOLIC ACID
Salvia miltiorrhiza, also called “Danshen” in Chinese, is a popular
Chinese herb from dried roots of S. miltiorrhiza Bunge, has been
used for over 2,000 years for the treatment of cardiovascular
diseases without obvious side effects (Yan, et al., 2018). The active
ingredient of Danshen is tanshinone, which contains more than
50 compounds such as tanshinone I, tanshinone IIA, and
tanshinone IIB as well as the water-soluble compounds
salvianolic acid A (SAA), salvianolic acid B, and tanshinol
(Xue, et al., 2019). Injection of Sodium tanshinone IIA
sulfonate (STS), the extract of Danshen, has been widely used
in current clinical practice in China to treat CKD in recent years.

Animal Studies
Several models of CKD were used to study the efficacy and action
of mechanisms of Salvia miltiorrhiza. In the five-sixth
nephrectomy model (Zhang, et al., 2019b) (Zhang, et al.,
2019a) (Zhang, et al., 2018) (Wang, et al., 2015b),
administration of Salvianolic acid A (SAA) and Tanshinone
IIA were shown to attenuate oxidative stress and inflammation
by activating the Akt/GSK-3beta/Nrf2 signaling pathway and up-
regulation of bone morphogenetic protein 7 (BMP-7) and Smad6
as well as inhibiting NF-κB and p38 MAPK and TGF-β/Smad
signaling pathways. In adriamycin (ADR)-induced minimal
change disease (MCD) rat model, SAA exhibited a significant
anti-proteinuria effect (Wang, et al., 2019b). In a rat model of
STZ-induced diabetes, Tanshinone IIA and SAA attenuates renal
damage via inhibiting oxidative stress and inflammation (Chen,
et al., 2017) (Hou, et al., 2017). SAA restored glomerular
endothelial permeability via AGE-RAGE-RhoA/ROCK and
disturbed autophagy via AGE-RAGE-Nox4 axis (Hou, et al.,
2017). Tanshinone IIA also reduced endoplasmic reticulum
stress via attenuated PERK signaling activities (Xu, et al.,
2020a). In UUO rats, Salvianolic acid B attenuates renal
interstitial fibrosis by regulating the heparanase/syndecan-1
axis (Hu, et al., 2020), Salvianolic acid A and C reduced the
secretion of renal inflammatory cytokines CCL5 and CXCL10 to
protect renal function, improve tubular function and renal
pathology (Li, et al., 2015). In adenine and potassium oxonate-
induced uric acid nephropathy mice or renal ischemia-
reperfusion injury rats, Tanshinone IIA suppressed oxidative
stress-activated MAPK pathways (Zhang, et al., 2020c), and
salvianolic Acid B modulates caspase-1-mediated pyroptosis
via blocking Nrf2 Pathway (Pang, et al., 2020), suppressing
oxidative stress and inflammation through activation of PI3K/
Akt signaling pathway (Ma, et al., 2017b). Furthermore,
tanshinone IIA attenuates contrast-induced nephropathy via
enhancing Nrf2/ARE activation rats (Liang, et al., 2018).
Tanshinone I protects mice from aristolochic acid I-induced
kidney injury by induction of cytochrome P450 1A (Feng,
et al., 2013). Salvianolic Acid B protects against fatty acid-
induced renal tubular injury via inhibition of endoplasmic
reticulum stress, play an important role in obesity-related
kidney injury (Mai, et al., 2020). Overall, Salvia miltiorrhiza

can protect against kidney disease through diverse
mechanisms involved in inhibiting multiple profibrotic pathways.

Clinical Studies
Many small-clinical trials have been performed to evaluate the
efficacy of Salvia miltiorrhiza in patients with CKD. A recent
meta-analysis has summarized the results of Salvia miltiorrhiza
(tanshinone) for CKD treatment (Zhou, et al., 2020). Twenty-one
studies were reviewed in this meta-analysis, which involved 1857
patients including 954 cases from the salvia miltiorrhiza
treatment group and 903 cases from the control group. It was
found that Salvia miltiorrhiza could reduce urine protein levels,
improve kidney function, and attenuate CKD without significant
side effects. Among 21 studies included in this meta-analysis, only
2 evaluated the safety of tanshinone, tanshinone administration
did not significantly the side effects.

Recently, another meta-analysis assessed the efficacy and
safety of Sodium tanshinone IIA sulfonate in treatment of
hypertensive nephropathy. Sixteen clinical trials involving
1,696 patients were included in this meta-analysis. It was
interestingly found that a combination of Tanshinone IIA
(TIIA) and angiotensin receptor blockers (ARBs) was more
effective than ARB monotherapy in modulating hypertensive
nephropathy (Xu, et al., 2019). This was indicated by
improved eGFR and reduced urinary protein, serum
creatinine, cystatin-C, and better control in systolic blood
pressure (SBP) and diastolic blood pressure (DBP) in group
combined with STS plus ARBs than in ARBs alone group.
Thus, it appears that STS can be used as an adjuvant agent in
the management of hypertensive nephropathy. Nevertheless, all
included trials in this meta-analysis report were published in
Chinese, sample size for individual trials were small and the
treatment course was short (2–4 weeks). To achieve more
conclusive results, other large-scale, multicenter, long-term
and rigorously designed RCTs should be conducted in the future.

RHIZOMA COPTIDIS AND ITS
COMPONENTS BERBERINE

Rhizoma coptidis is known as “Huanglian” in Chinese. Modern
pharmacological studies have demonstrated that Rhizoma
coptidis and its component berberine have various
pharmacological activities, including anti-inflammatory,
hypoglycemic, antihypertensive, antibacterial, and other effects.

Animal Studies
The potential effects of berberine on renal interstitial fibrosis has
been examined in animal models of UUO, DKD and hypertensive
nephropathy. In a rat model of UUO, it was found that
administration of berberine (200 mg/kg per day) attenuated
deposition of extracellular matrix, inhibited inflammation,
reduced oxidative stress and suppressed TGFβ1/Smad3
signaling pathways (Wang, et al., 2014). In a murine model of
DKD, berberine treatment was observed to reverse the disordered
metabolism, podocyte damage, glomerulosclerosis, lipid
accumulation, excessive generation of mitochondrial ROS,
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mitochondrial dysfunction, and deficient fatty acid oxidation
through a mechanism associates with inactivation of the PGC-
1alpha signaling pathway (Qin, et al., 2020). Berberine could also
significantly inhibited urine protein excretion, ameliorated
tubulointerstitial fibrosis, protect glomerular podocytes in this
model (Sun, et al., 2015, Zhang, et al., 2020b, Li and Zhang 2017,
Qin, et al., 2019). The renoprotective effect of berberine is related
to activating autophagy via AMPK phosphorylation (Zhang,
et al., 2020b), inhibiting inflammation via suppressing TLR4/
NF-κB pathway (Sun, et al., 2015) (Zhu, et al., 2018), inhibiting
the Nrf2 pathway, and regulating the proteins expression of the
matrix metalloproteinases (MMPs)/tissue inhibitors of
metalloproteinases (TIMPs) (Ni, et al., 2015) and G protein-
coupled receptor kinases (GRKs) (Wang, et al., 2013). In addition,
berberine could delay the onset and attenuate the severity of
hypertension, ameliorate hypertension-induced renal damage in
spontaneously hypertensive rats. This action of berberine is
associated with inhibition RAS activities and expression of
some pre-inflammatory cytokines IL-6, IL-17, and IL-23 (Guo,
et al., 2015b). The anti-hypertension and anti-inflammatory
effects were also observed in two-kidney, one-clip (2K1C)
renovascular hypertensive rats, associated with inhibition of
the ROS/Erk1/2/iNOS pathway (Tian, et al., 2019).

Clinical Studies
Clinical studies have shown that berberine treatment is beneficial
for hypertensive patients with T2DM (Dai, et al., 2015). In a 2-
years random clinical trial on 69 hypertensive patients with
T2DM, whose blood pressure and fasting plasma glucose were
adequately controlled prior to the study, were enrolled and
randomly assigned into add-on (36 cases) and control (33
cases) groups. Berberine was orally administrated to the
patients in the add-on group concomitantly with standard
hypotensive and hypoglycemic treatment. Adequately control
of blood pressure and glucose was observed in those two
groups. In the berberine add-on group of patients, a
significant reduction in UACR, urinary osteopontin and KIM-
1 was further observed in addition to improved renal
hemodynamics, reduced renal inflammation, and oxidative
stress. Therefore, berberine might be used as an alternative
therapeutic strategy for the management of kidney injury.
Other clinical trials are needed to investigate the efficacy of
berberine in CKD induced by other etiologies.

TRIPTERYGIUM WILFORDII AND ITS
COMPONENTS: TRIPTOLIDE,
TRIPTERYGIUM GLYCOSIDES
Triptolide and tripterygium glycosides are the main bioactive
constituents isolated from the Chinese herb Tripterygium
wilfordii, also called as “Leigongteng.” Pharmacological studies
have shown that Triptolide exhibits multiple effects, including
renal protective, antitumor, anti-inflammatory,
immunosuppressive, cardioprotective, antiangiogenesis
activities, and multiorgan toxicity effects. Triptolides have been
extensively used to treat some primary and secondary kidney

disease such as nephritis, minimal change disease and
membranous nephropathy in humans. Its anti-fibrotic effects
have been also reported in some of animal models as
indicated below.

Animal Studies
In a rat model of diabetic nephropathy, tripterygium glycosides
was shown to attenuate glomerulosclerosis and interstitial fibrosis
and exert anti-microinflammatory effects (Wu, et al., 2017). The
effect of Triptolide-elicited renoprotection in diabetic
nephropathy is associated with regulating T cell balance and
reducing macrophage infiltration to the kidney (Guo, et al., 2016),
attenuates renal tubular EMT (Xue, et al., 2018), prevents
extracellular matrix accumulation by targeting microRNA-137/
Notch1 (Han, et al., 2018) and miR-141-3p/PTEN/Akt/mTOR
pathway (Li, et al., 2017b). In a rat UUO model, treatment with
Triptolide also decreased interstitial collagen deposition,
inhibited renal interstitial fibroblast activation and suppressed
production of proinflammtory and profibrogenetic factors,
including TGF-β1, connective tissue growth factor (CTGF),
MCP1 and osteopontin (Yuan, et al., 2011). Additionally,
triptolide administration significantly delayed disease
progression and improved renal function in an adult rat
model of polycystic kidney disease through inhibiting the
JAK2-STAT3 pathway (Jing, et al., 2018), attenuates renal
damage by limiting inflammatory responses in DOCA-salt
hypertension (Zhang, et al., 2020a), and inhibits podocyte
apoptosis by targeting IL4 to alleviate kidney injury in FSGS
rats (Li, et al., 2020c).

Clinical Studies
Two meta-analyses (Ren, et al., 2019; Wu, et al., 2020a)
evaluated the clinical efficacy and safety of Tripterygium
wilfordii/tripterygium glycosides combined with ARB/ACEI
in the treatment of stage IV DKD. In the controlled trial
(RCT), 1414 participants (Ren, et al., 2019) were evaluated in
detail, and another meta-analysis included 23 studies, including
a total of 1810 DN patients (Wu, et al., 2020a). Tripterygium
wilfordii/tripterygium glycosides combined with ARB/ACEI
significantly improved 24-h urinary total protein (24 h-UTP),
urinary UAER, SCr, and albumin more than did ARB/ARB
alone. Some minor side effects such as abnormal liver function
tests were observed in the combined treatment group, with the
risk of adverse reactions increased by 8%. Moreover, a
prospective, randomized controlled trial for assessing the
efficacy of tripterygium wilfordii in Stage IV-DN is still in
progress (Lengnan, et al., 2020).

A systematic review and meta-analysis of Tripterygium
wilfordii polyglycosides in the treatment of CKD indicate
that among 75 trials that included 4,386 participants,
treatment with tripterygium polyglycoside preparation
reduces proteinuria, lowers serum creatinine, improves the
complete remission rate by 56%, improves the complete or
partial remission rate by 24%, and reduces the relapse rate by
58% (Zhu, et al., 2013). Tripterygium polyglycoside preparation
group also increased liver function abnormalities and menstrual
changes (Zhu, et al., 2013).
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KUDZU ROOT PUERARIA AND ITS
COMPONENT PUERARIN

Puerarin is natural flavonoid extracted from the Chinese medical
herb Radix puerariae, also called as “Gegen”. Many studies have
demonstrated that puerarin has a renoprotective effect in animal
model of AKI induced by various nephrotoxicants such as
cisplatin (Wu, et al., 2020b) (Ma, et al., 2017a), methotrexate
(Liu, et al., 2018), lead (Liu, et al., 2012) and carbon tetrachloride.
Recently, the effect of puerarin on CKD and mechanism involved
have also been examined in animal models of UUO and DA.

Animal Studies
Puerarin treatment attenuates renal tubulointerstitial fibrosis in a
murine model of UUO, as evidenced by decreased the
accumulation of ECM and reduced renal tubule damage.
Mechanistically, puerarin inhibited renal epithelial cell
apoptosis, reduced expression of NOX4 and inhibited
phosphorylation of phosphorylation of p38, ERK, and JNK,
three MAPK pathways associated with renal fibrosis (Zhou,
et al., 2017). In a murine model of diabetic nephropathy,
puerarin also exhibits a potent renoprotective and anti-fibrotic
effect through amechanism associated with suppression of NOX4
andmiRNA-140-5p expression (Li, et al., 2017a; Xu, et al., 2020c),
promotion of podocyte autophagy (Li, et al., 2020b), down-
regulation of MMP9 (Zhong, et al., 2014), and activation of
the PERK/eIF2α/ATF4 signaling pathway (Xu, et al., 2020b).
In addition, puerarin also reduces the contents and expression
of advanced glycation end products in the diabetic kidney (Shen,
et al., 2009) and restores the expression of nephrin by inhibiting
the expression of HIF-1alpha and VEGF (Shukla, et al., 2017).

Clinical Studies
A meta-analysis has assessed the beneficial and harmful effects of
puerarin plus ACEI compared with ACEI alone for the treatment of
individuals with stage III DN. Ten RCTs involving 669 participants
were included in this meta-analysis. All trials were conducted in
China and published in Chinese. Treatment of DN with puerarin
plus ACEI significantly decreased the urinary albumin excretion rate
(UAER) but had no effect on 24-hUTP. One trial reported
abdominal discomfort and nausea (2 cases) in the treatment
group. Although these studies suggest that puerarin can reduce
proteinuria of individuals with stage III DN (Wang, et al., 2015a).
Further clinical trials withmore samples andmultiple centers should
be conducted to verify the beneficial results for DN.

COMMON MECHANISMS OF CHINESE
HERBALMEDICINES IN TREATINGKIDNEY
DISEASE
Combining the content of this article and previous literature
review (Zhao, et al., 2020; Zhong, et al., 2013), we identify that
eight Chinese herbal medicine have anti-inflammatory, anti-
oxidant, anti-apoptotic effects, reducing extracellular matrix
deposition, and anti-fibrosis. Among them, Salvia miltiorrhiza,
Rhizoma coptidis, Abelmoschus manihot can interrupt almost all

the processes leading to renal fibrogenesis. A summary of the
common mechanisms of these Chinese herbal medicines in the
treatment of kidney diseases is shown in Figure 1.

CONCLUSION AND PERSPECTIVE

Although preclinical animal studies often indicate therapeutic
benefits of Chinese herbal medicine in models of CKD,
convincing evidence for or against Chinese herbal medicine
for patients with CKD is limited. Here we summerized recent
advances on the therapeutic effect of five Chinese herbal
compounds, either single-herbal or monomer, on CKD. Their
anti-fibrotic effects are involved in the regulation of immunity,
alteration of hemodynamic changes, anti-oxidative stress and
fibrosis. Clearly, more research is needed to identify the active
ingredients of herbal medicines effective for the treatment of
CKD and the mechanism of action involved. Determination of a
monomer with definite curative effect and mechanism of action,
and optimization of the formulation of TCM through modern
scientific research will further improve and confirm the clinical
curative effect. Below are several issues that should be considered.

First, clinical efficacy research should be strengthened.
Although some single Chinese medicines or monomers have
conducted RCT studies and meta-analysis, such as “Huangkui”
capsules, most others have only small samples of clinical
controlled observations, such as berberine. Therefore, a large-
sample, long-period RCT studies should be initiated on the basis
of physicians’ personal clinical experience and small-sample
clinical observations to confirm the clinical efficacy of TCM
against renal fibrosis.

Second, mechanism study should be focused on the most
critical action of mechanism in a given drug. For example,
tanshinone IIA, berberine, and triptolide all have anti-
inflammatory and anti-oxidant actions, but it remain unclear
which herb is stronger in those actions. Puerarin has anti-
inflammatory and antioxidant effects, regulating podocyte
autophagy, tubular epithelial cell autophagy and apoptosis. It
is unknown which is the most critical action of puerarin against
renal fibrosis. A recent study (Zhong, et al., 2019) showing that
arctigenin attenuates diabetic kidney disease through the
activation of PP2A in podocytes gives us a good example and
enlightenment to pursue in depth understanding of modern
pharmacology of Chinese herbal medicine.

Third, the role and action of mechanism of monomer
compounds need to be explored in depth. The research on the
combination of Chinese medicine monomers is worth of
exploration in the future. Salvia miltiorrhiza and Rhizoma
coptidis often appear in one prescription of Chinese herbal
medicine to treat CKD such as Shenshuaining Capsule (Cui,
et al., 2016), Yishen Zhishuai Granules and Shenshuai II Recipe
(Wang, et al., 2019a). According to the classic theory of Chinese
traditional Medicine, Rhizoma coptidis is capable of clearing heat
and dampness, purging fire and detoxification, as well as inducing
Qi, whereas Salvia miltiorrhiza has an ability to activate blood
and remove stasis as well as cool blood and detoxify. The
combination of these two herbs can act in concert to eliminate
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the most common pathogenic syndromes of CKD, such as
dampness, heat, blood stasis, and toxicity. Future research is
necessary to explore the synergistic effect and mechanism of
berberine and salvianolic acid on renal fibrosis in order to further
elucidate the clinical significance and mechanism of action of
Salvia miltiorrhiza and Rhizoma coptidis.

Fourth, the systems approach is necessary for exploring the
synergistic effects of TCM in kidney disease. The systems
approach in TCM is a methodology that combines
computational and experimental tools to discover novel
therapeutic agents, identify their candidate targets, and
understand their therapeutic mechanisms. Traditional
medicine often is a mixed formula composing of several
types of herbs, and a formula with mixed herbs usually
works better than single ones. However, the mechanism of
action of individual herbs and their synergistic effects in a
formula are frequently unknown, thus, the systems approach
should be utilized to analyze the interactions among
compounds in order to determine the synergistic effects of
TCM in a given formula. To achieve this goal, we need to 1)
identify the active ingredients from traditional medicine
mixtures using modern technologies such as gas
chromatography-mass spectrometr, 2) identify targets of
active ingredients by developing predictive network models
and analyzing the complex interactions among herbs,
compounds, herb-target, and compound-target networks. 3)
determine the biological activity and toxicity profile of

individual active compounds and multiple ingredients in
diverse combinations using both in vitro techniques and
animal models of kidney disease, 4) elucidate the action of
mechanism of each active compounds and their synergistic
effects by using advanced systems approaches such as mass
spectrometry and affymetrix microarrays for gene expression
analysis, and 5) conduct clinical trial to assess the therapeutic
effect of single active compounds and multiple ingredients
with different combinations.
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Farrerol Ameliorated
Cisplatin-Induced Chronic Kidney
Disease Through Mitophagy Induction
via Nrf2/PINK1 Pathway
Ning Ma1,2†, Zhentong wei2†, Jianqiang Hu1, Wenjing Gu3 and Xinxin Ci1,2*

1Institute of Translational Medicine, The First Hospital of Jilin University, Changchun, China, 2Department of Obstetrics and
Gynecology, The First Hospital of Jilin University, Changchun, China, 3Department of Otolaryngology Head and Neck Surgery,
The First Hospital of Jilin University, Changchun, China

Previously, Our study has showed that farrerol can activateNrf2 andameliorate cisplatin-induced
acute kidney injury (AKI). Mitophagy reportedly can prevent diabetic nephropathy, cisplatin-
induced AKI and other related nephropathy. In this study, we evaluated the correlation between
mitophagy and the protective effect of the Nrf2 activator farrerol on cisplatin-induced CKD by
using C57BL/6 wild-type and Nrf2 knockout mice. We confirmed that Nrf2 and PINK1/Parkin-
mediated mitophagy was significantly increased on the 3rd day of cisplatin stimulation but was
reduced on the 38th day of cisplatin stimulation. Similar to previous results, farrerol activatedNrf2
on the 38th day of cisplatin administration, subsequently stimulating the Nrf2-targeted
antioxidant enzymes HO-1 and NQO1. In addition, farrerol triggered PINK1/Parkin-mediated
mitophagy by recruiting the receptor proteins LC3 and p62/SQSTM1, thereby eliminating
damaged mitochondria. Furthermore, genetic deletion of Nrf2 reduced PINK1/Parkin-mediated
mitophagy activation and led to increased renal tubular necrosis and renal fibrosis.We also found
that farrerol alleviated inflammation and renal fibrosis by inhibiting p-NF-κB/NLRP3 and TGF-
β/Smad signaling. These data indicated that farrerol effectively inhibited cisplatin-induced
inflammation and renal fibrosis by activating Nrf2 and PINK1/Parkin-mediated mitophagy,
which provides a potential novel therapeutic target for CKD.

Keywords: chronic kidney disease, mitophagy, Nrf2, PINK1, acute kidney injury

INTRODUCTION

Cisplatin (CDDP), a platinum drug, has been universally utilized to treat bladder cancer, ovarian
cancer and other solid tumors (Dasari and Tchounwou, 2014). However, the dominant factor
restricting the clinical use of cisplatin is its nephrotoxicity (Zhu et al., 2015). Although hydration is
extensively used to eliminate cisplatin-induced nephrotoxicity in clinical practice, patients receiving
cisplatin chemotherapy remain at a higher hazard of acute kidney injury (AKI) (Pabla and Dong,
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2008). Moreover, patients with severe and recurrent AKI are
more likely to develop chronic kidney disease (CKD), which is
accompanied by persistent renal dysfunction, development of
fibrosis, and inflammation (Chawla et al., 2011; Thakar et al.,
2011; Basile et al., 2016). What’s more, the death rate of CKD has
continued to increase at a rate of 1% annually, and this life-
threatening disease has become a global burden in the past few
years (Eckardt et al., 2013). Owing to the lack of knowledge about
the pathological mechanisms involved in the development of
CKD, there are currently few clinical strategies or treatments that
substantially improve kidney function or prevent disease
progression (Bin et al., 2017; Forbes and Thorburn, 2018).
Therefore, there is an urgent need to study and understand
the mechanism of CKD occurrence and development.

Cell necrosis and inflammation in the proximal tubules are
hallmarks of cisplatin-induced AKI (CDDP-AKI), and
maladaptive or incomplete repair of kidney tubules following
serious or recurrent AKI causes kidney fibrosis and ultimately
exacerbates CKD (Himmelfarb et al., 2002; Vaziri, 2004). When a
large amount of cisplatin accumulates in epithelial tubule cells, it
can induce cells to produce excessive reactive oxygen species
(ROS) due to mitochondrial dysfunction, leading to cisplatin-
induced renal dysfunction (Szeto, 2006; Oh et al., 2016; Wei et al.,
2020). Excessive production of ROS in cells disrupts the redox
balance in CKD, causing further oxidative stress, kidney tissue
damage and dysfunction (Ma et al., 2019).

Moreover, damaged renal tubular epithelial cells can induce
inflammation by triggering a variety of proinflammatory
cytokines, during which NF-κB, an important regulator of the
renal inflammatory response mechanism, activates the expression
of NLRP3 (Lorenz et al., 2014; Guo et al., 2015). Subsequently, the
NLRP3 inflammasome triggers cleaved caspase-1 and IL-1β
activation, which in turn triggers the release of
proinflammatory mediators (Oberg et al., 2004; Tucker et al.,
2015; Xu et al., 2015). In addition, persistent kidney damage or
chronic unresolved inflammation can cause tissue repair failure
and promote the production of tumor growth factor β (TGF-β)
(Meng et al., 2015; Qin et al., 2016). A growing number of studies
have illustrated that under pathological stimulation,
overexpression of TGF-β in mouse kidneys can directly
stimulate the expression of excessive collagen I and alpha
smooth muscle actin (α-SMA) proteins, by activating
regulatory Smad transcription factors (Liu, 2006; Meng et al.,
2015). In addition, TGF-β increases the level of ROS in the
kidney, and the generated ROS stimulate TGF-β-related
fibroblast activation and myofibroblast differentiation, which
further promotes the development of renal fibrosis (Kopp
et al., 1996; Clouthier et al., 1997).

Nuclear factor erythrocyte 2-related factor 2 (Nrf2) is
stimulated by ROS-mediated tissue damage, liberated from
Keap1 and transferred to the nucleus. Subsequently, Nrf2
combines with small Maf (sMaf) proteins to form heterodimers
that induce the expression of downstream antioxidants and
detoxification enzymes, including heme oxygenase-1 (HO-1),
NAD(P)H quinone oxidoreductase 1 (NQO1), superoxide
dismutase (SOD) and glutathione (GSH) (Qin et al., 2016; Wei
et al., 2020). To a certain extent, Nrf2 balances the effect of

hydrogen peroxide and lipid peroxidation, thus ameliorating
TGF-β-mediated profibrotic signals (Oh et al., 2012a; Oh et al.,
2012b). Moreover, one study pointed out that Nrf2-mediated
PINK1 transcriptional regulation restores mitophagy and
abnormal mitochondrial dynamics in renal tubular cells (Xiao
et al., 2017). More experiments have shown that autophagy
alleviates protein aggregates in the endoplasmic reticulum and
mitochondria as well as other specific cargoes with high selectivity
(Mizumura et al., 2014; Guimaraes et al., 2015; Yoshii and
Mizushima, 2015). Among these processes, mitophagy
specifically eliminates excessive and/or damaged mitochondria
(Khaminets et al., 2015). Due to the abundant mitochondria
and higher rate of oxygen consumption, mitophagy is
particularly necessary to maintaining the homeostasis of
mitochondria in the kidneys (Ralto et al., 2020). PINK1/Parkin-
mediated mitophagy is the most important mechanism for
identifying and labeling mitochondria under cellular stress.
Ubiquitinated PINK1/Parkin recruits the receptor protein p62/
SQSTM1, which causes autophagosome formation and elimination
of damaged mitochondria by connecting ubiquitin-labeled
mitochondria with LC3 in the autophagosome membrane
(Bueno et al., 2015; Zimmermann and Reichert, 2017). Previous
studies have found that knocking down PINK1/Parkin enhances
cisplatin-induced mitochondrial dysfunction and increases human
renal proximal tubular cell damage by inhibiting mitophagy (Zhao
et al., 2017). In addition, diabetic mouse kidney tubular damage is
partially reversed and mitochondrial fragmentation and apoptosis
are improved by regulating the Nrf2/PINK1-mediated mitophagy
of renal tubular cells (Xiao et al., 2017). Moreover, new strategies
for Nrf2/PINK1-mediated mitophagy have been used to treat
kidney disease in CKD animal models. Many natural products
that activate Nrf2 can counteract oxidative damage by controlling
the Nrf2/ARE signaling pathway.

Our previous experiments have proven that farrerol is a novel
Nrf2 activator that can improve cisplatin-induced nephrotoxicity
by activating Nrf2, thereby regulating the related oxidation,
inflammation and apoptosis signaling pathways (Ma et al.,
2019). The protective effect of farrerol against cisplatin-
induced CKD (CDDP-CKD) has not been previously reported.
Here, the function and underlying mechanism of farrerol in
CDDP-CKD were measured and evaluated using related
experimental models.

MATERIALS AND METHODS

Reagents and Chemicals
Farrerol and cisplatin (15663-27-1) were obtained from Chengdu
Pufei De Biotech Co., Ltd. (Chengdu, China) and
MedChemExpress (New Jersey, United States), respectively.
Primary antibodies against Nrf2(ab31163), Keap1 (ab139729),
HO-1 (ab68477), NQO1 (ab80588), PINK1 (p0076), NOX4
(A11274) and β-actin (km9001) were obtained from Sigma-
Aldrich (St. Louis, MO, United States), Sungene Biotech Co.,
Ltd (Tianjin, China) and Abcam (Cambridge, MA,
United States). Antibodies specific to KIM-1 (AF 1817),
NGAL (AF 1857), TGF-β (E-AB-33090), E-cadherin (E-AB-
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70249), Smad (E-AB-21040), collagen I (E-AB-34264), α-SMA
(E-AB-21040), NLRP3 (MAB7578) and p-NF-Κb (13346) were
purchased from R&D Systems (Minnesota, MN, United States),
Elabscience Biotechnology (Wuhan, China) and Cell Signaling
Technology (Boston, MA, United States).

Experimental Design and Animal
Procedures
C57BL/6 wildtype and Nrf2-knockout mice were purchased from
Vital River (Beijing, China) and Jackson Laboratory (Bar Harbor,
ME, United States), respectively. C57BL/6 wild-type and Nrf2
knockout mice were randomly assigned to experimental groups
receiving the following treatments: control (saline), CDDP
(10mg/kg) only, farrerol (10mg/kg) only, or CDDP (10mg/kg) +
farrerol (10mg/kg). Themice were administered farrerol at 10mg/kg
body weight by intraperitoneal injection beginning 1 day before the
first CDDP injection and daily until the day of harvest in the CDDP-
AKI mouse group or 5 days after the second cisplatin injection in the
CDDP-CKD mouse group. The mice were euthanized on day 3
(CDDP-AKI) or day 38 (CDDP-CKD) after the first administration
of cisplatin. C57BL/6 wild-type and Nrf2 knockout mice were
maintained on a normal diet and provided free access to drinking
water during this experiment. All mice were kept in a specific
pathogen-free facility, and this experiment was approved by the
Animal Health and Research Ethics Committee of Jilin University.

Biochemical Index Assays
Kidney function was analyzed according to the BUN and SCr
levels. Serum samples of BUN and SCr were collected and
measured using the relevant kits purchased from Nanjing
Jiancheng Bioengineering Institute (Nanjing, China), and then
the content of BUN (640 nm) and SCr (546 nm) in the serum
sample is obtained bymeasuring the ODvalue and data processing.
In addition, kidneys were homogenized and dissolved in extraction
buffer, and the levels ofMPO,MDA, SOD, and GSHwere analyzed
using kits (Keygen Biotech. Co., Ltd., Nanjing, China) according to
the manufacturer’s instructions.

Histological Analyses
Fresh kidney tissue was dissected and immediately fixed with 4%
paraformaldehyde. Then, a microscope was used to analyze
sections from the paraffin-embedded mouse kidneys stained
with hematoxylin and eosin (H&E) or Masson reagents. The
damaged tubule scores were divided into the following levels:
grade 0, no damage; grade 1, <25%; grade 2, 25–49%; grade 3,
50–74%; and grade 4, ≥75%. Additionally, Masson’s staining was
used to evaluate the renal tissue fibrosis area.

Western Blotting
The kidney tissue protein was separated by 10 or 12.5% sodium
lauryl sulfate polyacrylamide gel electrophoresis and transferred to a
polyvinylidene fluoride membrane. Themembrane was blocked and
shaken in 5% skim milk and then incubated with the corresponding
primary and secondary antibodies for protein detection. Then, we
used ECL to observe the bands and utilized ImageJ gel analysis
software to quantitatively analyze the band intensities.

Immunohistochemistry
Paraffin-embedded kidney sections were deparaffinized and
rehydrated. Then, we processed and microwaved the slices in
citrate buffer and subsequently blocked them with 5% BSA for
20 min. The slides were incubated with primary antibodies
against α-SMA and then incubated with secondary
antibodies. Then, an optical microscope was used to observe
the changes in kidney morphology and the area of positive
staining.

Transmission Electron Microscopy (TEM)
Fresh kidneys were harvested and prefixed with glutaraldehyde
and then fixed with osmium tetroxide. Afterwards, the samples
were dehydrated in ethanol containing 3% uranyl acetate and
embedded in epoxy resin and propylene oxide. After
polymerization, the samples were cut into 70 nm-thick
sections, stained, and then inspected with TEM. The
quantification of mitochondrial contour measurements (feret
minimum and maximum, area, perimeter, aspect ratio, shape
factor, and roundness) in the kidney tissue sample were
calculated using ImageJ software. Feret minimum and
maximum represent the longest and shorted diameter in
mitochondrial. Area, perimeter, aspect ratio, and roundness
describe the degree of flatness of a contour. The shape factor
corresponds to the outline of a contours. Contour measures are
related as follows:

Aspect Ratio � MaxDiameter

MinDiameter

Shapefactor � Perimeter
�����

Area
√

Roundness � 4 · Area
π ·MaxDiameter2

Cell Experiment
Human renal tubular epithelial cells line (HK-2) obtained from
Chinese Cell Bank (Beijing, China) were maintained in DMEF
containing 10% fetal bovine serum, 100U/ml penicillin-
streptomycin, in a 37°C, 5% CO2 incubator. After 72 h of
transfection of HK-2 cells with the control siRNA or Nrf2
siRNA, HK-2 cells were seeded in a 6-well plate (5 × 105
cells/well), treated with or without farrerol (20 μM) for 24 h,
and then collected cells for western blotting.

Statistical Analysis
The data are presented as the mean ± SEM and were analyzed
using SPSS 19.0 (IBM). The experimental data were compared by
one-way analysis of variance (ANOVA). Statistical significance
was defined as p < 0.05.

RESULTS

Effects of Farrerol on Cisplatin-Induced
Chronic Kidney Damage
Firstly, we compared the changes in body weight, kidney index,
BUN, and SCr of farrerol pretreatment before cisplatin injection
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and farrerol (not pretreatment) after cisplatin injection in mice
to establish a reasonable mice model. As shown in
Supplementary Figure S1, we found that farrerol
pretreatment before cisplatin injection exert more
pronounced protective effect on the kidneys than farrerol
(not pretreatment) after cisplatin injection. Therefore, we
chose to use farrerol pretreatment to evaluate the protective
effect of farrerol against recurrent cisplatin treatment. On the
day before the first intraperitoneal injection of cisplatin, the
mice were pretreated with intraperitoneal farrerol (10 mg/kg)
or vehicle, and farrerol administration was continued daily
until 5 days after the second intraperitoneal injection of
cisplatin (day -1 to day 12, 10 mg/kg). The mice were
sacrificed on the 3rd and 38th days after the first injection
of cisplatin to establish AKI and CKD models, respectively
(Figure 1A). As shown in Figure 1B, the weight of mice treated
with cisplatin decreased significantly, and farrerol significantly
reversed this trend. Moreover, analysis of the kidney index also
indicated that farrerol significantly improved the CKD caused
by cisplatin (Figure 1C). In addition, farrerol improved
CDDP-CKD, and this protective effect was demonstrated by

renal index analysis (Figure 1C). In addition, farrerol
pretreatment substantially alleviated the levels of BUN, SCr
and the proximal tubular damage marker proteins NGAL and
KIM1 (Figures 1D–G). We further elucidated the protective
effect of farrerol on the mouse model by scoring H&E-stained
sections and found that farrerol markedly reduced CDDP-
induced histological lesions, such as tubular dilation and
brush-border loss (Figures 1H,I).

Farrerol Relieves Cisplatin-Associated
Inflammation and Kidney Fibrosis in Vivo
Notably, damaged tubular epithelial cells can cause the release of
a variety of proinflammatory cytokines to induce kidney
inflammation (Lorenz et al., 2014). To determine whether
cisplatin induces inflammation in renal tubular epithelial cells,
immunoblotting was performed to detect the levels of
inflammation-mediated proteins. As shown in Figures 2A,B,
cisplatin stimulation significantly increased the expression of
p-NF-κB and NLRP3 and upregulated downstream cleaved
caspase-1 and IL-1β. Furthermore, farrerol significantly

FIGURE 1 | Cisplatin-induced CKD is inhibited by farrerol. (A) The mouse models of CDDP-induced CKD and AKI combined with farrerol were established as
follows. CDDP-CKD mouse model: Mice were treated daily with farrerol (10 mg/kg/d) or vehicle beginning 1 day before the first intraperitoneal cisplatin injection until
5 days after the second cisplatin injection. Subsequently, on the 31st day following the second CDDP administration, all mice were euthanized. CDDP-AKI mousemodel:
On day 0, mice were given cisplatin (10 mg/kg) or vehicle, and farrerol was given daily from day -1 to day 2. Subsequently, the mice were sacrificed 1 day after the
last farrerol treatment. (B) The body weight changes were measured by measuring the mouse weights at 0, 3, 7, 14, 21, 28, and 38 days. (C) The kidney index refers to
the kidney weight divided by the weight on day 38. BUN (D) and SCr (E) levels were evaluated in whole blood on the 38th day of CDDP treatment. The above data are
presented as the mean ± SEM (n � 6 in each group). (F,G) KIM1 and NGAL immunoblotting and densitometry normalized to β-actin protein were applied to assess the
degree of renal tubular damage. (H,I) H&E-stained micrographs of kidney sections were used to quantify renal tubular damage. All experiments were performed three
times. *p < 0.05 and **p < 0.01 compared with the control group; #p < 0.05 and ##p < 0.01 compared with the CDDP group.
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FIGURE 2 | Farrerol ameliorates cisplatin-induced inflammation and kidney fibrosis in mice. The protein levels of p-NF-κB, NLRP3, cleaved caspase-1 and IL-1β in
C57BL/6 mice were investigated by western blotting (A) and analyzed by densitometry analysis (B). (C) Masson staining of renal sections and quantitative analysis of
fibrosis area in the kidney tissue. Western blotting images of TGF-β, E-cadherin and the fibrosis-related proteins Smad, collagen I and α-SMA in the kidney are shown (D)
and evaluated (E). (F) Immunohistochemical analysis of collagen I and α-SMA (control n � 6, farrerol n � 6, cisplatin n � 6, and CDDP + farrerol � 6). A quantitative
analysis of collagen I and α-SMA positive area in the kidney tissue. Data are shown asmean ± SEM. All experiments were performed three times. *p < 0.05 and **p < 0.01
vs. the control group; #p < 0.05 and ##p < 0.01 vs. the CDDP group. β-actin was used as an internal control.
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reduced the inflammatory response by inhibiting p-NF-κB and its
downstream targets. In addition, persistent kidney damage and
unresolved inflammation may lead to failure of tissue repair,
thereby promoting the development of fibrosis (Qin et al., 2016).
Mice treated with cisplatin showed a significant increase in
fibrosis area that was reduced with farrerol pretreatment
(Figure 2C). Moreover, cisplatin-induced fibrosis led to a
substantial increase in TGF-β, stimulated the expression of
fibrosis-related proteins (such as Smad, collagen I and α-SMA)
and decreased the level of the antifibrotic protein E-cadherin
(Figures 2D,E). To further illustrate that farrerol has a

therapeutic effect on cisplatin-induced fibrosis, we conducted
immunostaining of collagen I and α-SMA and confirmed that
farrerol improves renal fibrosis (Figure 2F).

Farrerol Alleviates Cisplatin-Induced
Oxidative Stress in Vivo
Repeated stimulation with cisplatin induces the production
and accumulation of excess ROS in the proximal tubules of the
kidney, causing an imbalance in the body’s redox system. After
pretreatment with farrerol, the contents of MDA and MPO,

FIGURE 3 | Farrerol alleviates cisplatin-induced oxidative stress in vivo. (A–D)Mice were sacrificed on the 38th day after the first cisplatin administration, and renal
tissues were collected. The contents of MPO, MDA, SOD, and GSH in kidney tissue were measured. Data are expressed as the mean ± SEM (n � 6 per group). (E,F)
Kidney tissue lysates were analyzed by immunoblotting with specific antibodies against Keap1, NOX4, Nrf2, HO-1, and NQO1. The expression levels of the
abovementioned oxidation pathway-related proteins were quantified by densitometry and standardized to β-actin. Data are expressed as the mean ± SEM.
*p < 0.05 and **p < 0.01 compared with the control group; #p < 0.05 and ##p < 0.01 compared with the CDDP group.
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FIGURE 4 | The effect of CDDP on the Nrf2- and PINK1/Parkin-related mitophagy pathways in AKI and CKD. (A–C) Immunoblot analysis of PINK1, Parkin, TIM23,
TOM20, LC3, and P62. (D,E) Representative TEM images of mitochondrial morphology in renal tubular epithelial cells. Data were shown as quantification of
mitochondrial contour measurements from n � 6 mice per group. (F–H) Western blotting and densitometry analysis of Nrf2, PINK1, Parkin, TIM23, and TOM20. (I,J)
Representative TEM images of autophagosomes/mitochondria in kidney tubular epithelial cells on day 3 and day 38 after the first injection of cisplatin. All
experiments were performed three times. Data were shown as quantification of mitochondrial contour measurements from n � 6 mice per group. Data are expressed as
the mean ± SEM. &p < 0.05 and &&p < 0.01 *p < 0.05 and **p < 0.01 vs. the control group (CDDP-AKI mice); *p < 0.05 and **p < 0.01 vs. the control group (CDDP-CKD
mice); #p < 0.05 and ##p < 0.01 vs. the CDDP group.
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which are key to the ROS-induced imbalance of the CKD redox
system, were greatly reduced, and the contents of the
antioxidant enzymes GSH and SOD were increased (Figures
3A–D). Previous experiments have shown that the antioxidant
capacity of farrerol involves the activation of Nrf2. Therefore,
we examined whether the antioxidant effect of farrerol on
CDDP-CKD is related to the upregulation of Nrf2-mediated
signaling pathways. The results showed that farrerol can
effectively activate Nrf2 and its downstream target proteins
HO-1 and NQO1 while reducing the levels of Keap1 and
NOX4 (Figures 3E,F).

Farrerol Activates PINK1/Parkin-Mediated
Mitophagy and Protects Against the
Exacerbation of Kidney Damage in
Cisplatin-induced CKD Mice
Mitophagy eliminates damaged mitochondria in renal
tubular cells during the process of kidney damage and
repair (Lin Q. et al., 2019). Moreover, Nrf2 also restores
the mitochondrial dynamics of renal tubular cells by
regulating PINK1-mediated mitophagy (Xiao et al., 2017).
Thus, the possible involvement of the Nrf2/PINK1-mediated
mitophagy pathway was tested in our experimental model.
Similar to previous results, farrerol, as a Nrf2 activator,
triggered PINK1/Parkin-mediated mitophagy on the 38th
day of cisplatin administration, increased the accumulation
of LC3 and decreased the protein expression of translocase of
mitochondrial inner membrane 23 (TIM23), translocase
homolog of mitochondrial outer membrane 20 (TOM20)
and P62 (Figures 4A–C). Then, we also evaluated the
effect of cisplatin on mitochondria through TEM and
found that farrerol can reduce mitochondrial damage and
activated mitophagy in the kidney (Figures 4D,E; Table 1).
To better understand the role of mitophagy in cisplatin-
induced kidney injury, we compared acute and chronic
cisplatin-related mouse models. In our study, we found
that Nrf2, PINK1, and Parkin were significantly increased
on the third day of cisplatin stimulation. Moreover, we also
found accumulation of LC3II, which suggested that
autophagy was activated, and reduced levels of TIM23 and
TOM20, indicating mitochondrial clearance by mitophagy.
Most importantly, we also found that the changes in these
proteins were significantly reversed on day 38 of cisplatin
stimulation (Figures 4F–H). In addition, we also observed
clear autophagosomes/mitophagosomes on the 3rd day of
cisplatin stimulation, but on the 38th day, we observed a large

number of damaged mitochondria and almost no
autophagosomes/mitophagosomes unobserved on the 38th
day, accompanied by a large number of damaged
mitochondria (Figures 4I,J; Table 2).

Nrf2 Knockout Aggravates
Cisplatin-Induced Kidney Damage and
Renal Fibrosis
Next, we assessed whether Nrf2 knockdown exacerbates kidney
damage in mice. Changes in body weight, renal function index
(BUN, SCr, KIM1, NGAL) and histological characteristics (H&E
staining) were measured to assess kidney function in the mouse
model. Compared with that of wild-type mice, the kidney
function of Nrf2 knockout mice deteriorated significantly after
treatment with cisplatin (Figures 5A–H). Most importantly,
these results indicated that farrerol had little protective effect
on Nrf2-deficient mice. In addition, compared with the wild-type
mice, the Nrf2 knockout mice pretreated with farrerol did not
exhibit a decrease in the area of fibrosis. In contrast, more fibrotic
areas, a decrease in the antifibrotic protein E-cadherin, and an
increase in the fibrosis-related protein collagen I were observed
(Figures 6A–E).

Nrf2 Deficiency Exacerbates Oxidative
Stress in Cisplatin-induced CKD Mice
To test whether the effect of farrerol on chronic oxidative
stress induced by repeated CDDP stimulation is Nrf2
dependent, we measured and compared various oxidative
stress markers in Nrf2 knockout and wild-type mice. As
shown in Figures 7A,B, we observed no significant changes
in Nrf2 or its downstream targets HO-1 and NQO1 in wild-
type mice. In addition, in Nrf2 knockout mice, the increase in
MPO and MDA and the decrease in SOD and GSH content
induced by cisplatin were more pronounced, and this
phenomenon was not reversed by farrerol pretreatment
(Figures 7C–F).

Knockdown of Nrf2 Partially Abolishes
PINK1/Parkin-Mediated Mitophagy
Activated by Farrerol Pretreatment in Mice
Nrf2 null mice and wild-type mice were utilized to further
explore the relationship between Nrf2 and PINK1. After
analyzing the Western blot in Figures 8A–E, we found that
farrerol did not upregulate the expression of the mitophagy-

TABLE 1 | Contour measurements of mitochondria.

Parameters Control Far

Control CDDP Control CDDP

Roundness 0.467 ± 0.051 0.591 ± 0.073 0.514 ± 0.082 0.478 ± 0.065
Aspect ratio 2.503 ± 0.069 1.649 ± 0.089 2.316 ± 0.029 2.606 ± 0.059
Shape factor 5.209 ± 0.313 4.202 ± 0.305 4.91 ± 0.346 5.122 ± 0.262
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TABLE 2 | Contour measurements of mitochondria.

Parameters 3d 38d

Control CDDP Control CDDP

Roundness 0.347 ± 0.075 0.411 ± 0.208 0.337 ± 0.069 0.526 ± 0.344
Aspect ratio 2.468 ± 0.063 1.659 ± 0.064 2.066 ± 0.062 1.361 ± 1.121
Shape factor 5.837 ± 0.746 5.235 ± 1.886 5.611 ± 0.733 4.743 ± 2.256

FIGURE 5 | Nrf2 knockout exacerbates CDDP-induced kidney damage. C57BL/6 wild-type mice and Nrf2 knockout C57BL/6 mice were treated with cisplatin
intraperitoneally on day 0 and day 7 (10 mg/kg per dose). Then, the mice were sacrificed on the 31st day after the second administration of CDDP, and kidneys and
whole blood were collected. Changes in weight (A) and kidney index (B) of wild-type and Nrf2 knockout mice were evaluated. The collected whole blood was used to
measure BUN (C) and SCr (D). (E,F) Kidney tissue lysates were analyzed by immunoblotting with specific antibodies against KIM1 and NGAL. (G,H) Typical
photomicrographs of kidney sections were used to quantify kidney damage. The data are shown as the mean ± SEM (n � 6 in each group). All experiments were
performed three times. *p < 0.05 and **p < 0.01 compared with the control group; #p < 0.05 and ##p < 0.01 compared with the CDDP group. NS, no specificity; WT, wild-
type C57BL/6 mice; KO, Nrf2 knockout C57BL/6 mice.
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related proteins PINK1 and Parkin in Nrf2 knockout mice but
resulted in an increase in TIM23 and TOM20 protein
expression, which indicated that the knockout of the Nrf2
gene partially eliminated PINK1/Parkin-mediated mitophagy.
Furthermore, TEM analysis showed that mitochondria were
more damaged in Nrf2 knockout mice, and autophagosomes/
mitophagosomes were hardly observed (Figures 8F,G;
Table 3). These data indicated that the protective effect of
farrerol against CDDP-CKD is mediated via activation of Nrf2
and PINK1/Parkin-mediated mitophagy. In order to directly
observe the relationship between Nrf2 expression regulation
and PINK1 transcription, based on the previous experiment
(Ma et al., 2019), we treated the HK-2 cells with farrerol for
24 h. The results showed that farrerol could hardly activate the
protein expression of PINK1. This result further proveed the
above conclusion that Nrf2 can play a role mainly by regulating
the expression of PINK1(Figures 8H,I).

DISCUSSION

The development of CKD is defined as a progressive decline in the
glomerular filtration rate accompanied by the loss of kidney
function and the accumulation of fibrous tissue. As a
multifactorial disorder, the origin of CKD mainly involves
diabetes, glomerulonephritis, kidney stones, drugs, and
nephrotoxin (Levey and Coresh, 2012; Hill et al., 2016).
Deterioration of renal function can be triggered by the
nephrotoxicity of many therapeutic drugs, among which
cisplatin is an important drug that causes acute and chronic
kidney injury related to nephrotoxicity (Lin T. et al., 2019).
Although cisplatin is a clinically effective chemotherapeutic drug,
due to its nephrotoxicity, multicycle administration of cisplatin can
cause permanent loss of kidney function. Even after successful
cisplatin treatment, severe and life-limiting CKD may occur (Pabla
and Dong, 2008). The transcription factor Nrf2, a regulator of

FIGURE 6 | Nrf2 knockout exacerbates CDDP-induced renal fibrosis. (A)Masson staining was utilized to show the fibrotic areas in the kidneys of different CDDP-
CKD mice. A quantitative analysis of fibrosis area in the kidney tissue. (B,C) Western blotting images and quantification of E-cadherin and collagen I in mouse kidney
tissue lysates normalized to β-actin. (D) Representative images of collagen I and α-SMA immunohistochemical analysis of mouse kidneys. (E) A quantitative analysis of
collagen I and α-SMA positive area in the kidney tissue. Data are shown as mean ± SEM. All experiments were conducted three times. *p < 0.05 and **p < 0.01
compared with the control group; #p < 0.05 and ##p < 0.01 compared with the CDDP group. NS, no specificity; WT, wild-type C57BL/6mice; KO, Nrf2 knockout C57BL/
6 mice.
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cytoprotective proteins driven by ARE, is an essential factor in
adjusting cell redox homeostasis. It has been reported that
compared with wild-type mice, Nrf2-deficient mice have
markedly deteriorated kidney function, as indicated by
enhancements in BUN and SCr, more serious histological injury,
and a higher tubular damage score (Liu et al., 2009). In our
experiments, we also compared the changes in kidney function
of Nrf2-null mice and wild-type mice after multiple injections of
cisplatin and found an identical trend (Figures 5A–D,G,H). In
addition, we tested proximal tubule damagemarkers and found that
the levels of KIM1 and NGAL in Nrf2 knockout mice were

significantly increased (Figures 5E,F). This result also supported
that Nrf2 knockout mice are more sensitive to cisplatin and are
more likely to suffer severe kidney damage. Farrerol, a new type of
2,3-dihydroflavonoid isolated from rhododendron, has been shown
in our previous experiments to improve cisplatin-mediated AKI by
upregulating Nrf2. Moreover, pretreatment with farrerol
ameliorated cisplatin toxicity in Nrf2 wild-type mice but exerted
little protective effect on Nrf2 knockout mice (Ma et al., 2019).

When a large amount of cisplatin accumulates in epithelial tubule
cells, it can induce excessive ROS production, which causes oxidation
reactions and renal damage. Malondialdehyde (MDA) and

FIGURE 7 |Nrf2 deficiency exacerbates oxidative stress in CDDP-CKDmouse models. (A,B)Western blot analysis of Nrf2, HO-1, and NQO1 in wild-type and Nrf2
knockout mouse kidneys. (C–F) The indicators MPO,MDA, SOD andGSHwere assessed in kidney tissues. Data are expressed as themean ± SEM (n � 6 per group). All
of the data displayed represent the mean of three independent experiments. *p < 0.05 and **p < 0.01 vs. the control group; #p < 0.05 and ##p < 0.01 vs. the CDDP group.
NS, no specificity. β-actin was used as an internal control.
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FIGURE 8 | Knockdown of Nrf2 partially abolishes PINK1/Parkin-mediated mitophagy activated by farrerol pretreatment in mice. The expression levels of the
mitophagy-mediating proteins PINK1, Parkin, TIM23 and TOM20 in wild-type and Nrf2 knockout mice were investigated by Western blotting (A) and analyzed by
densitometry analysis (B–E). (F) Representative TEM images of mitochondrial morphology in kidney tubular epithelial cells of wild-type and Nrf2 knockout mice. (G) Data
were shown as quantification of mitochondrial contour measurements from n � 6 mice per group. Data are expressed as the mean ± SEM. (H, I) HK-2 cells were
transfected with a Nrf2 siRNA or Nrf2-negative control siRNA for 72 h and exposed to farrerol (20 μM)for 24 h, and the protein levels were subsequently detected with
western blotting. The levels of Nrf2 and PINK1 were determined. *p < 0.05 and **p < 0.01 compared with the control group; #p < 0.05 and ##p < 0.01 compared with the
CDDP group. NS, no specificity. β-actin was used as an internal control.
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myeloperoxidase (MPO) levels are crucial to the imbalance between
the accentuated pro-oxidant and deficient antioxidant capacity that
occurs in CKD (Ma et al., 2019). Our experiments indicated that
farrerol lowered the levels of MDA and MPO and enhanced the
levels of GSH and SOD (Figures 3A–D). Additionally, damaged
renal tubular epithelial cells can trigger a variety of proinflammatory
factors to induce kidney inflammation. NF-κB is a heterodimer
composed of p50 and p65 that can activate the NLRP3
inflammasome and mediate inflammation. In this study, farrerol
significantly inhibited the release of proinflammatory mediators and
protected kidney function. Our experiments further showed that this
protective effect was achieved by inhibiting p-NF-κB and NLRP3
and reducing cleaved caspase-1 and IL-1β (Figures 2A,B).

Moreover, successive kidney damage or chronic unresolved
inflammation may cause tissue repair failure and promote the
formation of renal fibrosis. In cisplatin-induced fibrosis, the
activation of the TGF-β pathway released regulatory factors that
further promoted the excessive expression of Smad, collagen I and
α-SMA (Figures 2D–F). In addition, we found that farrerol
effectively inhibited the fibrosis process and improve CDDP-CKD
(Figure 2C). Related research has emphasized that mitochondrial
pathology is crucial in AKI development and kidney repair after
AKI. Therefore, timely elimination of injured mitochondria in renal
tubular cells represents an important quality control mechanism for
cell homeostasis and survival during kidney damage and repair
(Ralto et al., 2020). Mitophagy, a selective form of autophagy,

TABLE 3 | Contour measurements of mitochondria.

Parameters Nrf2-WT Nrf2-KO

Control CDDP CDDP +
Far

Control CDDP CDDP +
Far

Roundness 0.395 ± 0.115 0.583 ± 0.242 0.501 ± 0.140 0.427 ± 0.267 0.604 ± 0.298 0.596 ± 0.337
Aspect ratio 3.11 ± 0.628 1.855 ± 0.268 2.461 ± 0.717 2.994 ± 0.713 1.568 ± 0.481 1.581 ± 0.311
Shape factor 5.588 ± 0.852 4.101 ± 1.118 4.723 ± 1.047 5.466 ± 0.609 3.952 ± 1.452 4.086 ± 1.316

FIGURE 9 | The protective effect of farrerol against CDDP-related CKD and its potential mechanism. Cisplatin can accumulate in epithelial tubule cells, causing
mitochondrial dysfunction and excessive ROS. Damaged cells can induce inflammation by triggering the activation of p-NF-κB/NLRP3. In addition, the generated ROS
or chronic unresolved inflammation can also stimulate the production of renal fibrosis and the development of CKD via TGF-β/Smad signaling. Farrerol can activate Nrf2/
ARE, then increase PINK1/Parkin-mediated mitophagy and eliminate damaged mitochondria.
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specifically eliminates excessive or damaged mitochondria. Previous
studies have shown that inhibiting mitophagy induces a decline in
mitochondrial function and enhances CDDP-AKI, while activating
mitophagy protects cells from mitochondrial dysfunction and
cisplatin-induced cell damage (Jiang et al., 2012; Zhao et al.,
2017). In our mouse model, the possible involvement of the
PINK1/Parkin-mediated mitophagy pathway was tested. As
shown in Figures 4F–J and Table 2, immunoblotting showed
that the levels of PINK1 and Parkin were significantly increased
and the expression of the mitochondrial membrane proteins TIM23
and TOM20 was reduced on the third day of cisplatin stimulation.
Most importantly, we also found that the levels of these proteins
were significantly reduced on day 38. Similar to previous results,
farrerol, a Nrf2 activator, triggered the PINK1/Parkin-mediated
mitophagy pathway on the 38th day of cisplatin administration
(Figures 4A–E; Table 1). Moreover, Nrf2-mediated PINK1
transcriptional regulation restores impaired mitophagy and
abnormal mitochondrial dynamics in renal tubular cells (Xiao
et al., 2017). Therefore, to further explore the relationship
between Nrf2 and PINK1, we used Nrf2 null mice and wild-type
mice and found that farrerol did not significantly activate
mitophagy-related indicators in Nrf2 knockout mice (Figures
8A–G; Supplementary Figure S1; Table 3). These data indicated
that the protective effect of farrerol against CDDP-CKD is mediated
via activation of Nrf2 and PINK1/Parkin-mediated mitophagy.

CONCLUSION

In summary, our research showed that farrerol reversed oxidative
stress, inflammation and fibrosis in renal tubular epithelial cells,
thereby improving cisplatin-mediated renal insufficiency. This
protective mechanism of the kidney can be achieved by activating
Nrf2 and subsequently increasing PINK/Parkin-mediated
mitophagy and eliminating damaged mitochondria (Figure 9).
These experiments demonstrated that farrerol provides a
potential novel treatment for CDDP-CKD.
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Uncovering Bupi Yishen Formula
PharmacologicalMechanisms Against
Chronic Kidney Disease by Network
Pharmacology and Experimental
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Xusheng Liu1,2*

1The Second Clinical College of Guangzhou University of Chinese Medicine, Guangzhou, China, 2Department of Nephrology,
Guangdong Provincial Hospital of Chinese Medicine, Guangzhou, China

Chronic kidney disease (CKD) is a leading public health problem with high morbidity and
mortality, but the therapies remain limited. Bupi Yishen Formula (BYF) - a patent traditional
Chinese medicine (TCM) formula - has been proved to be effective for CKD treatment in a
high-quality clinical trial. However, BYF’s underlying mechanism is unclear. Thus, we aimed
to reveal BYF pharmacological mechanism against CKD by network pharmacology and
experimental studies. Network pharmacology-based analysis of the drug-compound-
target interaction was used to predict the potential pharmacological mechanism and
biological basis of BYF. We performed a comprehensive study by detecting the expression
levels of fibrotic and inflammatory markers and main molecules of candidate signal
pathway in adenine-induced CKD rats and TGF-β1-induced HK-2 cells with the
treatment of BYF by western blotting and RT-qPCR analyses. Using small interfering
RNA, we assessed the effect of BYF on the TLR4-mediated NF-κB mechanism for CKD
renal fibrosis and inflammation. Network pharmacology analysis results identified 369
common targets from BYF and CKD. Based on these common targets, the BYF
intervention pathway was analyzed by Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) enrichment analysis. We found that Toll-like receptor (TLR)
and NF-κB signaling pathways were enriched. Then, we demonstrated that BYF
significantly improved the adenine-induced CKD rat model condition by kidney
dysfunction improvement and reversing renal fibrosis and inflammation. Subsequently,
we investigated BYF’s effect on the TLR4/NF-κB signaling pathway. We found that TLR4
and phospho-NF-κB (p-p65 and p-IKβα) expression was significantly upregulated in
adenine-induced CKD rats, then partially downregulated by BYF. Furthermore, BYF
inhibited fibrotic and inflammatory responses, as well as TLR4, p-p65, and p-IKβα in
TGF-β1-induced HK-2 cells. Additionally, the BYF inhibitory effect on fibrosis and
inflammation, and NF-κB pathway activation were significantly reduced in TGF-β1-
induced HK-2 cells transfected with TLR4 siRNA. Altogether, these findings
demonstrated that the suppression of TLR4-mediated NF-κB signaling was an
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important anti-fibrotic and anti-inflammatory mechanism for BYF against CKD. It also
provided a molecular basis for new CKD treatment drug candidates.

Keywords: traditional Chinese medicine, bupi yishen formula, chronic kidney disease, network pharmacology,
experimental study

INTRODUCTION

Chronic kidney disease (CKD) is a worldwide public health
problem with an estimated global prevalence of 8–16% (Jha,
et al., 2013). CKD affects approximately 8–10% of the Western
countries population (Lameire, et al., 2005), and >15% of U.S.
adults may have CKD. In China, the total CKD prevalence is
around 10.8% and affects more than 120 million individuals
(Zhang, et al., 2012). Also, CKD is associated with adverse
cardiovascular events and high mortality risk (Bello, et al.,
2011). However, there are limited treatment options available
for CKD patients. The main approach to delay CKD progression
is renin-angiotensin system (RAS) blockade, as well as blood
pressure and glycemic control (Palmer, et al., 2015; Breyer and
Susztak, 2016). These therapeutic strategies are insufficient to
impair CKD progression to end-stage renal disease (ESRD).
Therefore, it is urgent to develop effective medications to
prevent CKD progression.

Traditional Chinese medicine (TCM) is commonly used in
conjunction with Western medications for CKD treatment in
China and other Asian countries (Li and Wang, 2005;
Wojcikowski, et al., 2006; Zhong, et al., 2013). However, the
use of TCM in CKD treatment remains controversial, especially
because of renal toxicities present in some TCM (Feng, et al.,
2018; Yang B et al., 2018; Omer Mohamed, et al., 2020). There is
also emerging solid evidence of the beneficial effects of TCM
prescribed for CKD patients in mainland China (Zhang, et al.,
2014; Li, et al., 2020; Wu, et al., 2021) and Taiwan (Lin, et al.,
2015), supporting that TCM can be promising for the
development of new therapeutic drugs for CKD treatment.

The Bupi Yishen Formula (BYF), a patent TCM, is composed
of eight herbs, which are modified from one traditional Si-Jun-Zi
Decoction (SJZD). SJZD was recorded in Tai Ping Hui Min He Ji
Ju Fang (A.D.1078-1,110) and is used to replenish “Qi” and
reinforce “Spleen”. Based on TCM theory, BYF can “reinforce
the Spleen and invigorate the Kidney” and “dispel dampness and
resolve turbidity”, suggesting that it could be used for CKD
treatment. Over the past decade, BYF has been clinically applied
as a basic treatment for CKD patients. Our recently published
multicenter randomized controlled trial demonstrated that BYF
significantly improved kidney function in non-diabetic CKD4
patients, as evidenced by a slower decline slope of the estimated
glomerular filtration rate (eGFR) and a lower composite outcome
risk (Mao, et al., 2020). However, BYF’s underlying reno-protective
mechanism remains unknown and requires investigation.

In this study, we first identified the BYF and CKD common
targets. Then, we analyzed the intervention pathways based on
these common targets using network pharmacology. Second, we
examined BYF’s therapeutic effect on CKD in vivo. We used an
adenine-induced CKD rat model and found that BYF reduced

renal fibrosis and inflammation, and simultaneously inhibited the
TLR4/NF-κb pathway. Finally, the BYF regulatory mechanism on
renal fibrosis and inflammation was validated in vitro with TGF-
β1-induced HK2 cells and TLR4 siRNA. Altogether, our study
demonstrated that BYF reduced renal fibrosis and inflammation
by TLR4-mediated NF-κb signaling pathway suppression, which
may be a key mechanism of its therapeutic effect on CKD.

MATERIALS AND METHODS

Active Compounds and Corresponding
Drug Targets Collection
The BYF chemical compounds were screened using TCMSP
(http://tcmspw.com/tcmsp.php) (Ru, et al., 2014), TCMID
(http://www.megabionet.org/tcmia/), and BATMAN-TCM
(http://bionet.ncpsb.org/batman-tcm/index.php.Home/Index/
index). Compounds that showed DL ≥ 0.18 and OB ≥ 30% were
retrieved as active by ADME analysis (Wang, et al., 2015). We
collected active compounds targets with the TCMSP and
SYMMAP (http://www.symmap.org) databases (Wu, et al.,
2019), then retrieved the target’s gene name and ID using
the Uniprot (https://www.uniprot.org/) database.

Disease and Drug-Disease Common
Targets Collection
The genes of targets related to “Chronic kidney disease” were
screened via GeneCards (https://www.genecards.org/) (Stelzer,
et al., 2011), OMIM (https://www.omim.org/) (Amberger, et al.,
2015), TTD (http://db.idrblab.net/ttd/), MALACARDS (https://
www.malacards.org/) (Rappaport, et al., 2017), and DisGeNET
database (http://disgenet.org/) (Piñero, et al., 2017). After
removing duplicated genes, the common targets associated
with BYF and CKD were collected as the candidates.

Drug-Compound-Target Interaction
Network Construction
To analyze the relationship between drugs, active compounds,
and candidate targets, a drug-compound-target interaction
network was constructed using Cytoscape 3.6.1 software. In
the network, different targets, active compounds, and drugs
were represented as different colors and shapes nodes.

Protein-Protein Interaction Network
Construction
The String database contains a large number of PPI relationships
(von Mering, et al., 2005). The candidate targets were unloaded
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onto the String database (https://string-db.org/) to obtain related
information about protein interactions. Then, a PPI network was
Constructed using Cytoscape 3.6.1 software. Besides, the median
of three topological indexes was calculated (BC, CC, and DC),
and the core PPI network targets were screened.

Enrichment Analysis
Gene Ontology (GO) functional and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment analysis
were performed based on the candidate targets using DAVID
6.8. The downloaded results were sorted using p and count values.
The workflow used for this study was shown in Supplementary
Figure S1.

BYF Water Extract Preparation
BYF contains eight Chinese herbs. The related BYF herbal
information and chemical composition analysis were
performed as previously described (Zhang, et al., 2018; Mao,
et al., 2020). Raw herbs were purchased from Jiangyin Tianjiang
Pharmaceutical Co., Ltd. (Jiangsu, China). The eight BYF
components, including Astragali radix (30 g), Codonopsitis
radix (15 g), Atractylodis macrocephalae rhizome (12 g), Poria
(15 g), Diosscoreae rhizome (15 g), Coicis semen (20 g), Cuscutae
semen (12 g), and Salviae miltiorrhizae radix et rhizome (15 g),
were boiled twice (1 h each) in ddH2O (w/v). The extract was
condensed and stored at −20 °C. Before treatment, the BYF
extract was dissolved in distilled water.

Animals and Experimental Treatment
This animal experiment was performed according to protocols
approved by the Institutional Ethics Review Boards of the
Second Clinical College of Guangzhou University of Chinese
Medicine, Guangzhou, China (approval No. 2020021). Twenty-
four male Spraque-Dawley (SD) rats (∼200 g of weight) were
purchased from the Guangdong Experimental Animal Center
(Guangzhou, China). They were housed in the SPF animal
breeding room with a 12-h light/12-h dark cycle and the
temperature was maintained at 22–25°C. Rats were randomly
divided into four groups (n � 6 for each group): 1) control
(CTL); 2) untreated CKD (CKD); 3) CKD treated with BYF-
Low dose (BYF-L); and 4) CKD treated with BYF-High dose
(BYF-H). The CKD in rats was induced by intra-gastric gavage
with adenine (Sigma-Aldrich, St Louis, MO, USA) at 200 mg/kg
for 4 weeks (Chen, et al., 2017; Thakur, et al., 2018). Rats in the
CKD treatment groups received BYF extract doses of 15 g/kg/d
(BYF-L) and 30 g/kg/d (BYF-H) for 4 weeks with simultaneous
adenine administering. Rats in CTL received normal adenine-
free saline solution for 4 weeks.

Biochemical Analysis of Serum and Urine
Samples
Serum creatinine and urea, 24 h urinary protein, urinary albumin
to creatinine ratio, aspartate transaminase (AST), and alanine
transaminase (ALT) were measured using a Roche automatic
biochemistry analyzer (Hitachi, 7180, Tokyo, Japan) following
the manufacturer’s instructions. Analyses were performed in the

Laboratory Department of the University City Hospital of
Guangdong Hospital of Traditional Chinese Medicine.

Histological Examination
Rat kidney samples were fixed with 4% buffered paraformaldehyde
(pH 7.4) at 4°C overnight, dehydrated in graded alcohols, and
embedded in paraffin. The paraffin-embedded kidneys were cut
into 2 μm sections and stained with hematoxylin and eosin (HE),
periodic acid-Schiff (PAS), and Masson’s trichrome for
pathological changes evaluation. The tubular atrophy score was
performed in PAS staining. The interstitial fibrosis was assessed by
collagen deposition area in Trichrome staining using the ImageJ
software (NIH, Bethesda, MD, United States).

Immunohistochemical Analysis
For immunohistochemistry staining, 2 μm paraffin-embedded
sections were deparaffinized and rehydrated. The antigens
were repaired with 1% (w/v) Tris-EDTA solution by high
temperature and pressure for 10 min. Sections were blocked
with BSA, then incubated with primary antibodies. The
following antibodies were used: TGF-β1 (3711; Cell Signaling
Technology), α-SMA (19,245; Cell Signaling Technology),
fibronectin (NBP1-91258, Novus), and TLR4 (sc-293072, Santa
Cruz). The secondary antibody was horseradish-peroxidase
(HRP) goat anti-rabbit IgG (J31126; Transgen Biotech).

Cell Culture and Treatment
The HK-2 cells were cultured in DMEM/F12 supplemented with
10% FBS, 25 mM glucose, and 1% penicillin and streptomycin. They
were incubated in a 37°C humidified incubator supplied with 5%
CO2. The HK-2 cells were passaged using 0.25% Trypsin at a 1:6–8
ratio every 3–4 days. At 80% confluence, the cells were starved in
0.5% FBS overnight. Then, cells were divided into negative control
(CTL), TGF-β1, and BYF groups. The TGF-β1 group was treated
with 10 ng/ml TGF-β1 for 48 h. The BYF group was treated with
10 ng/ml TGF-β1 for 24 h, then treated with 32mg/ml BYF for 24 h.

Cell Viability
The CCK-8 assay was applied to assess the BYF effect on cell
viability, following the manufacturer’s instructions. First, serum-
starved HK-2 cells were treated with different BYF concentrations
(0, 32, 64, 128, 188, 256, 375, 512, 750, 1,500 mg/ml) with or
without TGF-β1 for 48 h. Second, 10 μl of CCK-8 reagent reacted
with HK-2 cells at 37°C for 2 h. Finally, the supernatant was
removed, and the optical density was measured at 490 nm using a
microplate reader (TECAN, Mannedorf, Switzerland).

TRL4 Downregulation by Small
Interfering RNA
Transfection of siRNA was used to downregulate TRL4 in the
HK-2 cells. The HK-2 cells were transfected with 10 μM siRNA
targeting TRL4 (si-TRL4) or control siRNA (si-CTL) using
Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA,
United States), according to the manufacturer’s protocols.
After siRNA transfection, cells were incubated with or without
BYF for 48 h, with or without TGF-β1.
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RNA Extraction and qPCR Analysis
Total RNA was extracted from the kidney cortex and HK2 cells
using TRIzol Reagent (Invitrogen, Carlsbad, CA). About 500 ng
of extracted RNA was reversely transcribed to cDNA with the
QuantiTect Reverse Transcription Kit. Then, cDNA samples were
used to conducted real-time PCR analysis with an SYBR Green I
Kit. Gene expression quantification was normalized to
Glyceraldehyde-3-Phosphate dehydrogenase (GAPDH). The
expression level fold change relative to the control group was
calculated using the 2-△△Ct method. The primers used for this
study are described in Supplementary Table S1.

Western Blotting Analysis
The kidney cortex and cultured cells were lysed in
radioimmunoprecipitation assay (RIPA) buffer containing a
protease inhibitor cocktail (Roche) and phosphatase inhibitor.
Protein concentration was measured by a BCA detection kit
(Thermo Fisher Scientific). The same protein amount (50 μg)
was electrophoresed using 10% SDS-PAGE gels, then transferred
to polyvinylidene difluoride membranes (Millipore, Billerica, MA,
United States). The membranes were blocked with 5% nonfat milk
for 1 h, then incubated with primary antibodies overnight at 4°C.
Membranes were incubated with horseradish peroxidase (HRP)-
conjugated anti-mouse IgG (Boster, BA1050) or HRP-conjugated
anti-rabbit IgG (Boster, BA1054) for 1 h at room temperature. Their
HRP activity was visualized using an enhanced chemiluminescence
reagent (Bio-RAD, Bio-Rad universal Hood II, California,
United States) and Image Lab System (Bio-RAD 5.2.1) was used
for densitometric analysis. The primary antibodies used for this
study included TGF-β1 (3711; Cell Signaling Technology); α-SMA
(19,245; Cell Signaling Technology); fibronectin (NBP1-91258,
Novus); Collagen I (NB600-408, Novus); Collagen III (NBP1-
05119, Novus); Smad3 (9523S; Cell Signaling Technology);
p-Smad3 (9520S; Cell Signaling Technology); TLR4 (sc-293072,
Santa Cruz); NF-κb (p65, ab16502, Abcam); p-NF-κb (p-p65,
3033S, Cell Signaling Technology); IKβα (4814S, Cell Signaling
Technology); p-IKβα (2859s, Cell Signaling Technology); and
MyD88 (ab219413, Abcam).

Statistical Analyses
Each analysis is representative of at least three independent
repeats of experiment. GraphPad Prism five software
(GraphPad Software Inc, La Jolla, CA) was used for statistical
analysis. The data are represented as mean ± standard deviations
(SD). Differences between two groups were analyzed using a 2-
tailed Student’s t-test and two-way analysis of variance (ANOVA)
was used for comparison between three or more groups. A
p-value < 0.05 was considered statistically significant.

RESULTS

BYF Active Compounds and Candidate
Targets in CKD
Using TCMSP, TCMID, and Batman-TCM databases, 603
chemical compounds were screened in BYF’s eight
components. Based on the DL ≥ 0.18 and OB ≥ 30%, 294

active compounds were selected acting on 2134 potential
targets (Supplementary Tables S2, S3). According to OMIM,
TTD, MALACARDS, and DisGeNET databases, 1,157 predicted
CKD-associated targets were obtained (Supplementary Table
S4). After merging active compounds and CKD targets, 369
common targets were recognized as candidates, which could
be the biological basis of BYF’s effect on CKD (Figure 1A and
Supplementary Table S5). Through network analysis, a drug-
compound-target interaction network was established to generate
the BYF active compounds for 369 candidate targets based on the
294 active compounds identified in the eight herbs (Figure 1B).
From this network, we found that different compounds act on
multiple targets, and vice versa. Additionally, a PPI network was
established based on the 369 candidate targets by importing the
candidate targets gene IDs to the STRING database (Figure 1C).
The PPI network showed that there is a close interaction between
those targets. The 30 core targets obtained from this PPI network
showed that PI3K, AKT, IL6, TNF, NF-κb, and TLR4 were the
most relevant (Supplementary Table S6).

Functional Enrichment Analysis of BYF
Candidate Targets in CKD
GO functional enrichment analysis was annotated from three
aspects: biological process, molecular function, and cellular
component. To discover the BYF pharmacological mechanisms
in CKD treatment, 369 candidate targets were inputted to the
DAVID 6.8 database for GO enrichment analysis (Figures
2A–C). The results indicated that the following mechanisms
were related to BYF against CKD: inflammatory response, NF-
κB transcription factor activation, apoptotic process, plasma
membranes, and protein binding. To further explore the
relationship between these candidate targets and their
corresponding pathways, KEGG pathway enrichment analysis
was performed via the DAVID 6.8 database (Figure 2D). The
results indicated the Toll-like receptor (TLR) signaling, TNF
signaling, PI3K-AKT signaling, apoptosis, and HIF-1 signaling
pathways are related to BYF mechanisms against CKD.

BYF Improved Renal Function in an
Adenine-Induced CKD Rat Model
Treatment with BYF significantly increased the body weight and
decreased the urine volume in adenine-induced CKD rats
(Figures 1A,B). Compared with CTL, the levels of 24 h
urinary protein excretion and urine albumin-to-creatinine
ratio in CKD were increased, and in BYF groups they were
reduced (Figures 1C,D). The CKD group showed higher
serum creatinine and urea compared to CTL, which could be
restored by BYF treatment (Figures 1E,F). Moreover, the ALT
and AST serum levels were not significantly different between the
four groups (Figures 1G–I). This indicates that the two BYF
treatment dosages that we utilized are safe. In HE staining, CKD
rats showed obvious renal tubular dilation and massive
inflammatory cells infiltration, and BYF treatment inhibited
these changes. In PAS staining, CKD rats indicated severe loss
of tubular epithelial cells, chronic tubular atrophy, and
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glomerulosclerosis, recovered by BYF (Figures 3J,K). Masson
staining showed interstitial fibrosis in the CKD, and that BYF
treatment significantly decreased collagen deposition (Figures

3J–L). Altogether, these results suggested that the CKD model
was successfully established and that BYF improved kidney
function and reduced structural damage in CKD rats.

FIGURE 1 | BYF network pharmacology analysis against CKD. (A) Venn diagram revealing BYF and CKD common target genes; (B) Drug-compound–target
interaction network diagram; (C) PPI network and the proteins with the top 30° among common BYF and CKD targets.
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BYF Attenuated Renal Fibrosis and
Inflammation in Adenine-Induced CKD Rats
Renal fibrosis has been long considered as the common and final
manifestation of nearly all CKD progressive forms. Thus, we
further examined the BYF effect on renal fibrosis by fibrotic
markers. Immunohistochemical staining showed that the α-SMA,
TGF-β1, and Fibronectin protein levels increased in CKD, which
was decreased by BYF treatment (Figures 4A,B). Western
blotting (WB) indicated that the expression levels of TGF-β1,
Fibronectin, α-SMA, Collagen I and III, and p-Smad3 also
increased in CKD. In contrast, BYF administration
significantly reduced these proteins level (Figures 4C,D).
Similarly, fibrotic markers mRNA expression increased in
CKD and was reversed by BYF treatment (Figure 4E).
Interestingly, BYF treatment also remarkedly downregulated
proinflammatory factors mRNA level, including interleukin-1β
(IL-1β), IL-6, MCP-1, and tumor necrosis factor-alpha (TNF-α)
in the kidneys of CKD rats (Figure 4F). Altogether, these results
suggested that BYF could inhibit the increase in TGF-β1/Smad3-
mediated fibrotic markers production and reduced inflammatory

cytokines release. This provided further evidence of the BYF’s
beneficial effect on CKD.

BYF Inhibited TLR4/NF-KB Signaling
Pathway in The Kidneys of Adenine-Induced
CKD Rats
Recent studies revealed that the TLR4/NF-κB signaling
pathways are closely associated with kidney fibrosis and
CKD progression (Wang, et al., 2008; Liu, et al., 2015; Pérez-
Ferro, et al., 2016) by augmenting TGF-β/Smads responses
(Bhattacharyya, et al., 2013) and activating inflammatory
cytokines (Chen, et al., 2018). Since BYF could target TLR
and NF-κB pathways based on the network pharmacology
analysis, the anti-fibrotic and anti-inflammatory effects of
BYF on CKD were explored. The TLR4 mRNA expression
and protein expression by immunohistochemical staining
were significantly upregulated in CKD and downregulated by
BYF (Figures 5A,B). Western blot analysis showed that the
protein levels of TLR4, p-NF-κB (p-p65 and p-IKβα), and

FIGURE 2 | Enrichment analysis of BYF candidate targets against CKD. GO enrichment analysis revealed the related biological process (A), molecular function (B),
and cellular component (C); KEGG pathway analysis revealed the related pathways (D).
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FIGURE 3 |BYF improves kidney function and reduces renal pathological injury in adenine-induced CKD rats. BYF administration effectively increased body weight
(A) and reduced urine volume (B). In CKD rats, BYF reduced 24 h urinary protein excretion (C), urinary albumin-to-creatinine ratio (D), serum creatinine (E) and urea (F).
(G) Serum ALT, (H) AST, (I) and ALT/AST levels. (J)HE, PAS, and Masson’s trichrome staining representative micrographs in indicated groups (scale bar � 100 μm). (K)
Chronic tubular atrophy score. (L) Quantitative analysis of Masson trichromatic positive rate. All values were presented as means ± SD. n � 6 rats per group.
*p < 0.05 and **p < 0.01 vs. the CTL group; #p < 0.05 and ##p < 0.01 vs. the CKD group.
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FIGURE 4 | BYF reduces fibrotic and inflammatory markers expression levels in the kidney of adenine-induced CKD rats. α-SMA, TGF-β1, and Fibronectin
immunohistochemical staining representative micrographs (A) and quantitative analysis (B). TGF-β1, Fibronectin, α-SMA, Collagen I and III, and p-Smad3 WB
vaαlidation (C) and quantitative analysis (D). qPCR validation of fibrotic markers (E) and proinflammatory factors (F) in indicated groups. Scale bar � 100 μm. All values
are presented as means ± SD. n � 3 rats per group. *p < 0.05 and **p < 0.01 vs. the CTL group; #p < 0.05 and ##p < 0.01 vs. the CKD group.
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MyD88 in kidney tissues were significantly increased in CKD
compared to CTL, while BYF treatment restored these proteins
with the high doses effect being generally more evident (Figures
5C,D). These results indicated that BYF treatment might
attenuate CKD by improving renal fibrosis and inflammation
via TLR4/NF-κB mechanism.

BYF Improved Fibrogenesis and
Inflammation by Inhibiting TLR4-Mediated
NFκB Signaling Pathway in TGF-β1-Induced
HK2 Cells
Renal proximal tubular cells are the major sites of kidney
injury and are critical in fibrosis development (Liu, et al.,
2018). Based on the inhibitory effect on renal fibrosis and
inflammation in adenine-induced CKD rats, TGF-β1-induced

HK-2 cells were used to study the BYF protection in vitro. To
explore an optimal BYF concentration, different
concentrations (0, 32, 64, 128, 188, 256, 375, 512, 750,
1,500 mg/ml) were added to HK-2 cells for 24 h. CCK-8
assay showed that the cell viability at 32 mg/ml was
optimum (Supplementary Figure S2). Based on these
results, 32 mg/ml of BYF was used in the subsequent
experiments.

To evaluate the anti-fibrotic and anti-inflammatory effects of
BYF in vitro, the fibrotic and inflammatory markers expression
level was detected in TGF-β1-induced HK-2 cells. Results showed
that BYFmarkedly reduced the elevated α-SMA, Fibronectin, and
TGF-β1, as well as TNF-α, IL-1β, and IL-6 mRNA levels in TGF-
β1-induced HK-2 cells (Figure 6A,B). Likewise, TGF-β1, α-SMA,
Fibronectin, Collagen III, and p-Smad3 protein expression levels
reduced after BYF treatment (Figures 6C,D). Next, we

FIGURE 5 | BYF suppresses TLR4/NF-κB signaling pathway in adenine-induced CKD rats. qPCR validation of TLR4 (A) and immunohistochemical staining of
TLR4 (B) in indicated groups. TLR4, p65, p-p65, IKβα, p-IKβα, andMyD88WB validation (C) and quantitative analysis (D) in indicated groups. All values are presented as
means ± SD. n � 3 rats per group. *p < 0.05 and **p < 0.01 vs. the CTL group; #p < 0.05 and ##p < 0.01 vs. the CKD group.
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investigated the mechanisms whereby BYF inhibits renal
fibrosis and inflammation in TGF-β1-induced HK-2 cells.
Cells treated with TGF-β1 increased the TLR4, p-p65, and
p-IKβα protein levels, while BYF treatment reduced it
(Figures 6E,F). These results suggested that BYF likely
inhibited fibrogenesis and inflammation in vitro by TLR4/
NF-KB pathway suppression.

To better understand TRL4/NF-κb signaling functional role in
TRL4-mediated renal fibrosis and inflammation, we knocked
down TRL4 in HK2 cells by siRNA. TLR4 mRNA expression
was significantly downregulated (Figure 7A). The expression
levels of fibrotic and inflammatory markers showed that BYF
treatment could not markedly decrease the fibronectin, TGF-β1,
and α-SMA mRNA levels, as well as TNF-α, IL-1β, and IL-6 in

FIGURE 6 | BYF treatment decreases fibrotic and inflammatory markers expression levels and inhibits TLR4/NF-κB signaling pathway in the TGF-β1-induced HK2
cells. qPCR validation of fibrotic markers (A) and inflammatory factors (B) between groups. Fibrotic markers WB validation (C) and quantitative analysis (D) in indicated
groups. TLR4/NF-KB signaling main proteins WB validation (E) and quantitative analysis (F) in indicated groups. All values are presented as means ± SD. n � 3
independent experiments for each indicator. *p < 0.05 and **p < 0.01 vs. the CTL group; #p < 0.05 and ##p < 0.01 vs. the CKD group.
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TGF-β1-induced HK-2 cells silenced with TLR4 siRNA (Figures
7B,C). Next, WB showed that silencing TRL4 markedly
suppressed the TGF-β1 activation effect on the NF-κb
pathway in HK2 cells with reduced p-p65, and p-IKβα
expression levels, compared with the TGF-β1 group.
Furthermore, BYF did not significantly reduce the levels when
TLR4 was silenced (Figures 7D,E). Altogether, these results
demonstrated that the BYF might have a protective effect via

the TLR4-mediated NF-κB mechanism to reduce CKD renal
fibrosis and inflammation.

DISCUSSION

Although our previous clinical study revealed that BYF have
protective effects on delaying kidney function progression among

FIGURE 7 | Silencing TLR4 significantly suppresses BYF inhibitory effect on TGF-β1-induced fibrogenesis and inflammation and NF-κB pathway activation
in HK2 cells. (A) TLR4 qPCR validation in HK-2 cells transfected with TLR4 siRNA. (B) Fibrotic markers qPCR validation between groups. (C) Inflammatory
factors qPCR validation between groups. TLR4/NF-κB signaling rescue assay WB validation (D) and quantitative analysis (E) in indicated groups. All values are
presented as means ± SD. n � 3 independent experiments for each indicator. *p < 0.05 and **p < 0.01 vs. the CTL group; #p < 0.05 and ##p < 0.01 vs. the
CKD group.
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advanced CKD patients (Mao, et al., 2020), its pharmacological
mechanisms remain ambiguous. In this study, we investigated the
BYF effect on CKD in vivo and in vitro.We explored its potential
mechanisms combining network pharmacology, histopathology,
and molecular biology. Network pharmacology-based analysis
predicted that BYF protected against CKD through the TLR/NF-
κB signaling pathway and the inflammatory and fibrotic response
triggered by this pathway. Experimental validation indicated that
BYF effectively inhibited the fibrosis and inflammatory response
in adenine-induced CKD rats and TGF-β1-induced HK-2 cells.
Also, these results showed that BYF alleviated renal fibrosis and
inflammation via TLR4/NF-κB signaling pathway modulation.
The putative anti-fibrotic and anti-inflammatory BYF
mechanism in CKD is shown in Figure 8.

BYF is composed of eight Chinese herbs and has complex
bioactive compounds. Therefore, it is difficult to clearfy its
molecular mechanism through traditional pharmacological
techniques. Network pharmacology-based analysis integrates a
series of disciplines and techniques, including genomics,

proteomics, and systems biology (Kim, et al., 2019). Thus,
network pharmacology provides an effective method to clarify
the multifaceted biological phenomenon mechanism of such
complex compounds in Chinese herbal formulations. To
explore the BYF molecular mechanism, we selected 369
common BYF and CKD targets, constructed a drug-
compound-target network, and executed GO and KEGG
enrichment analysis. Results suggested that TLR and NF-κB
signaling pathway plays an important role in BYF
pharmacological mechanism during CKD treatment.
Compounds associated with BYF may directly act on TLR4/
NF-κB signaling pathway and interfere with the downstream
TGF-β1/Smad3 signaling pathway and inflammatory response,
resulting in the inhibition of profibrotic factors (α-SMA,
Fibronectin, Collagen I and III) as well as the release of
proinflammation cytokines (TNF-α, IL-1β, IL-8).
Interestingly, the network pharmacology results showed that
BYF may also interfere with the downstream targets, like PI3K,
AKT, and TNF (except for the main molecules in the TLR4/NF-

FIGURE 8 | BYF regulation on the TLR4/NF-κb signaling pathway in CKD.
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κB pathway), with or without TLR2/3 interference. These
findings indicated that BYF may interfere with CKD by
multiple pathways through multiple compounds from
different Chinese herbs.

Many animal models have been developed to study CKD
pathogenesis and treatment in humans. However, most models
do not mimic CKD complexity in humans, and the adenine diet
or gavage model in rodents is an exception (Yokozawa, et al.,
1986; Diwan, et al., 2018). Intra-gastric gavage of 200 mg/kg
adenine in rats for 4 weeks has been well-accepted as a model to
study kidney damage since this intervention mimick most of the
functional and structural changes observed in human CKD
(Chen, et al., 2017; Yang H, et al., 2018). We observed high
levels of proteinuria, serum creatinine and urea, as well as tubular
atrophy, inflammatory cells infiltration, and collagen synthesis
during the 4 weeks in the adenine-induced CKD rats.
Furthermore, BYF treatment partially recovered the kidney
dysfunction and histopathological injury compared to the
adenine-induced CKD group. These results suggested that a
successful CKD rat model induced by adenine gavage was
established.

Inflammation and fibrosis are two CKD pathological features.
It has been proven that TGF-β1, α-SMA, and extracellular matrix
(ECM) proteins such as fibronectin, and collagen I and III are
master markers in kidney fibrosis development (Zeisberg and
Neilson, 2010; Liu, 2011). Our results indicated that BYF
markedly inhibited these fibrotic markers expression levels in
adenine-induced CKD rat and TGF-β1-induced HK-2 cells,
suggesting its anti-fibrotic effect in the kidney. Also, we found
that BYF significantly decreased the proinflammatory factors
mRNA levels, including IL-1β, IL-6, MCP-1, and TNF-α, in
vivo and in vitro, indicating its anti-inflammatory effect in the
kidney. Besides, TGF-β/Smads signaling prominent activation
was observed (with increased TGF-β1 and p-Smad3 levels), which
was reversed by BYF treatment. These results demonstrated that
BYF protected against CKD through anti-fibrotic and anti-
inflammatory effects.

It is well known that the TLR signaling pathway is one of the
most crucial pathways in the host immune response in an infected
environment, responding to different microorganisms and
endogenous ligands (Mollen, et al., 2006). TLR4, an
important member of the Toll-like family, is located in the
cell membrane and cytoplasm and is crucial in the kidney
fibrosis process (Bhattacharyya, et al., 2013; Pérez-Ferro,
et al., 2016). NF-κB, an important transcription activator,
modulates and regulates inflammatory mediators, and
induces cytokines production (Mitchell, et al., 2016). It was
reported that TLR4 enhances the downstream activation of the
NF-κB pathway, which ultimately results in the inflammation
reaction (Ciesielska, et al., 2021). In this study, we found that
the TLR4, p-p65, p-IKβα, and MyD88 proteins levels were
significantly increased in adenine-induced CKD rats, which
markedly decreased after BYF treatment. These results
suggested that BYF treatment may partially heal CKD by
renal inflammation and fibrosis reduction via TLR4/NF-κB
suppression mechanism.

Many kidney cell types (e.g., tubular, myofibroblasts,
endothelial, and inflammatory) are involved in the development
and progression of renal fibrogenesis and inflammation under
pathological conditions (Liu, 2011). However, emerging evidence
indicated that proximal tubular epithelial cells are the major injury
sites and are critical in injury repair and fibrosis development
(Yang, et al., 2010; Kang, et al., 2015; Liu, et al., 2018). TGF-β1 is
one of the most powerful profibrotic cytokines and is vital in renal
inflammation and fibrosis by downstream Smad3 signaling
activation (Sutariya, et al., 2016; Gu, et al., 2020). It was also
demonstrated that TGF-β signaling could be activated by TLR4
in a hepatic fibrogenesis mice model (Seki, et al., 2007).
Therefore, we examined the BYF protective effects and
TLR4/NF-κ b mechanism on TGF-β1-induced HK2 cells.
We found that BYF markedly decreased fibrotic and
inflammatory markers expression, and inhibited the protein
expression of main molecules in the TLR4/NF-KB signaling
pathway in TGF-β1-induced HK-2 cells. These results were
consistent with previous research results obtained from
adenine-induced CKD rat models. Then, we showed that
the BYF anti-fibrotic and anti-inflammatory inhibition
effects on the NF-κB pathway were diminished when TLR4
was silenced with siRNA in TGF-β1-induced HK-2 cells.
Collectively, these findings demonstrated that the TLR4/NF-
κB signaling suppression was an important anti-fibrotic and
anti-inflammatory mechanism by which BYF partially
healed CKD.

CONCLUSION

Our results indicated that BYF could significantly reduce renal
fibrosis and inflammation by TLR4/NF-κB signaling pathway
inhibition. Although these preliminary findings could not fully
explain the underlying mechanism of the BYF protective effect,
they provided further support for clinical trials aiming to assess the
BYF effects against CKD progression. However, whether BYF has a
beneficial role in any non-adenine-induced CKD rat model needs
to be further elucidated. Moreover, due to the TCM complex
composition, new technologies are required to investigate the
material basis and underlying mechanisms of BYF on CKD.
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The Role of Gut Microbiota and
Microbiota-Related Serum
Metabolites in the Progression of
Diabetic Kidney Disease
Qing Zhang1,2, Yanmei Zhang1,2, Lu Zeng1,2, Guowei Chen2, La Zhang2, Meifang Liu1,2,
Hongqin Sheng1,2, Xiaoxuan Hu2, Jingxu Su2, Duo Zhang1,2, Fuhua Lu1,2*, Xusheng Liu1,2*
and Lei Zhang1,2*

1The Second Clinical Medical College, Guangzhou University of Chinese Medicine, Guangzhou, China, 2State Key Laboratory of
Dampness Syndrome of Chinese Medicine, Guangdong Provincial Key Laboratory of Clinical Research on Traditional Chinese
Medicine Syndrome, The Second Affiliated Hospital of Guangzhou University of Chinese Medicine, Guangzhou, China

Objective: Diabetic kidney disease (DKD) has become the major cause of end-stage renal
disease (ESRD) associated with the progression of renal fibrosis. As gut microbiota
dysbiosis is closely related to renal damage and fibrosis, we investigated the role of
gut microbiota and microbiota-related serummetabolites in DKD progression in this study.

Methods: Fecal and serum samples obtained from predialysis DKD patients from January
2017 to December 2019 were detected using 16S rRNA gene sequencing and liquid
chromatography-mass spectrometry, respectively. Forty-one predialysis patients were
divided into two groups according to their estimated glomerular filtration rate (eGFR): the
DKD non-ESRD group (eGFR ≥ 15ml/min/1.73 m2) (n � 22), and the DKD ESRD group
(eGFR < 15ml/min/1.73 m2) (n � 19). The metabolic pathways related to differential serum
metabolites were obtained by the KEGG pathway analysis. Differences between the two
groups relative to gut microbiota profiles and serum metabolites were investigated, and
associations between gut microbiota and metabolite concentrations were assessed.
Correlations between clinical indicators and both microbiota-related metabolites and
gut microbiota were calculated by Spearman rank correlation coefficient and visualized
by heatmap.

Results: Eleven different intestinal floras and 239 different serum metabolites were
identified between the two groups. Of 239 serum metabolites, 192 related to the 11
different intestinal flora were mainly enriched in six metabolic pathways, among which,
phenylalanine and tryptophan metabolic pathways were most associated with DKD
progression. Four microbiota-related metabolites in the phenylalanine metabolic
pathway [hippuric acid (HA), L-(−)-3-phenylactic acid, trans-3-hydroxy-cinnamate, and
dihydro-3-coumaric acid] and indole-3 acetic acid (IAA) in the tryptophan metabolic
pathway positively correlated with DKD progression, whereas L-tryptophan in the
tryptophan metabolic pathway had a negative correlation. Intestinal flora g_Abiotrophia
and g_norank_f_Peptococcaceae were positively correlated with the increase in renal
function indicators and serum metabolite HA. G_Lachnospiraceae_NC2004_Group was
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negatively correlated with the increase in renal function indicators and serum metabolites
[L-(−)-3-phenyllactic acid and IAA].

Conclusions: This study highlights the interaction among gut microbiota, serum
metabolites, and clinical indicators in predialysis DKD patients, and provides new
insights into the role of gut microbiota and microbiota-related serum metabolites that
were enriched in the phenylalanine and tryptophan metabolic pathways, which correlated
with the progression of DKD.

Keywords: diabetic kidney disease, gut microbiota, serum metabolites, phenylalanine metabolic pathway,
tryptophan metabolic pathway, G_Abiotrophia, G_norank_f_Peptococcaceae,
G_Lachnospiraceae_NC2004_Group running title

INTRODUCTION

Diabetic kidney disease (DKD) reflects one of the most common
microvascular complications of diabetes, typically characterized by
albuminuria or reduced estimated glomerular filtration rate (eGFR)
(de Boer et al., 2011; Afkarian et al., 2016). Although advances have
occurred in the clinical treatment of DKD, consisting of strict
control of blood glucose and blood pressure, and the widely
prescribed angiotensin-converting enzyme inhibitors (ACEI) and
angiotensin II receptor antagonists (ARB), renal damage can
progress (Umanath and Lewis, 2018) with interstitial fibrosis and
glomerulosclerosis, and DKD remains the major cause of end-stage
renal disease (ESRD) (Ma et al., 2019). Therefore, it is necessary and
urgent to elucidate themechanism of renal fibrosis inDKD and find
new biomarkers or targets associated with the progressive renal
function decline in DKD patients.

According to the “gut–kidney axis” hypothesis, dysregulation
of intestinal microbiota irritates renal tissue through uremic
toxins, causing systemic micro-inflammation, renal injury, and
fibrosis (Ramezani and Raj, 2014). Recent studies reported that
intestinal microbiota has emerged as a pivotal regulator of DKD
occurrence in patient with diabetes (Andrade-Oliveira et al.,
2015) (Tao et al., 2019). In diabetic patients, the intestinal flora
dysbiosis causes intestinal mucosal barrier damage, allowing
gut-derived uremic toxins to enter the systemic circulation,
which in turn incites an inflammatory response and oxidative
stress, and results in insulin resistance, β-cell dysfunction, and
kidney injury (Koppe et al., 2018). Age- and gender-matched
DKD patients had lower intestinal Prevotella_9 than diabetic
patients without kidney disease (Tao et al., 2019), which can
produce short-chain fatty acids and reduce the inflammatory
reaction of kidney injury. The abundance of Firmicutes in DKD
is lower, whereas the abundance of Proteobacteria is higher than
that of healthy people and diabetics without renal disease. As
inflammation, oxidative stress, and insulin resistance are
involved in the renal fibrosis in DKD, then contribute to the
development and progression of DKD (Parwani and Mandal,
2020; Rayego-Mateos et al., 2020), therefore, we hypothesized
that alteration in intestinal flora may play a crucial role in the
progression of DKD to ESRD.

Metabolomics is a powerful tool to screen for changes in
metabolic profiles and to characterize mechanisms of
pathological changes (Dumas, 2012; Kwan et al., 2020). It can

identify and analyze small-molecule metabolites (<1,500 Da) in
serum, urine, and feces. In DKD patients, metabolomics plays a
great role in screening metabolic biomarkers and detecting
abnormal changes in their living organisms (Eid et al., 2019;
Kwan et al., 2020). Some urinary metabolites such as indoxyl
sulfate, creatinine, and the methoxylated form of phenylacetic
acid have been associated with low eGFR in nonproteinuric type 2
diabetes mellitus (Ng et al., 2012). Serum metabolites, such as
creatinine, aspartic acid, γ-butyrobetaine, citrulline, symmetric
dimethylarginine, kynurenine, azelaic acid, and galactaric acid,
can distinguish between DKD with macroalbuminuria and
diabetic patients without albuminuria (Hirayama et al., 2012).

The large and complex microbial community in the human
intestinal tract has a profound impact on human metabolic
phenotype. As the mediator of the interaction between intestinal
flora and diseases, the metabolites can more directly show the
relationship between intestinal flora and diseases. Ma et al.
combined 16S rRNA and metabolomics technology and
determined that flora-metabolites combined with the flora-
bacteria might represent a new detection method for breast
cancer (Ma et al., 2020). Evidence has confirmed that it is
possible to characterize the relationship between intestinal
microecology and disease by associating intestinal microflora with
metabolites via multiomics-integrated methods. Gut microbiota and
related metabolites, such as tryptophan metabolism and polyamine
metabolism, have been reported to mediate renal fibrosis in the rat
model of CKD (Feng et al., 2019;Hu et al., 2020b; Liu JR. et al., 2021).
However, very few studies have explored the role of gut microbiota
and microbiota-related metabolites in the DKD progression.

In the present study, we aimed to investigate gut microbiota
profiles and serum metabolic characteristics in predialysis DKD
patients that were associated with DKD progression and to
explore the correlation between intestinal flora and metabolic
disorders using multiomics technology of 16S rRNA gene
sequencing and metabolomics.

MATERIALS AND METHODS

Study Design
This study detected fecal and serum samples of 41 predialysis
DKD patients from January 2017 to December 2019 in
Guangdong Provincial Hospital of Chinese Medicine. The
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patients were divided into two groups according to their renal
function (eGFR): the DKD non-ESRD group (GFR ≥ 15 ml/min/
1.73 m2), and the DKD ESRD group (eGFR < 15 ml/min/
1.73 m2). The study protocol was approved by the Institutional
Ethics Committee of Guangdong Provincial Hospital of Chinese
Medicine (No. ZE2020-193-01), and informed consent was
obtained before sample collection.

Patients
Serum and fecal samples of predialysis DKD patients were
obtained from the biological resource bank of Guangdong
Province Hospital of Chinese Medicine. Estimated glomerular
filtration rate (eGFR) was calculated using the chronic kidney
disease epidemiology collaboration (CKD-EPI) equation
(National Kidney Foundation, 2002).

Inclusion and Exclusion Criteria
The inclusion criteria were age from 18 to 85 years, diagnosis of
DKD, and nonrenal replacement therapy. Note: renal
replacement therapy refers to hemodialysis, peritoneal dialysis,
and renal transplantation.

The exclusion criteria were incomplete clinical data,
concomitant active malignant tumor, pulmonary infection,
acute coronary heart disease, and other acute complications,
antibiotics or probiotics having been taken 3 months prior to
sample collection, and corticosteroid or immunosuppressive
therapy prior to sample collection.

Sample Collection
At least 1 g of fresh feces was collected by sterilized cotton swabs
in a special fecal collection tube. Blood samples were collected by
venipuncture in EDTA tubes; serum was separated by
centrifugation. Feces and serum were stored immediately at
−80 °C until further processing.

16s rRNA Sequencing and Data Processing
DNA Extraction and PCR Amplification
Microbial community genomic DNA was extracted from feces
samples using the E. Z.N.A.® soil DNA Kit (Omega Bio-tek,
Norcross, GA, United States). The DNA extract was checked on
1% agarose gel, and DNA concentration and purity were
determined with NanoDrop 2000 UV-vis spectrophotometer
(Thermo Scientific, Wilmington, DE, United States). The
hypervariable region V3–V4 of the bacterial 16S rRNA gene
were amplified with primer pairs 338F (5′-ACTCCTACGGGA
GGCAGCAG-3′) and 806R (5′-
GGACTACHVGGGTWTCTAAT-3′) by an ABI GeneAmp®
9700 PCR thermocycler (ABI, CA, United States). The PCR
product was extracted from 2% agarose gel and purified using
the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences,
Union City, CA, United States) and quantified using
Quantus™ Fluorometer (Promega, United States).

Illumina MiSeq Sequencing
Purified amplicons were pooled in equimolar and paired-end
sequenced on an Illumina MiSeq PE300 platform/NovaSeq
PE250 platform (Illumina, San Diego, CA, United States)

according to the standard protocols by Majorbio Bio-Pharm
Technology Co. Ltd. (Shanghai, China).

Processing of Sequencing Data
The raw 16S rRNA gene sequencing reads were demultiplexed,
quality-filtered by fast version 0.20.0 (Chen et al., 2018) and
merged by FLASH version 1.2.7 (Magoc and Salzberg, 2011).
Operational taxonomic units (OTUs) with 97% similarity cutoff
were clustered using UPARSE version 7.1 (Edgar, 2013), and
chimeric sequences were identified and removed. The taxonomy
of each OTU representative sequence was analyzed by RDP
Classifier version 2.2 (Wang et al., 2007) against the 16S
rRNA database (e.g., Silva v132) using confidence threshold
of 0.7.

Liquid Chromatography-Mass
Spectrometry Detection
Metabolite Extraction
The metabolites were extracted from 100 µl of liquid sample and
treated by high-throughput tissue crusherWonbio-96c (Shanghai
Wanbo Biotechnology Co., Ltd.), then followed by ultrasound for
30 min. After centrifugation, the supernatant was carefully
transferred to sample vials for LC-MS/MS analysis.

UPLC-MS/MS Analysis
Chromatographic separation of the metabolites was performed
on an ExionLC™ AD system (AB Sciex, United States) equipped
with an ACQUITY UPLC HSS T3 column (Waters, Milford, CT,
United States). The UPLC system was coupled to a quadrupole-
time-of-flight mass spectrometer (Triple TOF™5600+, AB Sciex,
United States) equipped with an electrospray ionization (ESI)
source operating in positive mode and negative mode. Data
acquisition was performed with the data-dependent acquisition
(DDA) mode.

Data Preprocessing and Annotation
The raw data were imported into the Progenesis QI 2.3
(Nonlinear Dynamics, Waters, United States) for peak
detection and alignment. Mass spectra of these metabolic
features were identified by using the accurate mass, MS/MS
fragments spectra, and isotope ratio difference with search in
reliable biochemical databases, such as the Human Metabolome
Database (http://www.hmdb.ca/) and Metlin database (https://
metlin.scripps.edu/).

Statistical Analysis
Results were expressed as frequencies and percentages for
categorical variables, mean ± SD for continuous normally
distributed variables, and median (interquartile range, IQRs)
for continuous variables that were not normally distributed.
Categorical variables for the patient characteristics were
compared using the chi-square test or Fisher’s exact test, and
the continuous variables were tested with t-test or nonparametric
Wilcoxon rank sum test. All analyses were performed using the
SPSS version 19.0 (SPSS Inc., Chicago, IL, United States) and
“ropls” (Version 1.6.2, http://bioconductor.org/packages/release/
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bioc/html/ropls.html) R package from Bioconductor on the
Majorbio Cloud Platform (www.majorbio.com) with a two-
sided p-value less than 0.05 considered significant.

Gut Microbiota Analysis
We used rarefaction curves and species accumulation curves to
ensure that the sample size or sequencing depth reached
saturation in our study. Gut microbiota alpha diversity index
(Shannon index, Chao index) was analyzed on mothur software
(version 1.30.1, http://www.mothur.org/), tested by
nonparametric Wilcoxon rank sum test, and p < 0.05 was
considered statistically significant. Beta diversity measured the
difference in OTU composition between different samples and
was assessed using partial least squares discriminant analysis
(PLS-DA), which is a supervised analysis suitable for high-
dimensional data. The corresponding statistical significance of
the beta diversity was measured separately by ANOSIM.

Compositional differences between the two groups from the
phylum to genus level were tested with nonparametric Wilcoxon
rank-sum test. Variation at the taxonomic level was determined
by linear discriminant analysis (LDA) effect size (LDA score >1,
p < 0.05) calculated by the LEfSe software (http://huttenhower.
sph.harvard.edu/). The correlation between biochemical
indicators and various microbes was calculated by Spearman
rank correlation coefficient and visualized by heatmap in R using
the “heatmap” package.

Metabolomic Analysis
Orthogonal partial least squares discriminate analysis (OPLS-
DA) was used for statistical analysis to determine global
metabolic changes between comparable groups. All metabolite
variables were scaled to Pareto scaling prior to conducting the
OPLS-DA. The model validity was evaluated from model
parameters R2 and Q2, which provided information for the
interpretability and predictability, respectively, of the model
and avoided the risk of overfitting. Variable importance in the
projection (VIP) was calculated in the OPLS-DA model. Values
of p were estimated with paired Student’s t-test on single-
dimensional statistical analysis. Metabolites with VIP >1 and
p < 0.05 were considered statistically significant. We used the area
under the receiver operating characteristic (ROC) curve to assess
the accuracy of the metabolites in predicting DKD progression.

Differential metabolites between the two groups were
summarized and mapped into their biochemical pathways
through metabolic enrichment and pathway analysis based
on database search (KEGG, http://www.genome.jp/kegg/).
These metabolites could be classified according to the
pathways they involved or the functions they performed.
Enrichment analysis was used to analyze a group of
metabolites in a function node whether it appears or not.
Scipy. stats (Python packages) (https://docs.scipy.org/doc/
scipy/) was exploited to identify statistically significantly
enriched pathways using Fisher’s exact test.

The correlation between differential metabolites and various
microbes was calculated by Spearman rank correlation coefficient
and visualized by heatmap in R software using the “heatmap”
package.

RESULTS

Clinical and Biochemical Characteristics
Samples from 41 predialysis patients were divided into the DKD
non-ESRD group (eGFR ≥ 15 ml/min/1.73 m2 group) (n � 22) or
the DKD ESRD group (eGFR < 15 ml/min/1.73 m2 group) (n �
19), with mean ages of 69.63 ± 13.01 and 61.89 ± 9.85 in the two
groups, respectively. Compared with the DKD non-ESRD group,
the levels of serum creatinine and blood urea nitrogen were
higher in the DKD ESRD group (p < 0.001). There were no
significant differences in other baseline indicators between the
two groups (Table 1).

Gut Microbiota Analysis
Alpha Diversity and Beta Diversity
The rarefaction curve indicated that the sequencing depth of each
sample approached the expected level (Supplementary Figure
S1). Alpha diversity analysis revealed no significant difference in
gut microbiota diversity between each group based on Chao and
Shannon indices (p > 0.05) (Supplementary Figure S2). The
result of beta diversity based on PLS-DA showed that the
microbial composition between groups was significantly
different (Figure 1A).

Relative Abundance of Species
The relative abundance percentage of gutmicrobiota at the phylum
and genus level was analyzed to identify taxa that could display
significant differences in the two groups. At the phylum level,
Firmicutes and Bacteroidota were the most abundant, and their
mean relative abundance were similar in the DKD ESRD andDKD
non-ESRD groups, accounting for 44.02 ± 14.30% and 39.05 ±
16.09% in the DKD ESRD group, and 47.78 ± 19.61% and
39.58 ± 18.90% in the DKD non-ESRD group, respectively
(Figure 1B). At the genus level, Bacteroides represented the
highest abundance of OTU in the two groups. The mean
relative abundance for Bacteroides was similar in the two
groups, accounting for 28.74 ± 17.60% in the DKD ESRD
group and 30.33 ± 22.34% in the DKD non-ESRD group. The
mean relative abundance for Faecalibacterium was also similar in
the two groups, accounting for 3.99 ± 2.91% in the DKD ESRD
group and 5.84 ± 7.04% in the DKD non-ESRD group. Likewise,
other gut microbiota, such as Blautia, Escherichia–Shigella,
Fusobacterium, etc., did not demonstrate a significant difference
in their relative abundance in either DKD ESRD or DKD non-
ESRD group (Figure 1C).

Different Species Analysis
Based on the LDA selection, 10 differential intestinal flora at the
genus level and one differential intestinal flora at the family level were
identified in the fecal samples between the two groups (LDA > 1, p <
0.05). Compared with the DKD non-ESRD group, the levels of
g_Tyzzerella, g_Ruminococcaceae, g_Catenibacillus, g_Abiotrophia,
g_norank_f_Peptococcaceae, g_norank_f_norank_o_Oscillospirales,
and f_Aerococcaceae were significantly higher, and the levels of
g_Olsenella, g_Faecalicoccus, g_Lachnospiraceae_NC2004_group,
and g_Staphylococcus were significantly lower in the DKD ESRD
group (Figure 1D).
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Correlation Analysis Between the Intestinal Flora and
Clinical Indicators
Correlation analysis of the 10 differential intestinal floras at the genus
level and the clinical indicators of the patient showed that
g_Abiotrophia had a positive correlation with serum creatinine
and 24-h urinary protein, and negative correlation with eGFR
(p < 0.05). G_norank_f_Peptococcaceae had a positive correlation
with serum creatinine and a negative correlation with eGFR (p <
0.05). In contrast, g_Lachnospiraceae_NC2004_group had a strong
negative correlation with serum creatinine and a positive correlation
with eGFR (p < 0.05). G_norank_f_norank_o_Oscillospirales and
g_unclassified_f_Ruminococcaceae had a strong negative correlation
with glycosylated hemoglobin (HbA1c) (p < 0.05) (Figure 1E).

Serum Metabolomics Analysis
Different Serum Metabolites Between Groups
The profile of metabolites showed definite separation between the
two groups in OPLS-DA score plots (Figure 2A). Different serum
metabolites (239) were obtained (VIP > 1, p < 0.05) based on the
OPLS-DA model (Supplementary Table S1) and were included
in further analysis. Nineteen metabolites, with VIP >3 and p <
0.05, had a higher concentration in the DKD ESRD group and are
shown in Table 2.

Pathway Enrichment of Different Metabolites
Analysis
Enrichment pathway analysis of 239 different metabolites
showed that phenylalanine metabolism, caffeine metabolism,
pantothenate and CoA biosynthesis, and steroid hormone
biosynthesis were involved in the DKD progression
(Figure 2B). Correlation networks were drawn to show the
four metabolic pathways as well as the changes in their relevant
different metabolites between groups (Figure 2C).

Compared with the DKD non-ESRD group, the concentration
of hippuric acid (HA), L-(−)-3-phenyllactic acid, dihydro-3-
coumaric acid, and trans-3-hydroxycinnamate enriched in the
phenylalanine metabolism pathway, 7-methylxanthine and 1-
methyluric acid enriched in the caffeine metabolism pathway,
R-pantothenate enriched in the pantothenate and CoA
biosynthesis pathway, and trans-dehydroandrosterone, cortisol,
tetrahydrocortisone, and etiocholanolone enriched in the steroid
hormone biosynthesis pathway was higher in the DKD ESRD
group. In contrast, L-valine enriched in the pantothenate and
CoA biosynthesis pathway had a lower concentration in the DKD
ESRD group.

Integrating Multiomics Analysis
Microbiota-Related Metabolites Analysis
Interomics correlation analyses were used to further explore the
correlation between the gut microbiota and metabolome
composition. Based on the intestinal flora participating in the
metabolism of the host, the correlation of 11 between-group
different intestinal floras and 239 between-group different
metabolites was calculated and illustrated in the form of a
correlation coefficient matrix heat map (Supplementary
Figure S3). Microbiota-related metabolites (192) were
screened out based on p < 0.05 according to previous studies
(Walker et al., 2016; Nunez Lopez et al., 2019;Wei et al., 2020;Wu
et al., 2021) (Supplementary Table S2).

Pathway Enrichment Analysis of Microbiota-Related
Metabolites
There were 192 microbiota-related metabolites submitted to the
KEGG website for metabolic pathway enrichment analysis. Six
enriched pathways with significant differences between groups
were identified (Figure 3A), among which, the phenylalanine and

TABLE 1 | Patient clinical and biochemical characteristics.

Characteristics Total (n = 41) DKD non-ESRD group (n = 22) DKD ESRD group (n = 19)

Male, n. (%) 27 (65.85%) 16 (72.73%) 11 (57.89%)
Age (years) 65.39 ± 11.38 69.63 ± 13.01 61.89 ± 9.85
Blood pressures (mmHg)
Systolic 158.49 ± 22.36 160.90 ± 21.98 156.00 ± 23.48
Diastolic 82.63 ± 11.91 84.22 ± 13.1 79.47 ± 10.16

SCr (µmol/L) 372.90 ± 232.59 189.70 ± 74.64* 577.02 ± 164.35
eGFR (ml/min/1.73 m2) 22.91 ± 18.81 36.01 ± 16.77* 7.78 ± 2.37
24hU-pro (g/24 h) (IQR) 3.82 (1.38, 5.16) 3.00 (0.95, 5.7) 3.83 (1.94, 5.01)
HbA1c (%) 6.40 (5.56, 7.45) 6.90 (5.70, 7.60) 5.85 (5.38, 7.10)
UA (µmol/L) (IQR) 476.50 (370.00, 574.00) 451.00 (357.50, 574.00) 508.00 (434.00, 587.00)
BUN (mmol/L) (IQR) 17.70 (11.01, 24.47) 11.23 (8.36, 13.52)* 23.47 (20.48, 29.98)
Triglycerides (mmol/L) (IQR) 1.75 (1.16, 2.37) 1.63 (0.88, 2.03) 2.11 (1.42, 2.62)
Cholesterol (mmol/L) 5.18 ± 1.77 5.34 ± 1.82 4.97 ± 1.86
HDL (mmol/L) 1.13 ± 0.35 1.33 ± 0.59 1.03 ± 0.35
LDL (mmol/L) 3.42 ± 1.60 3.66 ± 1.71 3.13 ± 1.50
Serum albumin (g/L) 35.23 ± 5.65 34.44 ± 6.72 36.10 ± 3.84
AST (U/L) (IQR) 16.00 (13.00, 20.00) 17.00 (13.00, 21.00) 16.00 (11.00, 20.50)
ALT (U/L) (IQR) 12.00 (9.00, 21.00) 14.00 (10.75, 21.25) 9.00 (7.00, 16.00)

Note. Abbreviations: SCr, serum creatinine; eGFR, estimated glomerular filtration rate; 24hU-pro, 24-h urinary protein quantity; UA, uric acid; BUN, blood urea nitrogen; LDL, low-density
lipoprotein; HDL, high-density lipoprotein; AST, glutamic oxaloacetic transaminase; ALT, alanine aminotransferase; IQR, interquartile range; DKD, diabetic kidney disease; ESRD, end-
stage renal disease.
*p < 0.05 vs. DKD ESRD group.
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tryptophan metabolic pathways were selected as the pathways
most associated with DKD progression, according to the impact
value and p-value in the KEGG analysis. Correlation networks
between the intestinal flora and microbiota-related metabolites
enriched on the two pathways were constructed (Figures 3B,C).

Four microbiota-related metabolites enriched on the
phenylalanine metabolic pathway [HA, L-(−)-3-phenylactic
acid, trans-3-hydroxy-cinnamate and dihydro-3-coumaric
acid] had higher concentrations in the DKD ESRD group,
compared with the other group. Among 11 differential

FIGURE 1 |Gut microbiota analysis between groups in diabetic kidney disease (DKD) patients. (A) Analysis of beta diversity using partial least squares discriminant
analysis (PLS-DA) revealed that the microbial composition between groups was significantly different. One dot in the figure represents one sample. (B) The composition
and relative abundance of intestinal microbiota at the phylum level. (C) The composition and relative abundance of intestinal microbiota at the genus level. (D) Linear
discriminant analysis (LDA) effect size (LEfSe) bar plot. The LEfSe was used to identify the species that significantly differed between groups. (E) Correlation
heatmap analysis between the intestinal flora and clinical indicators. Red represents a positive correlation, and blue represents a negative correlation.
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FIGURE 2 | Serum metabolomics analysis between groups in DKD patients. (A) Orthogonal partial least squares discriminate analysis (OPLS-DA) score plots of
serummetabolic profiling in positive mode (left) and negative mode (right); positive mode: R2X＝ 0.256, R2Y＝ 0.857, Q2 � 0.702; negative mode: R2X＝ 0.255, R2Y＝
0.930, Q2 � 0.694; (B) The bubble plot of KEGG analysis. Each bubble in the figure represents a KEGG pathway. The horizontal axis indicates the relative importance of
metabolites in the pathway, and the vertical axis indicates the statistical significance of metabolites in the pathway; (C) Schematic diagram of phenylalanine
metabolism, caffein metabolism, pantothenic acid and coenzyme A biosynthesis, steroid hormone biosynthesis, and their relevant differential metabolite alterations
during DKD progression. The upregulated metabolites in the DKD ESRD group were labeled with red and downregulated metabolites in the DKD ESRD group with
green.

Frontiers in Pharmacology | www.frontiersin.org November 2021 | Volume 12 | Article 7575087

Zhang et al. Intestinal Microecology in DKD

136

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


intestinal floras, g_unclassified_f_Ruminococcaceae,
f_Aerococcaceae, g_norank_f_Peptococcaceae, g_Catenibacillus,
g_Abiotrophia, and g_norank_f_norank_o_Oscillospirales were
positively correlated with HA.
G_Lachnospiraceae_NC2004_Group was negatively correlated
with L-(−)-3-phenylactic acid. F_Aerococcaceae and g_
Abiotrophia were positively correlated with trans-3-hydroxy-
cinnamate. G_ Tyzzerella was positively correlated with
dihydro-3-coumaric acid (Figure 3B).

As microbiota-related metabolites enriched on the tryptophan
metabolic pathway, indole-3 acetic acid (IAA) was highly
expressed, and L-tryptophan had low expression in the DKD
ESRD group compared with the DKD non-ESRD group. Among
11 differential intestinal floras, g_Olsenella, g_Faecalicoccus, and
g_Lachnospiraceae_NC2004_Group were negatively correlated
with indole-3 acetic acid. G_Tyzzerella was negatively
correlated with L-tryptophan (Figure 3C).

Correlation Analysis Between Microbiota-Related
Metabolites and Clinical Biomarkers
To further verify the role of microbiota-related metabolites
enriched on the phenylalanine and tryptophan metabolic
pathways in DKD progression, a correlation analysis
between the above six microbiota-related metabolites and
clinical indicators was undertaken. Consistent with the
results of comparison between groups, HA, L-(−)-3-
phenyllactic acid, and dihydro-3-coumaric acid in the
phenylalanine metabolic pathway and IAA in the tryptophan
metabolic pathway were positively correlated with serum
creatinine and negatively correlated with eGFR, whereas
L-tryptophan in the tryptophan metabolic pathway was
opposite (Figure 3D).

DISCUSSION

In this study, 11 significantly different intestinal flora and 239
significantly different metabolites were identified between the
DKD non-ESRD group and the DKD ESRD group. The
phenylalanine and tryptophan metabolic pathways were most
associated with DKD progression. Four microbiota-related
metabolites in the phenylalanine metabolic pathway [HA, L-
(−)- 3-phenylactic acid, trans-3-hydroxy-cinnamate, dihydro-
3-coumaric acid], and IAA in the tryptophan metabolic
pathway positively correlated with DKD progression, whereas
L-tryptophan in the tryptophan metabolic pathway had a
negative correlation. Intestinal flora g_Abiotrophia and
g_norank_f_Peptococcaceae, both of which positively correlated
with DKD progression, had a positive correlation with a high level
of HA. G_Lachnospiraceae_NC2004_Group, which negatively
correlated with DKD progression, also had a negative
correlation with a high level of IAA and L-(−)-3-phenyllactic
acid, simultaneously. In addition, g_Tyzzerella was positively
correlated with dihydro-3-coumaric acid and negatively
correlated with L-tryptophan.
G_unclassified_f_Ruminococcaceae was positively correlated
with HA, but negatively with HbA1c. These results indicated
the potential role of specific gut microbiota in the DKD
progression associated with the phenylalanine and tryptophan
metabolism.

This study identified the phenylalanine metabolic pathway as
the one most associated with DKD progression. Three
microbiota-related serum metabolites [HA, L-(−)-3-phenylactic
acid, and dihydro-3-coumaric acid] in the phenylalanine
metabolic pathway were positively correlated with
deterioration of renal function in DKD patients. Abnormal

TABLE 2 | Differential serum metabolites between groups in DKD patients (VIP > 3 and p < 0.05).

Metabolite Compound ID M/Z Metabolite
changes

VIP_ FC AUC 95% CI

5a-Androst-3-en-17-one HMDB0006046 273.220 ↑ 4.305 4.846 0.931 [0.86, 1]
Trans-Dehydroandrosterone C01227 289.215 ↑ 4.284 2.238 0.938 [0.869, 1]
Tryptophyl-cysteine HMDB0029080 330.085 ↑ 4.212 2.471 0.997 [0.991,1]
5-Androstene-3b,16b,17a-triol HMDB0000523 307.226 ↑ 3.992 3.513 0.931 [0.859, 1]
Oxindole C12312 134.059 ↑ 3.931 2.467 0.913 [0.828, 0.999]
3,4,5-Trihydroxy-6-[(3-methy lbut-enoyl)oxy]oxane-2-carboxylic
acid

HMDB0128920 318.117 ↑ 3.823 3.118 0.877 [0.766, 0.988]

6-Dehydrotestosterone — 287.200 ↑ 3.779 2.545 0.845 [0.719, 0.971]
(2E,4E)-2,7-Dimethyl-2,4-octadienedioic acid HMDB0034099 181.085 ↑ 3.528 1.761 0.931 [0.852, 1]
O-Adipoylcarnitine HMDB0061677 290.159 ↑ 3.523 1.380 0.965 [0.921, 1]
Mono-(2-ethyl-5-carboxypentyl) phthalate HMDB0094647 331.114 ↑ 3.508 2.567 0.881 [0.781, 0.982]
Atrolactic acid C05584 167.069 ↑ 3.457 1.616 0.925 [0.848, 1]
Benzenebutanoic acid HMDB0000543 165.091 ↑ 3.411 2.310 0.915 [0.830, 1]
3,5-Cyclo-5alpha,17alpha-pregn-20-yne-6beta,17-diol C15468 315.231 ↑ 3.396 2.162 0.929 [0.850, 1]
Indoleacetyl glutamine HMDB0013240 304.128 ↑ 3.202 1.618 0.813 [0.669, 0.958]
{[3-(2,5-Dihydroxyphenyl) prop-2-en-1-yl]oxy}sulfonic acid HMDB0134083 291.018 ↑ 3.191 4.360 0.975 [0.940, 1]
N-Acetylproline HMDB0094701 199.107 ↑ 3.183 1.514 0.922 [0.828, 1]
1-Methyluric acid C16359/

HMDB0003099
183.050 ↑ 3.182 2.714 0.85 [0.732, 0.968]

3,4,5-Trimethoxyphenyl acetate HMDB0031722 209.080 ↑ 3.056 1.473 0.872 [0.756, 0.988]
3-Indole carboxylic acid glucuronide HMDB0013189 336.071 ↑ 3.011 2.243 0.959 [0.902, 1]

Note. Abbreviations: M/Z, mass-to-charge ratio; VIP, the variable importance in projection; FC, fold change; AUC, area under curve. Metabolite changes in the DKD ESRD group are
shown as (↑) for increase or (↓) for decrease. Compound ID starting with C is from the KEGG database. Compound ID starting with HMDB is from the Human Metabolome Database.
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FIGURE 3 | Integrating multiomics analysis. (A) The bubble plot of KEGG analysis. Each bubble in the figure represents a KEGG pathway. The horizontal axis
indicates the relative importance of metabolites in the pathway, and the vertical axis indicates the statistical significance of metabolites in the pathway. (B) Metabolic
pathway map of phenylalanine metabolism. The metabolites shown in red are the differential metabolites that are highly expressed in the DKD ESRD group. Other related
metabolic pathways were expressed in solid wire frame. (C)Metabolic pathway map of tryptophan metabolism. The metabolites expressed in red and green were
statistically different between the two groups. Red metabolites express upregulated in the DKD ESRD group; green metabolites express downregulated in the DKD
ESRD group. Other related metabolic pathways were expressed in solid wire frame. (D) Correlation analysis between different metabolites in enrichment pathway and
clinical indicators.
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phenylalanine metabolism has previously been demonstrated in
patients with diabetes (Liu Y. et al., 2019) and type 2 diabetic
animal models (Pan et al., 2020). However, its role in the DKD
progression remains unclear.

As intermediates of phenylalanine metabolism, HA, which
is a common protein-bound uremic toxin (PBUT) in patients
with ESRD, is related to the progress of renal fibrosis due to its
oxidative stress-associated toxicity (Sun et al., 2020). It is
generated from the metabolism of many dietary
components including phenylalanine and polyphenolic
compounds, such as catechins and cinnamic acid from
vegetables, fruit, tea, and coffee (Lees et al., 2013). These
compounds are converted into benzoic acid, then further
converted into HA, which is excreted in the urine. There
has been no study that has investigated the impact of the
serum metabolites L-(−)-3-phenylactic acid and dihydro-3-
coumaric acid on DKD progression. Previous studies have
indicated that they might be involved in the synthesis of HA. L-
(−)-3-phenyllactic acid is an organic compound belonging to
the class of phenylpropanoic acids, which could be derived
from catechins by the colonic microbiota (Olthof et al., 2001).
Dihydro-3-coumaric acid, also named 3-
hydroxyphenylpropionic acid, belongs to hydroxycinnamic
acid derivatives of cinnamic acid. These two metabolites
may undergo further metabolism to benzoic acid and finally
metabolized to HA (Phipps et al., 1998).

The gut microbiota makes up the largest microecosystem in
the human body and is closely related to metabolic disorders in
kidney disease. Several studies have reported the relationship
between gut microbiota and phenylalanine metabolism in CKD
patients (Hu et al., 2020a; Ren et al., 2020;Wu et al., 2020), but the
evidence is mainly based on the functional analysis of gut
microbiome. Very few studies explored the relationship
between gut microbiota and phenylalanine metabolism in
DKD patients (Fang et al., 2021). The present research mainly
focused on the potential role of gut microbial and protein-bound
uremic toxins, such as HA, which originate from the gut
microbial metabolism of phenylalanine (Koppe et al., 2018;
Fernandes et al., 2019).

Studies have demonstrated the significance of the gut
microbiota in contributing to the synthesis of HA in
phenylalanine metabolism (Phipps et al., 1998; Olthof
et al., 2001; Olthof et al., 2003). For example, perturbation
of hippurate levels has often been attributed to gut microbial
activity. The phenolic dietary components are metabolized to
phenylpropionic acids by the colonic microbiota, and are
then absorbed and metabolized in the liver via β-oxidation to
produce benzoic acid, before glycine conjugation and
excreted as hippurate. It was proposed that type II
diabetes is often related to obesity. The change in
hippurate levels is due, at least in part, to potential
differences in the microbiota as a result of the “obese
microbiome,” relative proportion alteration of Firmicutes
and Bacteroidetes (Lees et al., 2013).

This study indicated the potential role of intestinal
bacteria g_Abiotrophia and g_norank_f_Peptococcaceae in
DKD progression, and their positive correlation with

serum HA concentration in DKD, which has not been
previously reported. However, an increasing amount of
evidence has suggested their involvement in abnormal
glucose and lipid metabolism and insulin resistance (Liu
D. et al., 2019; Liu YK. et al., 2021; Yuan et al., 2021),
supporting our findings and the hypothesis of their role in
DKD progression. Furthermore, g_Abiotrophia was
positively correlated with dihydro-3-coumaric acid,
indicating its important role in the synthesis of HA and
phenylalanine metabolism.

Consistent with prior studies, f_Ruminococcaceae was
positively correlated with serum HA concentration in this
study. Ruminococcaceae has been considered as a principal
short-chain fatty acid-producing bacteria, significantly
increased in fecal samples of patients with insulin resistance,
and T2D patients compared with healthy subjects (Zhao et al.,
2019). Suppressing the growth of Ruminococcaceae has exerted
hypoglycemic effects in diabetic animal models (Hu et al., 2019;
Zhang et al., 2020). However, no significant correlation between
Ruminococcaceae and serum renal function indicators of DKD
patients was observed in our study, consistent with prior reports
(Lecamwasam et al., 2020). Interestingly, although
Ruminococcaceae represented the highest abundance in the
fecal sample of DKD patients, the relative abundance of this
gut microbe does not change across the stages (1–5) of
diabetic CKD.

In concert with previous studies (Debnath et al., 2017;
Hasegawa and Inagi, 2021), our study reported the association
of the tryptophan metabolic pathway with DKD progression, in
which IAA was positively correlated with renal function
deterioration, whereas L-tryptophan was just the opposite.
Known as a gut-derived protein-bound uremic toxin, IAA is
produced by dietary tryptophan metabolism, which stimulates
glomerular sclerosis and interstitial fibrosis in the kidneys (Rysz
et al., 2021) due to its prooxidant and proinflammatory effect
(Gondouin et al., 2013; Dou et al., 2015; Lin et al., 2019).
Tryptophan is digested by intestinal bacteria (E. coli, Proteus
vulgaris, Paracolobactrum coliforme, Achromobacter liquefaciens,
and Bacteroides spp) to indole (Keszthelyi et al., 2009; Fang et al.,
2021), which could evolve into IAA by adding carboxymethyl to
the indole ring. Studies have seldom reported the positive effects
of pre-, pro-, and synbiotics on the change in serum IAA in CKD
patients (Rysz et al., 2021). Therefore, it is meaningful to explore
the role of gut microbiota in IAA synthesis to find a new
therapeutic strategy. In this study, we observed an inverse
correlation between intestinal flora
(g_Lachnospiraceae_NC2004_Group, g_Olsenella, and
g_Faecalicoccus) and serum IAA, among which,
g_Lachnospiraceae_NC2004_Group was negatively correlated
with L-(−)-3-phenyllactic acid and serum creatinine level,
indicating its potential role in the DKD progression via both
the phenylalanine and tryptophan metabolic pathways.
G_Lachnospiraceae_NC2004_Group is a Firmicutes member
belonging to f_Lachnospiraceae, which was mainly involved in
the generation of IAA (Gryp et al., 2020). It is a predominant
anaerobic bacteria in the microbial community of healthy
populations, producing short-chain fatty acids (Egerton et al.,
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2020), converting primary bile acids to secondary bile acids and
resisting colonization by pathogens (Sorbara et al., 2020). There
has been no study that reported an association between
g_Olsenella, g_Faecalicoccus, and IAA synthesis, and their role
in DKD progression.

G_Tyzzerella was negatively correlated with L-tryptophan and
positively correlated with dihydro-3-coumaric acid, indicating its
association with the phenylalanine and tryptophan metabolic
disorders. As previously reported, g_Tyzzerella expression was
increased in people at high cardiovascular risk (Kelly et al.,
2016), and correlated with circulating inflammatory IL-1β
(Grant et al., 2021), which may be closely associated with
inflammatory injury of DKD. However, there was no relation
between g_Tyzzerella and DKD renal function indicators in this
study. The role of g_Tyzzerella in DKD progression needs further
investigation.

This study reported the relationship between intestinal
microecology and DKD progression by associating intestinal
microflora with metabolites via multiomics-integrated methods.
The results identified the potential role of g_Abiotrophia,
g_norank_f_Peptococcaceae, and g_Lachnospiraceae_NC2004_Group
in DKD progression, and their involvement in phenylalanine and
tryptophanmetabolism. These findings offer real promise in finding a
new therapeutic strategy that targets protein-bound uremic toxin HA
and IAA in DKD. However, our study has some limitations. First,
because this was a retrospective study, we lack records of patient drug
and dietary intake, so it was not possible to account for the influence
that drugs and dietary habits might have had on intestinal flora and
the metabolic profile. Second, the sample size was small and would
need to be expanded in future studies. Nevertheless, all participants
were residents of Guangdong Province, with characteristics and living
habits that were relatively concentrated and consistent. Third, the
result of gut microbiota is based on 16S rRNA gene sequencing.
Further analysis based on gutmetagenome,which could providemore
bacterial information, is needed.

In conclusion, this study highlights the complex, interactive
network of gut microbiota, serum metabolites, and clinical
indicators of predialysis DKD patients and provides new
insights into the role of gut microbiota and microbiota-related
serum metabolites enriched in phenylalanine and tryptophan
metabolic pathways in the progression of DKD.
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Caveolin-1 Regulates Cellular
Metabolism: A Potential Therapeutic
Target in Kidney Disease
Shilu Luo1,2, Ming Yang1,2, Hao Zhao1,2, Yachun Han1,2, Na Jiang1,2, Jinfei Yang1,2,
Wei Chen1,2, Chenrui Li 1,2, Yan Liu1,2, Chanyue Zhao1,2 and Lin Sun1,2*

1Department of Nephrology, The Second Xiangya Hospital, Central South University, Changsha, China, 2Hunan Key Laboratory
of Kidney Disease and Blood Purification, Changsha, China

The kidney is an energy-consuming organ, and cellular metabolism plays an indispensable
role in kidney-related diseases. Caveolin-1 (Cav-1), a multifunctional membrane protein, is
the main component of caveolae on the plasma membrane. Caveolae are represented by
tiny invaginations that are abundant on the plasma membrane and that serve as a platform
to regulate cellular endocytosis, stress responses, and signal transduction. However,
caveolae have received increasing attention as a metabolic platform that mediates the
endocytosis of albumin, cholesterol, and glucose, participates in cellular metabolic
reprogramming and is involved in the progression of kidney disease. It is worth noting
that caveolae mainly depend on Cav-1 to perform the abovementioned cellular functions.
Furthermore, the mechanism by which Cav-1 regulates cellular metabolism and
participates in the pathophysiology of kidney diseases has not been completely
elucidated. In this review, we introduce the structure and function of Cav-1 and its
functions in regulating cellular metabolism, autophagy, and oxidative stress, focusing
on the relationship between Cav-1 in cellular metabolism and kidney disease; in addition,
Cav-1 that serves as a potential therapeutic target for treatment of kidney disease is also
described.

Keywords: caveolin-1 (Cav-1), cellular metabolism, kidney disease, oxidative stress, autophagy

1 INTRODUCTION

Kidney disease is currently a challenging public health problem worldwide and is receiving
increasing attention. The kidney is a highly metabolically active organ, and cellular energy
metabolism is very important for maintaining kidney homeostasis (Gewin, 2021). In addition to
inflammation, metabolic disorders are another form of diseased kidney dysfunction and play a key
role in renal fibrosis (Kang et al., 2015). The scaffold protein caveolin-1 (Cav-1) on the cell
membrane is a key protein to maintain energy homeostasis by regulating energy metabolism and
mediating the signal transduction of glucose and lipid metabolism (Baudrand et al., 2016), which is
closely associated with metabolic-related diseases such as diabetes (Bonds et al., 2019; Haddad et al.,
2020), obesity (Chang et al., 2017), cardiovascular disease (Mayurasakorn et al., 2018), and cancer
(Sotgia et al., 2012; Zhang Z. et al., 2020). With increased research on Cav-1, it has been
demonstrated that Cav-1 plays an important role in the process of renal fibrosis (Shihata et al.,
2017). However, the mechanism by which Cav-1 regulates cellular metabolism and kidney disease is
not clearly understood. This review comprehensively describes the structure, expression, and
regulation as well as the associated signaling pathway of Cav-1, which may be a potential drug
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target for metabolic-related kidney disease. Specifically, we
describe the role of Cav-1 in regulating cellular glucose and
lipid metabolism, cellular oxidative stress, and autophagy.

2 CAVEOLIN FAMILY

The caveolin family consists of three members, namely, caveolin-
1 (Cav-1), caveolin-2 (Cav-2), and caveolin-3 (Cav-3). Cav-1 was
identified in 1989 by Glenney et al. as the first family member of
caveolin proteins (Glenney, 1989). They isolated a 22 kDa
cytoskeleton protein from Rous sarcoma virus–transformed
chicken fibroblasts, which was a substrate for tyrosine
phosphorylation (Glenney, 1989). Subsequently, Rothberg et al.
found that the 22 kDa membrane protein was part of the plasma
membrane of the cell and named it caveolin (Rothberg et al.,
1992). In addition, it has been demonstrated that the VIP21
protein (21 kDa) from canine renal epithelial cells (MDCK) has
only eight–amino acid (aa) sequences that differ from human
Cav-1. VIP21 is equivalent to caveolin in canines; thus, Cav-1 is
also known as VIP21 (Glenney, 1992; Kurzchalia et al., 1992).
Furthermore, caveolin was officially renamed Cav-1 in 1996 by
Scherer et al. (Scherer et al., 1996). After they identified a vesicular
protein–related protein, Cav-2, of about 20 kDa by
microsequencing the vesicular protein–enriched membrane of
adipocytes (Scherer et al., 1996). Subsequently, Tang et al. (Tang
et al., 1996) found the same DNA sequence as CAV1 in rat hearts
using a gene probe, namely, CAV3 (about 17 KDa), which was
65% identical and 85% similar to CAV1, whereas CAV1 and
CAV2 had 38% identical and 58% similar DNA sequences.

CAV1 and CAV2 are both located on human chromosome
7q31.1, whereas CAV3 is located on 3p25 (Engelman et al., 1998;
Williams and Lisanti, 2004). Cav-1 exists in two isoforms (α and
β), and each monomer has a hairpin conformation capable of
dimerization (Fujimoto et al., 2000; Kogo and Fujimoto, 2000;
Williams and Lisanti, 2004). Cav-1α contains 1–178 (24 kDa)
residues, whereas Cav-1β contains 32–178 (21 kDa) residues
(Scherer et al., 1995). In addition, the protein translation start
site of Cav-1α starts from the first aa, whereas Cav-1β starts from
the 32nd aa residue; thus, their N-terminal sequences are different
(Scherer et al., 1995). Previous studies have suggested that these
two monomers are encoded by different mRNAs (Kogo and
Fujimoto, 2000). Furthermore, it is worth noting that only
Cav-1α has tyrosine-14 phosphorylation sites but is not seen
in Cav-1β due to the absence of a specific sequence at the
N-terminus (Scherer et al., 1995; Vainonen et al., 2004). Cav-1
and Cav-2 are coexpressed in a variety of mammalian cells [such
as endothelial cells (ECs), vascular smooth muscle cells, type I
pneumocytes, and liver and kidney cells], whereas Cav-3 is
mainly expressed not only in muscle cell but also in other cell
types, such as astrocytes (Ikezu et al., 1998; Williams and Lisanti,
2004). Interestingly, it has been reported that Cav-1 is mainly in
the glomeruli of the kidney (Breton et al., 1998; Sörensson et al.,
2002; Moriyama et al., 2011). Furthermore, the subcellular
localization of caveolins has been shown to be located in Golgi
apparatus, endoplasmic reticulum (ER), mitochondria, nucleus,
peroxisomes, lipid droplets (LDs) (Fridolfsson et al., 2014), and

mitochondria-associated membranes (MAMs) (Sala-Vila et al.,
2016). The Cav-1 protein sequence consists of four domains: an
N-terminal domain (1–81 aa), an oligomerization domain
(61–101 aa) including the scaffolding domain (82–101 aa), an
intramembrane domain (102–134 aa), and a C-terminal domain
(135–178 aa) (Filippini and D’Alessio, 2020; Root et al., 2015;
Wong et al., 2020). Both the N-terminus and C-terminus of Cav-1
are exposed to the cytoplasm, and the C-terminal domain
contains ubiquitination sites, whereas its N-terminal domain
contains two phosphorylation sites: tyrosine-14 (Li et al.,
1996b) and serine-80 (Schlegel et al., 2001). Tyrosine-14 (Y14)
can be phosphorylated by the Src tyrosine kinase family (such as
Src, Abl, and Fyn) (Wong et al., 2020) to regulate signaling
proteins, whereas serine-80 (S80) phosphorylated Cav-1 is mainly
targeted to the ER and participates in the secretion of Cav-1
(Schlegel et al., 2001). The C-terminal domain contains three
palmitoylation sites (Cys133/143/156), and the palmitoylation
site and the intramembrane domain (in the form of a U-shaped
conformation) are embedded in the cell lipid bilayer (Hoop et al.,
2012; Root et al., 2015; Park et al., 2019). In addition, the scaffold
domain of Cav-1 carrying a cholesterol recognition aa consensus
can bind cholesterol (Yang et al., 2014; Krishna and Sengupta,
2019) and other subtypes of caveolin, which is necessary for the
formation of caveolin homo or hetero oligomers (Epand et al.,
2005; Hoop et al., 2012).

Emerging evidence has shown that the scaffold domain of
Cav-1 (CSD) plays a key role in tumor progression and cellular
metabolic reprogramming (Bernatchez, 2020; Gopu et al., 2020).
The CSD is a highly hydrophobic region composed of a 20-aa
stretch of caveolin residues (Li et al., 1996a; Wong et al., 2021).
It can bind proteins (such as src family kinases and G protein
subunits) that contain a caveolin binding motif (CBM)
consensus (Li et al., 1996a; Collins et al., 2012). The CBM
includes three motifs: ΩXΩXXXXΩXXΩ, ΩXXXΩXXΩ, and
the combination sequence ΩXΩXXXXΩXΩ (Ω is a Phe, Tyr, or
Trp residue, X can be any aa) (Collins et al., 2012). Couet et al.
found that the epidermal growth factor receptor (EGFR) kinase
interacts directly with the caveolin scaffolding domain via its
conserved caveolin binding motif, which may mediate caveolae
signaling (Couet et al., 1997). However, it remains controversial
whether CSD/CBM binding effectively mediates caveolae-
related signaling. For instance, Collins et al. (Collins et al.,
2012) stated that the CBM in most signal proteins is buried
and difficult to access, and CBM sequences in caveolae-
associated proteins are not abundant; thus, the interaction of
CBM/CSD-mediated caveolae signaling needs to be reassessed
(Collins et al., 2012). Nevertheless, Zakrzewicz et al. determined
that the glycolytic enzyme enolase 1 with a CBM corecognition
sequence can be transported to the cell membrane and
combined with the CSD of Cav-1, which may affect cell
migration and cell invasion (Zakrzewicz et al., 2014). It is
worth noting that the consensus CBM of enolase 1 is not
buried in the protein core but exposed on the surface of the
protein, which makes it accessible for interactions with the CSD
(Zakrzewicz et al., 2014). Furthermore, Okada et al. confirmed
that the CSD domain of Cav-1 plays a key role in the cell cycle,
migration, and proliferation of cancer cells and may provide a
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platform for specific signal transduction (Okada et al., 2019). In
summary, caveolin may regulate other protein activities through
CSD binding to the CBM, and its activity depends on binding to
the CBM of other proteins.

3 REGULATION OF CAVEOLIN-1
EXPRESSION

The expression of Cav-1 is regulated by three ways: genomic
epigenetic modification, transcription, and posttranscriptional
regulation mechanisms. The genomic epigenetic modification
of CAV1 can be divided into DNA methylation modification
and histone modification (such as methylation, acetylation,
phosphorylation, and ubiquitination) (Yan et al., 2020).
Zschocke et al. (Zschocke et al., 2002) found that ectopic
expression of estrogen receptor caused DNA methylation or
histone deacetylation changes of CAV1 in nerve cells, thereby
regulating its mRNA expression. Subsequently, Sanders et al.
(Sanders et al., 2017) found that after treatment of normal
fibroblasts with transforming growth factor–β1 (TGF-β1), the
mRNA expression of CAV1 was downregulated through histone
modification (H3 lysine 4 trimethylation) instead of DNA
methylation, which may be associated with idiopathic
pulmonary fibrosis. In addition, Yan et al. reviewed the
possible mechanism of CAV1 DNA methylation in chronic
lung disease and regarded it as a possible target for early
diagnosis and treatment of the chronic lung disease (Yan
et al., 2020). However, whether its application as a biomarker
requires further research.

The promoter sequence of CAV1 includes three G+C-rich
potential sterol regulatory elements (SREs), a CAAT sequence,
a Sp1 consensus sequence (Bist et al., 1997; Dasari et al., 2006;
Chen et al., 2011), and a functional peroxisome proliferator
response element (Llaverias et al., 2004). Therefore, the
increase in intracellular free cholesterol can regulate the
mRNA expression of CAV1 by stimulating the binding of
SRE-binding protein 1 (SPEBP-1) to the cholesterol regulatory
element in the CAV1 promoter (Bist et al., 1997). Other
transcription factors, including P53 (Bist et al., 2000), c-myc
(Xie et al., 2003), GAT-binding factor 6 (GAT-6) (Boopathi et al.,
2011), NF-κB (Thangavel et al., 2019), forkhead box O (FoxO)
(van denHeuvel et al., 2005), and FoxM1 (Huang et al., 2012), can
also bind to the related E-BOX of the promoter of the CAV1 and
regulate its transcription. These findings suggest that the Cav-1
may have a potential regulatory role in cellular metabolism,
inflammation, and fibrosis.

Many factors contribute to the posttranscriptional regulation
of CAV1, such as microRNA (miRNA), long noncoding RNAs
(lncRNA), and circular RNA (circRNA), as well as other proteins.
Among them, miRNAs, including miR-199a-5p (Zhong et al.,
2020), miR-96 (Chen et al., 2020), miR-124 (Torrejón et al.,
2017), miR-103/107 (Zhang et al., 2015), miR-204 (Huang et al.,
2019), miR-130a (Wang et al., 2016), and miR-103-3p (Wang
et al., 2021), have been demonstrated that to recognize
homologous CAV1 mRNA and cause the degradation of CAV1
mRNA or inhibit its translation. In addition, lncRNAs, including

lncRNA ANRIL (Zhong et al., 2020), lnc-BMP1-1 (Ling et al.,
2020), and lncRNA IMFLNC1 (Wang J. et al., 2020), can regulate
the protein expression and function of Cav-1. A recent study has
shown that circRNA though some miRNAs, playing key role in
posttranscriptional regulation of CAV1 (Luo Z. et al., 2020; Zhu
et al., 2020). Zhao et al. (Li et al., 2020) found that the circRNA
TADA2A, contains rich binding sites of miR526b, which plays a
competitive inhibitory effect, thereby releasing the inhibitory
effect of miRNA526b on CAV1 and then increasing the
expression level of Cav-1. Furthermore, some proteins, such as
Cavin-1 (Hansen and Nichols, 2010; Liu et al., 2014), flotillin-1
(Vassilieva et al., 2009), and RNA-binding protein HuR (Cao
et al., 2021) can also affect the protein expression and stability of
Cav-1. E3 ubiquitin ligase ZNRF1 and catalase induce Cav-1
ubiquitinated (Rungtabnapa et al., 2011; Burana et al., 2016; Lee
et al., 2017). In addition, the Src kinase can bind to the Tyr14 site
of Cav-1 and then induces its phosphorylation, leading to
instability and degradation of Cav-1 (Yoon et al., 2019).
Furthermore, it has been reported that Cav-1 can be degraded
by palmitic acid–induced autophagy to promote astrocyte
apoptosis and inflammation (Chen et al., 2018), which
indicates that the expression of Cav-1 is not only regulated by
noncoding RNA but that its stability and activity are also
regulated by other proteins and enzymes as well as autophagy,
which, in turn, affects the function of the Cav-1 protein.

4 CAVEOLIN-1 AND CELLULAR
METABOLISM
4.1 The Role of Caveolin-1 in the Formation
of Caveolae on the Cell Membrane
An important physiological function of Cav-1 is to act as the core
component of caveolae and participate in its biogenesis
(Figure 1). Caveolae consist of a special membrane
invagination on lipid rafts and are abundant in the plasma
membrane of many mammalian cells (Parton et al., 2018).
They are mainly composed of integral membrane proteins
(caveolin proteins), peripheral membrane proteins (cavin
proteins), and lipids (including cholesterol, sphingolipids,
phosphatidylserine, glycosphingolipids, and sphingomyelin)
assembled on the plasma membrane (Hirama et al., 2017),
shaped like a bulb or flask, with a diameter about 50–100 nm
(Cheng and Nichols, 2016). The caveolin family is the main
scaffold protein involved in the formation of caveolae, which
mainly refers to Cav-1; whereas in the muscle cells, it mainly
refers to Cav-3 (Rothberg et al., 1992). The cavin family
(including cavin-1, cavin-2, cavin-3, and cavin-4) assists in the
formation of caveolae (Hill et al., 2008; Kovtun et al., 2015).
Cavin-1, also known as polymerase I and transcript release factor,
can bind to caveolin in a lipid-dependent manner, thereby
stabilizing the curvature of caveolae (Hill et al., 2008). Cavin-2
(serum deprivation protein response) can directly bind to cavin-1
and target cavin-1 to participate in the biogenesis of caveolae by
regulating the size of caveolae and inducing the expansion of
caveolae-derived membrane-like tubules (Hansen et al., 2009).
Cavin-3 (sdr-related gene product that binds to c-kinase) mainly
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regulates the membrane targeting function of caveolae
(McMahon et al., 2009; Parton et al., 2018). Cavin-4, also
known as muscle-restricted coiled-coil protein (MURC), is
mainly restricted to expression in muscle cells and may not be
important for the formation of caveolae (Parton et al., 2018). In
addition, other components, such as Eps-15 homologous domain
composition 2 (EHD2), PACSIN2/Syndapin II (PACSIN2), and
receptor tyrosine kinase-like orphan receptor 1 (ROR1)
(Yamaguchi et al., 2016) can also play an important role in
modulating the function of caveolae (Parton, 2018).

The formation of caveolae mainly involves the following
steps: first, caveolins, as integral membrane proteins, are
synthesized in the ER, and then, Cav-1 and Cav-2 monomers
are cotranslationally inserted into the membrane of the ER and
form oligomerized 8S-Cav oligomers, which contain 7–14
caveolins (Han et al., 2020). The complex of oligomerized
8S-Cav oligomers is transported to the Golgi complex in the
form of coat protein II (COPII) vesicle-dependent transport
machinery, where Cav-1 assembles into a cholesterol-rich
complex (a 70s-Cav complex composed of 18–25 8S-Cav
subunits), and the 70s-Cav complex is subsequently
transported and partially inserted into the plasma membrane
and binds to cholesterol on the plasma membrane through its
CSD domain, recruiting the cavin-1 complex, EHD2, PACSIN2,
and ROR1 to form mature caveolae (Parton and del Pozo, 2013;
Busija et al., 2017; Parton et al., 2018; Parton et al., 2020b).

The recruited peripheral protein cavin-1 first binds to lipids
[such as phosphatidylserine and PI(4,5)P2] and then binds to the
cholesterol-containing scaffold protein domain of Cav-1 to
stabilize the curvature of the membrane and produce classic
spherical caveolae (Hill et al., 2008). Plasma membrane
insertion of EHD2 requires the binding of ATP and is
oligomerized to form a ring in the neck of caveolae (Morén
et al., 2012; Hoernke et al., 2017), and then, Pacsin2 binds to the
EH domain of EHD2 to maintain the stability of caveolae and the
distribution of Cav-1 on the plasma membrane (Hubert et al.,
2020a). In addition, excessive lipid accumulation in the caveolae
can cause caveolae to scission from the plasma membrane,
especially in the absence of EHD2 restriction (Hubert et al.,
2020b). Furthermore, EHD2 was found to regulate lipid
metabolism, and loss of EHD2 caused caveolae to dissociate
from the plasma membrane, while increasing fatty acid intake
and promoting lipid deposition and the size of LDs (Matthaeus
et al., 2020). ROR1, as a scaffold protein of cavin-1 and Cav-1, can
interact with cavin-1 through its richest C-terminal serine/
threonine domain, and two-thirds of the kinase domain binds
to cavin-1, thus promoting the binding of Cav-1 and cavin-1 on
the plasma membrane and maintaining Cav-1 expression by
inhibiting lysosomal-dependent degradation and
corresponding vesicle formation (Yamaguchi et al., 2016).
When caveolae lack the abovementioned caveolae-related
proteins to maintain their stability or subjected to mechanical

FIGURE 1 | Cav-1 and caveolae. Cav-1 is essential for the formation of caveolae. The cholesterol-containing scaffold protein domain (CSD) of Cav-1 binds to
cholesterol on the plasma membrane, and then, the Cavin-1 complex, EHD2, PACSIN2, and ROR1 are recruited to form mature caveolae. The recruited cavin-1 first
binds to lipids [such as phosphatidylserine, and PI(4,5)P2] and then binds to the cholesterol-containing scaffold protein domain of Cav-1 to stabilize the curvature of the
membrane. Two-thirds of the kinase domain of ROR1, as the scaffold protein of cavin-1 and Cav-1, binds to cavin-1, thereby promoting the binding of Cav-1 and
preventing autophagy degradation of Cav-1. In addition, EHD2 is recruited to the neck of caveolae to form a loop through oligomerization, and then, Pacsin2 binds to the
EH domain of EHD2 to maintain the stability of Caveolae and the distribution of Cav-1 on the plasma membrane. Without EHD2, the stability of caveolae and the
distribution of Cav-1 on the plasma membrane will be difficult to maintain, resulting in dissociation of the caveolae from the plasma membrane.
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stimuli (such as membrane tension or stress stimuli), Cav-1 and
cavin can be released into the cytoplasm, and non-caveolae Cav-1
and cavin can recovered and reorganized into caveolae on the
plasma membrane or be degraded by lysosomes (Parton et al.,
2020b). In addition, non-caveola Cav-1 may also have an
important physiological role independent of being a
constituent of caveolae.

4.2 Caveolin-1 Mediates Protein Membrane
Targeting, Endocytosis, and Signal
Transduction
Cav-1 regulates various enzyme activities or receptor expression
and targets them to the cell membrane. It has been found that the
increased expression of Cav-1 can recruit glycolytic enzymes
[phosphofructokinase (Vallejo and Hardin, 2005), aldolase
(Raikar et al., 2006), and fatty acid translocase (CD36) (Ring
et al., 2006)] and nervous system–related receptors [such as
neurotrophin receptor, P2Y2 nucleotide receptor (Martinez
et al., 2016), and heme oxygenase-1 (HO-1)] displaces to the
cell membrane, where they directly binds the CSD of Cav-1 and
then mediates downstream signal molecule transduction or fatty
acid uptake (Abumrad et al., 2021), eventually affecting cellular
metabolism.

Cav-1 not only affects membrane targeting of corresponding
proteins but also mediates the endocytosis of some viruses,
enzymes, macromolecular substances, and receptors. For
example, Cav-1 participates in the endocytosis of BK virus
(Moriyama et al., 2007), simian virus 40 (Damm et al., 2005),
hepatitis B virus (Macovei et al., 2010), and human
immunodeficiency virus (Huang et al., 2007; Mergia, 2017).
However, unlike the abovementioned viruses, the SARS
coronavirus entry into host cells through a novel clathrin-
independent and caveolae-independent endocytic pathway
(Filippini and D’Alessio, 2020; Wang et al., 2008). In addition,
Cav-1 might mediate the endocytosis of receptor activin-like
kinase 1 (ALK-1), which involves the bone formation protein-
9 (BMP-9)/Cav-1/ALK-1 signaling pathway (Tao et al., 2020).
The low expression of BMP-9 in lung ECs of mice with a
knockout the CAV1 blocks the endocytosis of ALK-1, thereby
reducing the endocytosis of ALK-1–mediated low-density
lipoprotein (LDL) (Tao et al., 2020). Furthermore, previous
studies have found that Cav-1 can mediate the endocytosis of
macromolecular protein substances, such as insulin-like growth
factor (IGF)–binding protein 5 (Yamaguchi et al., 2011), albumin
(Chatterjee et al., 2017), glucose transporter 4 (Glut-4) (Yuan
et al., 2007), LDL, gap junction protein connexin 36 (Cx36)
(Kotova et al., 2020), receptors including GM-CSF receptor β
(Zsiros et al., 2019), TGF-β1 receptor (Siegert et al., 2018), and
glucagon receptors (Krilov et al., 2011). Interestingly, Han et al.
(Han et al., 2019) found that, in hepatocytes, Cav-1 can regulate
the expression of metabolic genes induced by TGF-β. In addition,
the above proteins were coexpressed with Cav-1 and could be
transendocytosed, which is essential for inflammation, fibrosis,
and insulin-related signal transduction, eventually affecting the
cellular metabolism (Campos et al., 2019), growth, and
senescence (Volonte and Galbiati, 2020). Moreover, Cav-1 also

regulates T cell antigen receptor (TCR) and B cell antigen
receptor (BCR) signal transduction and regulates the innate
inflammatory immune response (Fiala and Minguet, 2018).

Cav-1 is also involved in the regulation of various signal
transduction pathways by recruiting multiple receptors, such
as receptor tyrosine kinase, G protein–coupled receptors, G
proteins, protein kinases, and phosphatases (Boscher and
Nabi, 2012), binds to the sequence of the CSD of Cav-1, and
then positively or negatively regulates downstream signal
transduction. For example, Eph receptor tyrosine kinases
(EphB1 and EphA2 receptor) are positively regulated by Cav-1
and activate downstream signaling molecules, such as
extracellular regulatory protein kinase (ERK) and protein
kinase B (PKB or AKT) signal transduction (Vihanto et al.,
2006). In addition, the insulin receptor (IR) (Chen et al.,
2008) can be activated by phosphorylated Cav-1 and binds to
LDL receptor–related protein 6, thereby mediating the Akt-
mTORC1 signaling pathway and regulating aerobic glycolysis
in cancer cells (Tahir et al., 2013).

Cav-1 negatively regulates the membrane receptors of the
tyrosine kinase family [such as EGFR (Janković et al., 2017; Yang
et al., 2018) and TGF-β (Lee et al., 2007; Oliveira et al., 2017)] and
then modulates cell proliferation and metastasis. Similarly, G
protein–coupled receptors [such as G protein–coupled receptor
kinase 2 (GRK2) (Liu et al., 2017), angiotensin receptor (Ang-II)
(Ishizaka et al., 1998), and P2Y2 receptor (Martínez et al., 2019)]
are also regulated by Cav-1. Liu et al. (Liu et al., 2017) established
a rat model of liver injury and found that the expression of
phosphorylated Cav-1 increased and that Cav-1 interacted with
GRK2, thereby inhibiting eNOS activity. In addition, Cav-1
promotes Ang-II–mediated Akt and EGFR signaling to cause
glomerular mesangial cell hypertrophy (Umesalma et al., 2016),
whereas Ang-II–mediated calcium influx is reduced (Adebiyi
et al., 2014). In addition, Cav-1 can also regulates the P2Y2
receptor to increase the activity of pERK1/2 and Akt, promoting
the survival of astrocytoma cells and interfering with the process
of brain injury (Martínez et al., 2019). Recently, the TCR and BCR
signaling pathways were found to be regulated by the
abovementioned Cav-1 (Tomassian et al., 2011; Fiala and
Minguet, 2018), which not only positively regulates Toll-like
receptor-9 (TLR-9) to promote MyD88-mediated TRAF3 and
IRF3 signal transduction (Yang et al., 2019) but also negatively
regulates TLR-9 and TLR-4 to intensify the downstream
inflammation cascade and promote the progression of diabetes
(Zhu et al., 2017). These data indicate that Cav-1 has a huge signal
transduction network, which plays an important role in cellular
biological activities, including cell metabolism and growth.

4.3 Caveolin-1 and Lipid Metabolism
4.3.1 Caveolin-1 and Biogenesis of Lipid Droplets
LDs are organelles with special structures that are ubiquitous in
most eukaryotic cells and are involved in regulating energy
metabolism and maintaining cellular homeostasis (Walther
and Farese, 2012; Olzmann and Carvalho, 2019; Henne et al.,
2020). The hydrophobic core of LDs is composed of
triacylglycerols (TGs) and sterol esters (SEs) as neutral lipids
and is surrounded by an ER-derived phospholipid monolayer,
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which is decorated with integral and peripheral proteins
(Bersuker and Olzmann, 2017; Gao et al., 2019). The synthesis
of neutral lipids is the first step in the formation of LDs. In
mammalian cells, it is mainly catalyzed by ER diacylglycerol
acyltransferase (DGAT) enzyme (DGAT1/2) and cholesterol
acyltransferase (ACAT) enzyme (ACAT1/2) synthesis; among
them, DGAT catalyzes the synthesis of TGs, whereas ACAT
catalyzes the synthesis of SEs (Walther and Farese, 2012; Walther
et al., 2017). The newly synthesized neutral lipid forms a lens-like
structure between the leaflets of the ER bilayer and then can
gradually fuse into larger and more stable lenses and buds from
the ER to form nascent LDs (Renne et al., 2020). During this
process, a continuous supply of phospholipids from the ER is
needed to assist in the further expansion of LDs (Renne et al.,
2020). In addition, some specific proteins are transported to the
surface of LDs to promote their growth and expansion, such as
glycerol-3-phosphate acyltransferase 4, DGAT2, adipose
triglyceride lipase (ATGL), and other proteins, reaching the
surface of LDs through ER-LD membrane bridges (Wilfling
et al., 2014; Walther et al., 2017). Cytoplasmic proteins such
as Perilipin family proteins and CCT1 are targeted to LDs
through their hydrophobic domains (Walther et al., 2017).
The perilipin family proteins PLINs1-5 are the main LD-
related proteins and mainly refer to PLIN1 (perilipin A),
PLIN2 (adipophilin), PLIN3 (TIP47), PLIN4 (S3-12), and
PLIN5 (MLDP) (Itabe et al., 2017), which may regulate
intracellular lipolysis. PLIN1 is highly expressed in mature
adipocytes and forms a complex with α/β-hydrolase D5
(ABHD5) (CGI-58) on the surface of LDs under basic
conditions (Sztalryd and Brasaemle, 2017). When PLIN1 is
phosphorylated by cAMP, phosphorylated CGI-58 dissociates
from it and binds to phosphorylated ATGL to activate triglyceride
hydrolysis (Sztalryd and Brasaemle, 2017). In addition,
cytoplasmic hormone-sensitive lipase (HSL) is phosphorylated
by PKA and can be transported to the surface of LDs to
participate in lipolysis (Frühbeck et al., 2014; Itabe et al.,
2017). Furthermore, herein, we describe an important integral
membrane protein, Cav-1, related to LD biogenesis and
metabolism.

Cav-1 is one of the resident proteins of LDs and is involved in
LD biogenesis (Pezeshkian et al., 2018). Roy et al. proposed that
caveolin plays a cholesterol-trafficking role, and dominant-
negative caveolin (CavDGV) can inhibit the signal transduced
by H-Ras and change the distribution of cholesterol (Roy et al.,
1999). Pol et al. showed that mutant caveolin protein (Cav-
3DGV) accumulates in the ER and is targeted to the limiting
membrane of LDs (Pol et al., 2001). However, Blouin et al. found
that the expression level of Cav-1 affects the size of LDs, and in
adipocytes lacking CAV1, the species of phospholipids on the LD
surface are reduced, and only small LDs can be formed (Blouin
et al., 2010). The accumulation of Cav-1 in the ER is targeted to
LDs, which is related to its hydrophobic domain, especially its
COOH-terminal domain sequence (Ostermeyer et al., 2004).
Robenek et al. proposed a LD biogenesis model and
hypothesized that the process of LD formation involves the
synthesize lipid on the ER membrane, accumulation in the
center of the bilayer to form a disc, and separation of Cav-1

from the ER membrane into LDs (Robenek et al., 2004).
Furthermore, they stated that Cav-1 is not limited to the outer
membrane monolayer around the LD but also present in the core
of LDs (Robenek et al., 2004). Conversely, Cav-1 tends to be
distributed in the lipid bilayer at the edge of the triolein lens and
does not affect the curvature of the lipid lens but affects the
distribution of surface neutral lipids and phospholipids on the LD
surface (Pezeshkian et al., 2018). Moreover, CAV1 null
adipocytes/fat pads increase protein kinase A (PKA) activity,
which leads to phosphorylation of HSL and perilipin followed by
the activation of lipolysis (Cohen et al., 2004). In addition, CAV1
gene knockout in the ECs increase the autocrine activity of
prostaglandin I2 (PGI2), which acts as a stimulus to activate
the cAMP/PKA pathway to promote the phosphorylation of HSL
to increase lipolysis and reduce the formation of LDs, but it does
not reduced triglyceride synthesis or fatty acid uptake (Kuo et al.,
2018), suggesting that Cav-1 may play an important role in LD
accumulation (Figure 2). Interestingly, previous studies have
shown that exogenous addition of fatty acids may act as a
signal to promote caveolin targeting LDs in nonadipocyte
types (Liu et al., 2004; Pol et al., 2004). Similarly, Le Lay et al.
found that, in adipocytes, an increase in exogenous cholesterol
promotes the activation of Src, which triggers dynamin-
dependent caveolae budding and trafficking of Cav-1 from the
plasma membrane to LDs (Le Lay et al., 2006). Recently, the role
of LD organelles (such as the ER, mitochondria, peroxisomes,
lysosomes, and nucleus) in regulating lipid metabolism has
attracted more attention (Barbosa et al., 2015; Barbosa and
Siniossoglou, 2017; Suzuki, 2017; Geltinger et al., 2020).
Yokomori et al. proposed that the transport of Cav-1 from the
ER to LDs may be related to liver cirrhosis, and the connection
between the ER and LDs may be a potential mechanism
(Yokomori et al., 2019). Because Cav-1 is an important
component of the membrane of each suborganelle, the role of
Cav-1 in the communication of organelles and lipid metabolism
may need to be addressed in the future.

4.3.2 Caveolin-1 Regulates Cholesterol Homeostasis
Cav-1 has a high affinity for cholesterol and participates in the
regulation of cellular cholesterol homeostasis, including
cholesterol transport, cholesterol signal transduction, and
cholesterol metabolism (Fielding and Fielding, 1995; Smart
et al., 1996; Ikonen and Parton, 2000). Cholesterol metabolism
includes endogenous synthesis, exogenous uptake, esterification,
and efflux (Chang et al., 2006). The endogenous synthesis of
cholesterol is regulated by SREBPs, which have three subtypes,
namely, SREBP1a, SREBP1c, and SREBP2 (DeBose-Boyd and Ye,
2018). Among them, SREBP2 is mainly involved in cholesterol
metabolism, SREBP1c participates in fatty acid synthesis, and
SREBP1a regulates both cholesterol and fatty acid synthesis (Luo
J. et al., 2020). SREBP2 is considered to be a key mediator of
cholesterol biosynthesis, is synthesized in the ER, and then
interacts with insulin-induced gene-1 protein (INSG-1) and
SREBP cleavage activation protein (SCAP). When cholesterol
in the ER is exhausted, INSG-1 can be degraded by lysosomes,
and the SREBP2 and SCAP complexes are sorted into COPII-
coated vesicles and escorted to the Golgi apparatus, where
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SREBP2 is processed by site 1 protease (S1P) and site 2 protease
(S2P) cleavage, exposing the active N-terminal domain, and
enters the nucleus to combine with the promoter regulatory
element (SRE), thereby activating the transcription of
cholesterol synthesis genes (Afonso et al., 2018; Brown et al.,
2018; Yan et al., 2021). Interestingly, a previous study has shown
that Cav-1 plays an important role in the transport of intracellular
cholesterol, transporting newly synthesized cholesterol from the
ER to caveolae and participating in the composition of the cell
membrane (Smart et al., 1996). In skin fibroblasts, the expression
of Cav-1 is also affected by cellular cholesterol levels, SREBP1 can
inhibit the transcription of CAV1, and low levels of Cav-1 can
further affect cholesterol homeostasis (Bist et al., 1997). As
described in the review by Bosch et al., the loss of CAV1 in
cells (such as fibroblasts) leads to the accumulation of cholesterol
on the ER, whichmay be transported to mitochondria viaMAMs,
and the accumulation of cholesterol on mitochondria leads to
mitochondrial dysfunction and increased reactive oxygen species
(ROS) production, eventually affecting cellular metabolism
(Bosch et al., 2011). Pol et al. found that, in hamster kidney
(BHK) cells transfected with mutant CAV3 (Cav-3DGV), a
dominant negative mutant, intracellular cholesterol transport
to the cell membrane was blocked, resulting in the
redistribution of cholesterol, which was characterized by
reduced plasma membrane cholesterol, accumulation of free
cholesterol in the lysosomes, and reduced cholesterol efflux
and synthesis (Pol et al., 2001). Furthermore, Frank et al.
demonstrated that the loss of CAV1 in mouse embryonic
fibroblasts (MEFs) and mouse peritoneal macrophages leads to
an increased accumulation of cholesterol in the ER, and the
accumulation of cholesterol can increase the activity of acyl-CoA-
cholesterol acyltransferase (ACAT) and reduce the synthesis of

free cholesterol (Frank et al., 2006). ACAT (including ACAT1/2)
is an enzyme that is involved in the esterification of cholesterol,
and its role is to esterify free cholesterol and prevent free
cholesterol from accumulating freely in cells and then causing
lipotoxicity (Luo J. et al., 2020). Recently, Xu et al. reported that
overexpression of ACAT1/2 in 3T3-L1 adipocytes promoted the
colocalization of Cav-1 and free cholesterol on the surface of LDs,
impairing the function of adipocytes and cholesterol homeostasis
(Xu et al., 2019). This information indicated that Cav-1 is closely
related to cholesterol homeostasis and that Cav-1 may play a key
intermediate mediator role in cellular cholesterol metabolism.

To maintain cholesterol homeostasis, cells not only esterify
free cholesterol but also need to remove excess cholesterol
through efflux. Current knowledge indicates that the scavenger
receptor-B1 (SR-BI) and ATP-binding cassette (ABC)
transporter family proteins ABCA1 and ABCG1 can escort
cholesterol in macrophages to various extracellular receptors
(such as apoA-I, HDL, and LDL) and then transport them to
the peripheral blood, thereby reducing the burden of
cholesterol in the cell (Sharma and Agnihotri, 2019;
Plummer et al., 2021). Furthermore, it has been found that
Cav-1 and SR-BI are simultaneously upregulated in
differentiated THP-1 macrophages, and their coexpression
promotes the efflux of cholesteryl esters to HDL (Matveev
et al., 1999). However, another study found that SR-
BI–mediated selective cholesteryl ester uptake in human
embryonic kidney 293 or Fischer rat thyroid (FRT) cells
was not affected by Cav-1 expression (Wang et al., 2003).
In addition, deficiency CAV1 gene in macrophages had a slight
effect on ABCA1-mediated cellular cholesterol efflux to apoA-
I but did not affect SR-BI and ABCG1-mediated cholesterol
efflux to the HDL receptor (Frank et al., 2006), which indicates

FIGURE 2 | Cav-1 and lipid droplet biogenesis. (A) Under physiological conditions, the initial step of lipid droplets (LDs) formation is the synthesis of neutral lipids
(TGs and SEs) by DGAT and ACAT on the ER, which serve as the core of LDs. As the LDs gradually expand, LD-associated proteins and ER-derived monolayer
phospholipids are distributed around neutral lipids, promoting the initial lipid droplets to become enlarged lipid droplets. Cytoplasmic proteins, such as PLIN family
proteins, are involved in regulating lipid droplet metabolism and can target the lipid droplet surface, among which PLIN1 binds to CGI-58 protein to form the PLIN1-
CGI-58 complex. The newly synthesized caveolin-1 is inserted into the bilayer of the ER and fused and transferred to the LDs. Caveolin-1 is involved in LD biosynthesis;
on the one hand, it may affect the distribution of phospholipids on the surface of LDs, and on the other hand, it is essential for the expansion of LDs. (B)When CAV1 is
knocked out in cells (such as adipocytes and endothelial cells), the following processes may be affected: 1. growth and expansion of new lipid droplets are hindered; 2.
the reduction in caveolin-1 expression can increase the phosphorylation of HSL and PLIN1 in a cAMP-dependent manner to enhance lipolysis. The latter is regulated by
the PGI2/cAMP/PKA pathway, leading to phosphorylation of PLIN1 and CGI-58. Phosphorylated CGI-58 dissociates from PLIN1 and activates ATGL to co-activate
lipolysis.
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that the Cav-1 can regulate intracellular cholesterol efflux in
different cell lines.

4.4 Caveolin-1 and Glucose Metabolism
It is currently known that Cav-1 is involved in regulating glucose
metabolism (Nwosu et al., 2016; Gopu et al., 2020). The loss of
CAV1 causes impairs glucose homeostasis and dyslipidemia,
which is reversed by downstream aldosterone (MR) inhibition
(Baudrand et al., 2016). Significantly increased CAV1 mRNA in
the peripheral blood of patients with metabolic syndrome has
been observed (de Souza et al., 2020). In contrast, Luo et al. found
that mRNA expression of CAV1 is decreased in patients with type
2 diabetes, whichmay occur through direct binding of miR-103 to
CAV1 (Luo M. et al., 2020). Furthermore, Fachim et al.
demonstrated that changes in lifestyle (such as exercise or
diet) can cause DNA methylation in the CAV1 transcript
region and affect its expression in adipose tissue and
peripheral blood cells in patients with type 2 diabetes (Fachim
et al., 2020). They observed that decreased expression of Cav-1 in
adipose tissue but increased expression in peripheral blood
(Fachim et al., 2020). However, whether the changes of Cav-1
in other organs of patients with type 2 diabetes will affect other
signaling proteins to regulate the progression of diabetes is
worthy of further investigation. Furthermore, current evidence
from various studies has shown that Cav-1 affects glucose
metabolism by regulating a variety of glucose uptake
transporters (Yuan et al., 2007; Elvira et al., 2013; Varela-
Guruceaga et al., 2018). Lee et al. found that the expression of
Cav-1 affects SGLT1 receptor–mediated glucose uptake on renal
tubular epithelial cells by affecting the cAMP/Epac/PKA
signaling pathway (Lee et al., 2012). In addition, the enhanced
expression of ERK, p38MAPK, and NF-κB can increase the
activity of SGLT1 and promote its binding to Cav-1 in renal
tubular epithelial cells to increase glucose uptake (Lee et al., 2012).
In addition, Cav-1 can upregulate the expression of SGLT1
(Elvira et al., 2013), indicating that Cav-1 may play a key role
in glucose uptake by renal tubules, but the role of blood glucose in
diabetes may need to be studied in the future.

Moreover, Cav-1 can regulate GLUT4 to mediate glucose
uptake, which is related to insulin-related signaling pathways
(Yuan et al., 2007). Long-term high glucose stimulates adipocytes
and reduces the sensitivity of Cav-1 to insulin and inhibits IR and
PKB (AKT-2) phosphorylation, which affect the GLUT4 in the
intracellular glucose storage vesicles to transport to the plasma
membrane caveolae and bind to Cav-1 and subsequently mediate
glucose uptake (Palacios-Ortega et al., 2016). In contrast, in a
high-glucose environment, the caveolae-related coiled-coil
protein (NECC2) is highly expressed on adipocytes, which is
closely linked to insulin-related glucose uptake by triggering
insulin induction of NECC2 transport to the cell surface and
binding to Cav-1 (Trávez et al., 2018). At this point, the IR binds
to the scaffold domain of Cav-1 and then activates the PI3K/Akt
signaling pathway (Trávez et al., 2018). However, Cav-1 regulates
glucose metabolism in tumor cells mainly by regulating glucose
transporter 3 (GLUT3/SLC2A3) uptake of glucose, which leads to
increased aerobic glycolysis and increases intracellular ATP
production, thus maintaining the growth and survival of

tumor cells (Ali et al., 2019). Further investigations have
shown that the abnormally increased expression of Cav-1 in
tumor cells is related to the methylation of CpG sites, and the
upregulation of Cav-1 expression then increases the activity of
HMGA1 and promotes the translocation of HMGA1 into the
nucleus, where HMGA1 binds to the promoter of GLUT3 and
promotes its transcription (Ha et al., 2012). In addition, Cav-1
also affects mitochondrial function, increasing ATP production
and inhibiting phosphorylation of AMPK at the Thr172 residue
and modulating autophagy by the AMPK-TP53/p53 pathway in
cancer cells (Ha and Chi, 2012). Further research demonstrated
that the hypoxia response elements (HREs) of hypoxia inducible
factor-1α (HIF-1α) bind to the promoter of CAV1 under hypoxic
conditions and inhibit the transcript level of CAV1, reducing the
translocation of GLUT4 to the plasmamembrane and resulting in
decreased glucose uptake (Varela-Guruceaga et al., 2018). In
addition, glucose uptake mediated by GLUT4 membrane
translocation is related to AMP-activated protein kinase
(AMPK), which is a key sensor of glucose metabolism (Hu
et al., 2017). Therefore, it is worth noting that Cav-1 plays an
indispensable role in regulating cellular metabolism and may be a
novel or important target in metabolic-related diseases.

4.5 Caveolin-1 and Autophagy
Autophagy plays an important role in cellular metabolism, and a
recent study reported that autophagy are closely related to cellular
metabolism and cell survival (Tan and Miyamoto, 2015).
Participation in the regulation of autophagy is one of the
functions of Cav-1. Cav-1 can bind to the autophagy-related
protein 5 (ATG-5), ATG12, and ATG5-ATG12 complex in lung
epithelial cells and inhibit the formation and function of
autophagosomes (Chen et al., 2014). When the cells are under
stress (such as starvation), knockout of CAV1 gene in MEFs can
promote the formation of late autophagy lysosomes, enhance
autophagic flux and promote cell survival, and it is involved in
tumor progression (Shi et al., 2015). Deficiency of CAV1 gene in
human aortic ECs causes connexin-43 and ATG5 from the
plasma membrane to combine with several ATGs (such as
ATG12, ATG16, and IP3R), which are involved in the initial
steps of autophagosome formation to promote the formation of
autophagosomes, thus inhibiting vascular inflammation and
arterial wall macrophage infiltration (Zhang X. et al., 2020).
However, in cisplatin-treated lung cancer cells, silencing CAV1
with siRNA inhibits the activation of Rho-related coiled-coil
kinase 1 (ROCK1), thereby affecting Parkin-related
mitochondrial autophagy and protecting against mitochondrial
apoptosis and functional damage (Liu et al., 2020). In addition,
under oxidative stress, Cav-1 phosphorylates at tyrosine-14,
binds to beclin-1, and promotes its translocation to
mitochondria, promoting mitochondrial autophagy (Nah et al.,
2017). Recent studies have shown that the HIF-1α–Cav-1
signaling axis mediates autophagy to regulate cellular
metabolism and promote the survival and metastasis of breast
cancer cells (Wang N. et al., 2020). In addition, the close
relationship between Cav-1 and autophagy plays an important
role in regulating lipid metabolism. Bai et al. found that, in human
umbilical vein ECs treated with high glucose, autophagy
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degradation of Cav-1 mediated by the AMPK/mTOR/PIK3C3
pathway is inhibited, thereby increasing the expression of Cav-1
and cavin, and then, LC3 is recruited and bound, subsequently
inhibiting Cav-1-CAVIN1-LC3B-mediated autophagy
degradation of Cav-1. This process eventually manifests as the
increased expression of Cav-1 to promote the formation of
caveolae and mediates the increase in LDL endocytosis (Bai
et al., 2020). Interestingly, Xue et al. found that overexpression
of CAV1 in L02 cells treated with alcohol and oleic acid can
inhibit the Akt/mTOR pathway, thereby activating autophagy
and alleviating cellular lipid deposition (Xue et al., 2020). The
above information indicates that Cav-1 has different roles in the
regulation of autophagy and cellular metabolism in different
cell lines.

4.6 Caveolin-1 and Oxidative Stress
Oxidative stress is the key factor in cellular metabolism (Liu et al.,
2019). It has been demonstrated that Cav-1 regulates oxidative
stress and participates in the process of cellular life. Under
oxidative stress, the expression of Cav-1 is increased in
nucleus pulposus cells and related to premature senescence,
whereas silencing the expression of CAV1 can reduce the
protein expression of p53 and p21 to protect cells from
senescence (Ding et al., 2017). In contrast, under oxidative
stress, Cav-1 is abundantly expressed in chondrocytes and
transferred from the plasma membrane to the nucleus to
participate in the repair of DNA damage (Goutas et al., 2020).
In addition, overexpression of CAV1 in rhabdomyosarcoma cells,
the cell cycle is blocked in the G2/M phase, which is accompanied
by the reduced expression of p21, p16, and cleaved caspase-3,
whereas the production of catalase is increased; therefore, Cav-1
enhances DNA repair and protects against cellular senescence
and apoptosis from oxidative stress (Codenotti et al., 2021).
However, interestingly, Goutas et al. did not observe a
displacement of Cav-1 and the DNA damage repair in patients
with osteoarthritis (Goutas et al., 2020). Thus, the role of Cav-1 in
DNA repair in cells requires further confirmation.

There is a closed relationship between oxidative stress and
inflammation. Studies have shown that the Cav-1 regulates
oxidative stress and affects inflammation. Wang et al. found
that high-fat diet-fed ApoE−/− mice with atherosclerosis show
increased activity of JNK-related signals, oxidative stress, and
inflammation, whereas these changes were rescued in mice with a
double knockout of ApoE and CAV1 (Wang et al., 2018). In
contrast, in mice with liver injury induced by carbon tetrachloride
(CCl4), CAV1 gene knockout can aggravate oxidative stress and
activate the TGF-β signaling pathway and the production of
proinflammatory factors, such as IL-1β and IL-6, leading to liver
fibrosis (Ji et al., 2018). Furthermore, in E11 murine kidney
podocytes, Cav-1 promotes the production of antioxidant
enzymes and inhibits the oxidative stress response induced by
H2O2, alleviating the inflammatory damage of podocytes (Chen
et al., 2017). Conversely, Cav-1 also affects the energy conversion
of cells (Fernández-Rojo et al., 2012). Recently, Shao et al. found
that knockdown of CAV1 with shRNA in pancreatic stellate cells
promotes the production of ROS, and the production of ROS
further reduces the expression of Cav-1 (Shao et al., 2020). This

Cav-1-ROS positive feedback induces the conversion of cell
energy metabolism to glycolysis, and the products of glycolysis
promote cell energy production through mitochondrial oxidative
phosphorylation, which further promotes the proliferation of
pancreatic cancer cells (Shao et al., 2020). This information
indicates that Cav-1 plays an important role in regulating
oxidative stress and inflammation by affecting cellular
metabolism.

4.7 Other Functions of Caveolin-1:
Mechanical Sensing and Vesicle Transport
Cav-1, as the main component protein of caveolae, is involved not
only in regulating metabolism but also in mechanical
transduction and vesicle transport. Cav-1 phosphorylation is
essential for caveolae to perform signal transduction,
endocytosis (Nabi and Le, 2003) and lipid transport (Pilch and
Liu, 2011); enzymes (Coelho-Santos et al., 2016), viruses (Xing
et al., 2020), and LDL (Gerbod-Giannone et al., 2019) enter the
cell through caveolae-dependent endocytosis, which is related to
phosphorylation of Cav-1. Caveolae act as a cell membrane
sensor (Parton and del Pozo, 2013) and mechanical sensor
(Sinha et al., 2011), which can quickly adapt to sudden and
acute mechanical stress stimulation (Sinha et al., 2011). When the
cell responds to a variety of stimuli, such as osmotic/stretch,
shear, ultraviolet, and oxidative stimuli, the tension of the cell
membrane increases, which promotes caveolae disassembly
(Parton et al., 2020a). The above stimuli cause caveolae
flattening and may eventually induce cavin dissociation,
changes in lipid distribution on the cell membrane, and Cav-1
tyrosine phosphorylation (Parton et al., 2020a). Phosphorylated
Cav-1 can regulate actin to detach caveolae from the plasma
membrane and enter the cytoplasm (Zimnicka et al., 2016) and
then traffic to LDs, which may be involved in cell lipid
metabolism (Matthaeus and Taraska, 2020). It is particularly
noteworthy that the relationship between Cav-1 and lipid
metabolism has aroused widespread research interest. Recent
studies have found that Cav-1 regulates lipid metabolism and
participates in kidney-related diseases (Chen et al., 2016;
Mitrofanova et al., 2019). Therefore, we focused on the
relationship between Cav-1 regulation of cellular metabolism
and the kidney.

5 CAVEOLIN-1 AND KIDNEY DISEASE

5.1 Acute Kidney Disease
Cav-1 is involved in the pathophysiology of acute kidney injury
(AKI). Zager et al. found that the expression of Cav-1 was
increased in ischemia ± reperfusion–induced AKI mice and
verified that the destruction of the caveolae in the damage of
renal tubular epithelial cells, which causes cholesterol and Cav-1
are separated from the plasma membrane, leading to free
cholesterol deposits in the lumen of the renal tubules and an
increased level of urine Cav-1 (Zager et al., 2002). Accordingly,
Cav-1 was considered a possible biomarker of AKI (Zager et al.,
2002). In addition, proximal renal tubular injury leads to
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increased destruction of caveolae, and Cav-1 translocates into the
cytoplasm; activates the expression of PDGFR-β, EGFR, and Rho
guanosine triphosphatase (GTPase) signaling proteins; and
participates in the process of renal tubular cell regeneration
(Mahmoudi et al., 2003; Fujigaki et al., 2007). Likely, in
ischemic reperfusion AKI mice treated with EPO, a significant
increase in the expression of Cav-1 in blood and kidney tissue is
observed (Kongkham et al., 2016). In addition, Cav-1 has also
been found to be highly expressed in apoptotic tubular cells,
although it remains controversial whether Cav-1 plays a role in
promoting repair or apoptosis in AKI (Mahmoudi et al., 2003).
Notably, Moore et al. reported that Cav-1 is a tissue fibrosis
inhibitor, and its genetic polymorphisms are associated with renal
transplantation fibrosis and allogeneic transplantation failure
(Moore et al., 2010). Furthermore, another recent study has
demonstrated increased expression of Cav-1 in the serum of
patients with kidney transplant, which associated with a
decreased incidence of tubulointerstitial rejection (Emmerich
et al., 2021). From the above information, it can be seen that
Cav-1 has different roles in AKI, and its detailed mechanism still
lacks experimental verification.

5.2 Glomerulus Nephritis
Although glomerulonephritis is an immune-mediated disease,
recent studies have shown that consistent changes in the kidney
transcriptome are consistent with the metabolic reprogramming
of different forms of glomerulonephritis (Grayson et al., 2018),
which may indicate that abnormal cellular metabolism also plays
an important role in this disease. Tamai et al. showed, for the first
time, that caveolae are present in mesangial cells and the Cav-1 is
located on caveolae, as detection by electron microscope (Tamai
et al., 2001). Furthermore, they demonstrated that Cav-1 can bind
to PDGF receptors to mediate the PDGF pathway and modulate
mesangial proliferative glomerulonephritis (Tamai et al., 2001).
In addition, Ostalska-Nowicka et al. verified that the expression
of Cav-1 in parietal epithelial cells is significantly lower in
children diagnosed with focal segmental glomerulosclerosis
and lupus glomerulonephritis than in those with minimal
change disease, Schönlein-Henoch glomerulopathy, or in
controls (Ostalska-Nowicka et al., 2007). Furthermore, the
high expression level of Cav-1 in glomerular ECs is positively
correlated with proteinuria, and it is suggested that Cav-1
mediates EC endocytosis of albumin and participates in the
progression of glomerular-related diseases (Moriyama et al.,
2011; Moriyama et al., 2017). Although current studies suggest
that Cav-1 may regulate the progression of glomerular associated
diseases by endocytosing of macromolecules (cholesterol or
albumin), the mechanism by which Cav-1 modulates the
development of glomerular diseases requires further study.

5.3 Diabetic Kidney Disease
Previous studies have shown that Cav-1 has antifibrotic
properties by regulating cell proliferation, migration and
adhesion, as well as inhibiting the TGF-β signaling pathway in
diabetic kidney disease (DKD) (Gvaramia et al., 2013; Shihata
et al., 2017; Van Krieken and Krepinsky, 2017). In addition, Cav-1
might also regulate glucose uptake andmediate the endocytosis of

urinary albumin; therefore, it is considered a potential therapeutic
target for DKD (Van Krieken and Krepinsky, 2017). Arya et al.
found that, in rats with diabetic nephropathy, the highly
expressed Cav-1 can bind to nitric oxide synthase (eNOS) and
inhibit its signal transduction, thereby reducing the production of
NO and eventually leading to increased level of serum urea
nitrogen, blood creatinine and urine protein, whereas the
above changes can be reversed by Cav-1 inhibitors (Arya
et al., 2011). Conversely, in renal mesangial cells treated with
high glucose, Cav-1 phosphorylated by Src kinase can activate
RhoA, which may be related to the development of glomerular
matrix accumulation in DKD (Wu et al., 2014). Xie et al. showed
that, in mesangial cells treated with high glucose, RhoA/Rock
promotes the translocation of NF-kB into the nucleus to increase
the transcription level of inflammatory factors such as ICAM-1,
TGF-β1, and FN and ultimately leads to the production of
mesangial cell matrix (Xie et al., 2013). Furthermore, high
glucose has been shown to induce an increase in the
production of mitochondrial ROS (mtROS) and vascular
endothelial growth factor (VEGF), and mtROS in glomerular
ECs, which activates Src kinase to phosphorylate Cav-1, leading
to increased albumin endocytosis and massive proteinuria (Xie
et al., 2013). Furthermore, under high-glucose conditions,
phosphorylation of Cav-1 upregulates the expression of TLR-4
and promotes the secretion of pro-inflammatory factors, such as
TNF-α, IL-6, IL-1β, and MCP-1 in podocytes and accelerates the
process of DKD (Sun et al., 2014b). More importantly, diabetic mice
with deficiency ofCAV1 gene inmesangial cells showed a significant
inhibitory effect on the PKCβ1/ROS/RhoA/Rho-kinase signaling
pathway; the expression of TGFβ1, FN, and collagen I is reduced,
whereas the expression of AMPK is upregulated (Zhang et al., 2012;
Guan et al., 2013). However, howCav-1 regulates AMPK expression
affects the development of DKD is unknown. Another study found
that CAV1 knockout in mesangial cells of diabetic mice upregulates
the protein expression of follistatin, which neutralizes and inhibits
activin, ultimately decreasing proteinuria, glomerular sclerosis, and
extracellular matrix accumulation (Zhang et al., 2019). SMPDL3b is
an enzyme related to lipid metabolism, which can downregulate the
expression of ceramide-1-phosphate and affect the phosphorylation
of AKT, leading to podocyte damage (Mitrofanova et al., 2019). In
mice carrying a specific knockout of the SMPDL3b in podocytes, the
Cav-1 combines with IRB to transduce insulin signals and
phosphorylate Akt, which reduces podocyte damage and delays
the progression of DKD (Mitrofanova et al., 2019). These data
suggest that Cav-1, a cell metabolism related molecule, plays a
critical role in kidney injury in DKD.

5.4 Clear Cell Renal Cell Carcinoma
Metabolic reprogramming in clear cell renal cell carcinoma
(RCC) has been recognized (Wettersten et al., 2017). It has
been reported that Cav-1 inhibits breast cancer stem cells
through metabolic reprogramming (Wang S. et al., 2020).
Recent evidence has shown that Cav-1 is considered one of
the possible prognostic biomarkers of clear cell RCC (Waalkes
et al., 2011). Cav-1, which is increased significantly in RCC
kidney tissue, can regulate the growth and metastasis of cancer
cells (Joo et al., 2004; Steffens et al., 2011). In addition, the
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expression of Cav-1 and phosphorylated ERK-1/2 in local RCC
tissues is also considered to be a predictor of metastasis of RCC
(Campbell et al., 2013). The Cav-1/AKT/mTOR axis has been
shown to promote the proliferation of cancer cells and vascular
metastasis (Campbell et al., 2008). Recently, Zhang et al. found
that Cav-1 binds to oxidized low-density apolipoprotein receptor
1 (LOX-1) to induce lipid deposition and promote tumor cell
proliferation, but this effect can be reversed by celastrol (Zhang
et al., 2021). Although Cav-1 participates in the metabolism of
cancer cells and regulates the survival of cancer cells, the
relationship between Cav-1 and RCC merits in-depth study.

6 THERAPEUTIC PROMISING

Because Cav-1 plays an important role in cellular metabolism and
activities related to cellular life, especially the development of
various kidney diseases, recent studies targeting Cav-1 for the
treatment of various diseases, especially kidney diseases, have
become a research hotspot (Table 1). Here, we focus on some
chemical compounds, drugs, and various extracts from
traditional Chinese medicine, which target Cav-1 or its
associated signaling pathway and summarize their application
in kidney diseases.

6.1 Caveolin-1 Inhibitor
6.1.1 Chemical Compound
Methyl-β-cyclodextrin (MβCD), filipin, and daidzein are the
more common inhibitors of Cav-1 (Woodman et al., 2004;
Peng et al., 2007; Gao et al., 2014). Recent studies have shown
that the effects of these drugs on the functions of Cav-1 may be
secondary to the disruption of caveolae. MβCD and filipin can
destroy the structure of caveolae and reduce Cav-1
phosphorylation and downstream signaling pathways, such as
the Cav-1/RhoA and Scr/Cav-1/EGFR/Akt signaling pathways,
resulting in the prevention of fibronectin and collagen I
production and alleviation of glomerulosclerosis (Peng et al.,
2007; Zhang et al., 2007). In addition, MβCD can affect the signal
transduction of ANG-II receptors and reduce glomerular
mesangial hyperplasia (Adebiyi et al., 2014). Previous studies
have shown that Cav-1 located on caveolae of glomerular ECs
(HRGECs) mediates albumin entry into glomerular ECs and
transcytosis, leading to proteinuria in glomerular diseases,
whereas MβCD can reverse the abovementioned changes
(Moriyama et al., 2015; Moriyama et al., 2017). In addition,
Daidzein, another inhibitor of Cav-1 (Sharma et al., 2012; Gao
et al., 2014), has been found to have anti-inflammatory,
antioxidative stress, and renoprotective effects in the mice with
AKI induced by cisplatin (Meng et al., 2017; Tomar et al., 2020).

TABLE 1 | Potential therapeutic target of Cav-1 in kidney disease.

Category Compound/
Effector

Mechanism Major findings in
kidney disease

References

Chemical compounds Methyl-beta-
cyclodextrin

Destroy caveolae 1. Mesangial cells: the production of collagen I and
fibronectin is reduced, which reduces mesangial
expansion and mesangial cell hypertrophy.

Moriyama et al. (2017), Peng
et al. (2007), Zhang et al. (2007)

2. Endothelial cells: protect the filtration function of the
kidneys and reduce proteinuria.

Filipin Destroy caveolae Mesangial cells: mainly reduce the internal pressure of
the glomerulus and relieve glomerular sclerosis.

Peng et al. (2007), Zhang et al.
(2007)

Daidzein Inhibit the expression of Cav-1 1. Inhibit the Cav-1-eNOS pathway, increase kidney NO
production, and reduce blood urea nitrogen, serum
creatinine, urine protein, and collagen content in
diabetic rats

Arya et al. (2011), Meng et al.
(2017), Tomar et al. (2020)

2. Renal tubular cells: anti-inflammatory, antioxidant,
reduction of urine protein, creatinine, and urea nitrogen.

Extract from Traditional
Chinese Medicines

Curcumin Inhibition of Cav-1 Y14
phosphorylation

Podocytes: reduce the damage caused by pro-
inflammatory factors to podocytes and alleviate
oxidative stress and apoptosis of podocytes.

Sun et al. (2014a)

Salidroside Inhibit Cav-1 Y14
phosphorylation

Endothelial cells: protect the filtration function of the
kidneys and reduce proteinuria.

Wu et al. (2016)

Catalpol Inhibit Cav-1 Y14
phosphorylation

Reduce kidney damage and inhibiting mesangial cell
proliferation by improving lipid metabolism, IGF-1
signaling.

Bai et al. (2019), Zhou et al.
(2014)

Rock inhibitor Fasudil Inhibit Cav-1/RhoA and VEGF/
Cav-1 pathways

1. Mesangial cells: reduce the production of ICAM-1,
TGF-β1, and FN and alleviate renal fibrosis.

Huang et al. (2021), Jin et al.
(2015), Xie et al. (2013)

2.Podocytes: reduce the inflammatory damage of IL-6
and MCP-1 to podocytes.

Noncoding RNA miR-204 Inhibit Cav-1/TRPM3-
mediated autophagy

miR-204 indirectly inhibits TRPM3-mediated
downstream LC3B-related autophagy through Cav-1,
thereby inhibiting the progression of clear cell renal cell
carcinoma.

Hall et al. (2014)

CircAKT1 Sponge miR-338-3p and
upregulate Cav-1 expression

Promote the proliferation, migration, invasion, and
epithelial-mesenchymal transition (EMT) of clear cell
renal cell carcinoma cells.

Zhu et al. (2020)
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Furthermore, Daidzein can also reverse the pathological changes
in diabetic rats and reduces urine protein, blood creatinine, and
urea nitrogen by inhibiting the Cav-1/eNOS/NO pathway (Arya
et al., 2011). In addition, Daidzein has a potential effect on
diabetes, and its complications are mediate by regulating
cellular metabolism, including glucose and lipid metabolism,
as well as oxidative stress (Das et al., 2018). Daidzein
improves hyperglycemia, insulin resistance, dyslipidemia,
obesity, and inflammation (Das et al., 2018). These data
suggest that Cav-1 inhibitors can affect the progression of
kidney disease by regulating cellular metabolism, but the
precise mechanism is still unclear.

6.1.2 Traditional Chinese Medicine Extracts
Curcumin, as an extract from traditional herbal medicine, has
multiple functions, such as antioxidation, anti-inflammatory, and
antifibrosis activities (Santos-Parker et al., 2017; Tsuda, 2018;
Kong et al., 2020). It can regulate the fibrosis process of kidney
disease through Cav-1–related signaling pathways (Sun et al.,
2017). Under high-glucose conditions, the Cav-1/TLR-4 signaling
pathway mediates pro-inflammatory factors, such as TNF-α, IL-
6, IL-1β, and MCP-1, to induce the reversal of podocyte damage
in response to curcumin (Sun et al., 2014b). In addition,
Curcumin can also inhibit the phosphorylation of Cav-1 under

high-glucose conditions and alleviate the oxidative stress and
apoptosis of podocytes, as well as the epithelial-mesenchymal
transition (EMT) and proteinuria of podocytes, eventually
delaying the progression of diabetic mice (Sun et al., 2014a;
Sun et al., 2016).

Salidroside (SAL) is an active ingredient isolated from the
traditional Chinese medicine rhodiola that has a protective effect
on kidney diseases.Wu et al. found that SAL upregulates AMPK and
downregulates Src kinase under high-glucose conditions, thereby
inhibiting Cav-1 phosphorylation, inhibiting glomerular ECs
(GECs) albumin endocytosis, and reducing albuminuria in
diabetic mice (Wu et al., 2016). Xue et al. found that SAL can
activate the Sirt1/PGC-1α axis to promote mitochondrial biogenesis
and alleviate pathological changes in diabetic mice, as shown by
decrease in urine albumin, blood urea nitrogen and serum creatinine
(Xue et al., 2019). Furthermore, SAL inhibits the TLR4/NF-κB and
MAPK pathways to prevent inflammation and fibrosis, protecting
kidney function (Li et al., 2019). Previous studies have shown that
Cav-1 regulates the TLR4 signaling pathway and participates in the
inflammatory response of podocytes (Sun et al., 2014b). Whether
SAL regulates the Cav-1/TLR4 pathway to reduce renal
inflammatory damage requires follow-up research.

Catalpol was previously found to have neuroprotective effects
in diabetic mice by increasing the expression of Cav-1 and PKC

FIGURE 3 | Cav-1 mediates protein membrane targeting and regulates cellular metabolism. When cells are subjected to harmful external stimuli (such as high
glucose and oxidative stress), the transcription levels ofCAV1 increase, which promotes the formation of caveolae on the cell membrane. The expressed Cav-1 can then
recruit receptors such as IGF-IR, glucose transporter, and LOX-1 to caveolae and bind there to Cav-1 and subsequently regulate glucose or lipid metabolism by
mediating specific receptor signals. In addition, under high glucose conditions, blocking autophagy induced by the AMPK-MTOR-PIK3C3 pathway reduces the
degradation of Cav-1 by autophagy, resulting in increased expression of cavin and Cav-1. The high expression of Cav-1 recruits LC3B and binds together to inhibit the
formation of autophagosomes, further inhibiting autophagic degradation of Cav-1 and leading to an increase in the formation of caveolae, which eventually mediates
increased endocytosis of low-density apolipoprotein.
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(Zhou et al., 2014). The review by Bai et al. summarized that the
ability of catalpol to reduce kidney damage by improving lipid
metabolism and IGF-1 signal transduction (Bai et al., 2019). On
the basis of the function of Cav-1 in regulating lipid metabolism,
catalpol may play a key role in kidney disease by regulating the
expression of Cav-1.

6.1.3 Rock Inhibitor: Fasudil
It has been reported that Cav-1 plays a key role in regulating the
RhoA/Rock pathway, which is involved in inflammation and
apoptosis in kidney disease (Peng et al., 2007; Wu et al., 2014;
Nozaki et al., 2015; Zhao et al., 2015). Fasudil, a Rock inhibitor,
blocks the VEGF/Src/Cav-1/signaling pathway to alleviate renal
inflammation, glomerulosclerosis, and proteinuria in diabetic mice
(Xie et al., 2013; Jin et al., 2015). In addition, Rock inhibitor also
plays an important role in cellular metabolism. In high-fat–fed
mice, fasudil can activate AMPK, thereby promoting lipid
metabolism (Noda et al., 2014; Noda et al., 2015). Furthermore,
in diabetic mice, the RhoA/ROCK/NF-κB signaling pathway is
inhibited when pancreatic islets are transplanted into mice, and the
production of podocyte inflammatory factors such as IL-6 and
MCP-1, is reduced, reversing podocyte damage (Huang et al.,
2021). Recently, the role of Rho family GTPases in regulating cell
glucose metabolism and maintaining glucose homeostasis has also
received increasing attention (Møller et al., 2019; Machin et al.,
2021). Therefore, whether Rock inhibitors indirectly affect Cav-
1–related signaling pathways to regulate kidney energymetabolism
still needs to be addressed.

6.1.4 Noncoding RNA
Many studies have shown that noncoding RNAs regulate the
expression of Cav-1 and affect its downstream events. It has been
found that miR-204 (Hall et al., 2014) and circAKT1 (Zhu et al.,
2020) affect the progression of kidney disease by regulating Cav-1.
Hall et al. found that, in VHL (−) RCC cells, miR-204 indirectly
affects the transient receptor potential melastatin 3
(TRPM3)–induced autophagy by inhibiting the expression of
Cav-1, which, in turn, affects the development of RCC (Hall
et al., 2014). In addition, Zhu et al. found that circAKT1, which
is highly expressed in clear cell RCC, promotes the proliferation and
progression of renal cancer cells by upregulating the expression of
Cav-1 by sponging miR-338-3p (Zhu et al., 2020). However, Mehta
et al. recently found that CAV1 deficiency in glomerular mesangial
cells can inhibit miR299a-5p, which may posttranscriptionally
regulate the expression of follostatin, thereby exerting an anti-
renal fibrosis effect (Mehta et al., 2021). The above studies may
indicate that noncoding RNAs are involved in the progression of
Cav-1–mediated kidney disease.

7 CONCLUSION AND PERSPECTIVES

Cav-1 is a metabolism-related membrane protein in a variety of cell
types, which is involved in the pathophysiology of a variety of
diseases by a large signaling network system. Despite recent studies
showing robust evidence for the critical role of Cav-1 in metabolic
disorders, oxidative stress, and autophagy, most of the studies
indicated that Cav-1 is a potential therapeutic target in cancer
and cardiovascular diseases, whereas few studies have been
conducted in kidney disease. Because cellular metabolic
homeostasis is critical in kidney disease, here, we propose that
Cav-1 is closely linked to kidney disease through the regulation
of cellular metabolism. When cells are subjected to stress and other
stimuli, the expression of Cav-1 is increased, and it is then
translocated to the cell membrane. At the membrane, it recruits
specific receptors and molecules such as IGF-IR, glucose
transporters, and LOX-1 into the caveolae, mediating
downstream signal transduction and affecting cellular metabolism
including glucose and lipid metabolism. Conversely, in vascular ECs
treatedwith high glucose, autophagy induced by theAMPK-MTOR-
PIK3C3 pathway is blocked to reduce the degradation of Cav-1 by
autophagy, whereas the increased expression of Cav-1 inhibits the
formation of downstream autophagosomes by recruiting and
binding to LC3B, thus further inhibiting the autophagic
degradation of Cav-1 and leading to an increase in caveolae
formation. This process mediates the increase in endocytosis of
low-density apolipoprotein and affects cellularmetabolism (Bai et al.,
2020). As mentioned above, Cav-1 may have a potential role in
kidney disease by regulating cellular metabolism (Figure 3). In
addition, we also describe Cav-1 and its related signaling
molecules as potential therapeutic targets based on the use of
related inhibitors and extract from traditional medicines in
various kidney diseases. This review may open up new horizons
for future investigations of the role of Cav-1 in kidney and other
disease.
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Insulin-Like Growth Factor Binding
Proteins in Kidney Disease
Shuqiang Wang1,2, Kun Chi1, Di Wu1 and Quan Hong1*

1Department of Nephrology, Chinese PLA General Hospital, Chinese PLA Institute of Nephrology, State Key Laboratory of Kidney
Diseases, National Clinical Research Center for Kidney Diseases, Beijing Key Laboratory of Kidney Diseases, Beijing, China,
2Department of Nephrology, Peking University Shenzhen Hospital, Shenzhen, China

The seven members of the insulin-like growth factor (IGF) binding protein family (IGFBPs)
were initially considered to be the regulatory proteins of IGFs in the blood circulation, mainly
as the subsequent reserve for bidirectional regulation of IGF function during environmental
changes. However, in recent years, IGFBPs has been found to have many functions
independent of IGFs. The role of IGFBPs in regulating transcription, inducing cell migration
and apoptosis is closely related to the occurrence and development of kidney disease.
IGFBP-1, IGFBP-3, IGFBP-4 are closely associated with diabetes and diabetic
nephropathy. IGFBP-3, IGFBP-4, IGFBP-5, IGFBP-6 are involved in different kidney
disease such as diabetes, FSGS and CKD physiological process as apoptosis
proteins, IGFBP-7 has been used in clinical practice as a biomarker for early diagnosis
and prognosis of AKI. This review focuses on the differential expression and pathogenesis
of IGFBPs in kidney disease.

Keywords: IGFBPs, kidney disease, function, mechanism, biomarker

INTRODUCTION

Insulin-like growth factors (IGFs), including IGF-I and IGF-II, are members of the insulin
superfamily of growth promoting peptides, and are one of the most abundant and common
growth factor polypeptides. IGFs have seven exclusive high-affinity IGF binding proteins
(IGFBPs) in vivo. IGFBPs exists in blood circulation, extracellular tissue fluid and intracellular
tissues, and they can regulate the half-life of IGF in blood circulation, the distribution of IGF in
tissues and its binding to cell receptors (Baxter, 2014). It is precisely because of the presence of these
seven IGFBPs that complicates the biological utilization and signal transduction of IGF.

IGFBPs is a class of secreted proteins that is able to interact with many ligands other than IGFs,
and most of these interactions are believed to be independent of the IGF-IGFR signaling pathway, so
these functions of IGFBPs are independent of IGFs/IGFR (Holbourn et al., 2008). At present, IGFBPs
research is mainly focused on the tumor field. Multitudes of preclinical studies have shown that
IGFBPs can inhibit the growth of tumors, but some studies believe that IGFBPs also exist as an
oncogene. In addition, there is evidence that some IGFBPs may be potential biomarkers that can be
used to evaluate tumor prognosis or therapeutic resistance.

In recent years, the role of IGFBPs in kidney disease has been taking serious gradually. Studies
showed that the growth binding protein family are associated with the development of kidney,
primary renal diseases such as mesangial proliferation of IgA nephropathy (IgAN), secondary kidney
disease such as diabetic nephropathy (DN), and chronic kidney disease (CKD). Similar to tumors,
researchers are also keen to find early diagnosis and prognostic biomarkers for these various kidney
diseases. Currently, IGFBP-7 has been used as an early diagnosis and prognostic marker for acute
renal insufficiency (AKI). Other IGFBPs are also identified as biomarkers in different kidney diseases
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(Table 1). This review will review the basic research of the
application of IGFBP family in kidney disease, and summarize
the research status of IGFBPs in kidney disease, so as to provide
some reference for new research.

THE BASICMOLECULAR BIOLOGY OF THE
IGFBP FAMILY

According to evolution tracking, the homology of IGFBP family
genes expanded in the two basal vertebrate tetraploidization (2R)
and recombined in the genome of early prochordate animals
(Daza et al., 2011). Based on the strict definition of structure and
function, there are six recognized IGFBP family proteins named
IGFBP-1∼IGFBP-6. Although there is still debate about whether
IGFBP-7 should be classified as IGFBPs or defined as IGFBP-
related protein (IGFBP-rPs) due to its weaker affinity for IGF-I
and IGF-II compared with IGFBP-1∼IGFBP-6, the name
“IGFBP-7” is still widely used in the research.

The precursory IGFBP sequence generally has 240–328 amino
acid residues before the cleavage of the signal peptide (Daza et al.,
2011). Common post-translational modifications of IGFBP
family proteins include n-terminal glycosylation,
phosphorylation of serine/threonine, and partial proteolysis.
The main domains of IGFBPs mainly include IGF binding
domains at the amino terminal, heparin binding domains,

insulin binding domains and the acid-labile subunit (ALS) in
the central region, as well as RGD integrin-binding domains at
the carboxyl terminal and nuclear localization domains (Firth
and Baxter, 2002). Therefore, IGFBP family has a wide range of
molecular functions. In addition to binding to IGF, IGFBP can
also bind to cell membrane receptors, integrin family, and play a
role directly in the nucleus. IGFBP-3, IGFBP-5 and IGFBP-6
enter the nucleus by binding to the nuclear transporter importin-
β through NLS, the same nuclear localization domain at the
c-terminal (Schedlich et al., 2000). There is no c-terminal NLS
subunit in IGFBP-2, but a structure domain similar to NLS is in
the center of IGFBP-2, which is suspected to mediate the
nucleation of IGFBP-2 after the combination of importin-β
(Azar et al., 2013). However, there is no research showing that
the remaining IGFBP are able to import to the nucleus.

IGFBP-1

IGFBP-1 is the first IGF-binding protein with the molecular
weight of 27.9 KDa. IGFBP-1 is high expressed in the female
reproductive system and liver, but is low expressed in the kidney.
In kidney, IGFBP-1 is mainly expressed in the glomerulus.
IGFBP-1 is associated with body and kidney development. All
of the whole weight, kidney weight and nephron of IGFBP-1
transgenic mice reduce slightly (Rajkumar et al., 1995). IGFBP-1

FIGURE 1 | Possible pathogenesis of IGFBPs in renal disease. There are few studies on the mechanism of action of IGFBPs in renal disease. Based on the
advances in oncology and rheumatology, we speculate that some of the possible mechanisms of action of IGFBPs in renal disease including cell migration, adhesion,
apoptosis, cell cycle arrest and EMT, which need to be further verified by strict basic experiments.
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plays an important role in diabetes and diabetic nephropathy.
IGFBP-1 is associated closely with obesity and insulin resistance
(Maddux et al., 2006; Rajwani et al., 2012; Bernardo et al., 2015;
Zaghlool et al., 2021). The diagnosis, treatment and prognosis of
type 1 and type 2 diabetes mellitus are very different, and the
mechanisms of diabetic kidney disease (DKD) are still unclear,
the treatment of DKD is a difficulty in clinic. Type 1 diabetes
(T1D) and DN had increased circulating IGFBP-1 level and
decreased DNA methylation levels of the IGFBP-1 gene.
Whereas, low serum IGFBP-1 levels and increased DNA
methylation levels in the IGFBP-1 gene were associated with
the risk of type 2 diabetes (T2D) (Gu et al., 2014), implies that
IGFBP-1 is involved in different types of diabetes by different
mechanisms. Glomerulus IGFBP-1 is reduced in early type 2
DKD and controlled by PI3K–FoxO1 activity in podocytes (Lay
et al., 2021), thereby to play a role in DKD. In this way, IGFBP-1
may be a promising candidate for diagnoses and therapeutic
development in the field of DM and DKD.

In addition, researchers explored the role of IGFBP-1 in other
kidney disease. IGFBP-1 expression is elevated in IgA
nephropathy, FSGS, acute kidney injury (AKI) and CKD. And
it is correlated with estimated glomerular filtration rate (eGFR),
cell proliferation (Gleeson et al., 2001), glomerular sclerosis
(Doublier et al., 2000; Worthmann et al., 2010), erythropoietin
induced stress state (Yamashita et al., 2016) and interstitial
fibrosis (Tokunaga et al., 2010). But these mechanism needs to
be tested further.

IGFBP-2

IGFBP-2mRNAwas high expressed in the liver and pancreas, less
expressed in the kidney. In kidney, IGFBP-2 is mainly expressed
in the mesangial cells. The molecular weight of IGFBP-2 is about
34.8 KDa. Studies of IGFBP-2 focused in secondary nephritis
caused by autoimmune disease. Clinical studies found that serum
IGFBP-2 is increased in lupus nephritis (LN), but there is
controversy in whether IGFBP-2 is related to renal function.
In some studies, serum IGFBP-2 level is correlated positively with
serum creatinine and can be used as a marker of to reflect the
activity and chronic degree of nephritis (Wu et al., 2016a; Ding

et al., 2016). But in another study detected by cytokine antibody
array, IGFBP-2 is highly related to the activity of SLE and LN, but
no significant association with reduced renal function (Yan et al.,
2020). This difference in results may due to different race, sample
size and detection methods, thus we need more studies to get
verification. In basic studies, the increased expression of IGFBP-2
in the outer cortical glomerulus may be associated with
glomerular sclerosis and renal loss in lupus nephritis
(Mohammed et al., 2003), and it may inhibit the mesangial
proliferation induced by IGF-1 and enhance the extracellular
matrix deposition (Wolf et al., 2000).

Except LN, IGFBP-2 in the blood can be used as an early
diagnostic marker for AKI, and its sensitivity is higher than
creatinine, urea nitrogen and cystatin C (Li et al., 2018), and this
might be induced by hypoxia (Minchenko et al., 2015). In studies
related to chronic kidney disease, circulating IGFBP-2 increased
in CKD patients with different conditions, including
experimental uremia, CKD caused by heart failure, and
children with CKD (Powell et al., 1996; Tönshoff et al., 1997;
Mahesh and Kaskel, 2008; Narayanan et al., 2012; Mirna et al.,
2020; Ravassa et al., 2020). What’s more, clinical studies have also
tracked the renal function level and plasma IGFBP-2
concentration of more than 400 patients with diabetic
nephropathy over an 8-year period, suggesting that IGFBP-2 is
a biomarker to predict longitudinal deterioration of renal
function in patients with type 2 diabetes (Narayanan et al., 2012).

IGFBP-3

IGFBP-3 is highly expressed in female reproductive system and
less expressed in kidney. The molecular weight of IGFBP-3 is
31.6 KDa. IGFBP-3 is the most important IGFBPs in the blood,
combining 75–90% IGF-I in circulation (Oh, 2012). Compared
with other IGFBPs, IGFBP-3 is involved in a wider range of
kidney diseases.

In primary nephropathy, IGFBP-3 is involved in the
development of IgA nephropathy and podocytosis. IgA
nephropathy is an important type of mesangial proliferative
nephropathy. IGFBP-3 was found to be up-regulated in the
kidney of experimental IgA nephropathy (Tokunaga et al.,

TABLE 1 | IGFBPs expression of kidney disease in serum and urine. More and more studies have been conducted on the expression of IGFBPs in renal diseases, mainly
focusing on CKD and AKI. All IGFBPs expressions were elevated in the serum of CKD patients, and IGFBP-7 has been a representative marker of AKI, but studies of
IGFBPs on primary renal disease still rare.

Disease Sample IGFBPs References

MCD Urine IGFBP-1↑ Worthmann et al. (2010)
IgAN Serum IGFBP-1↑ Tokunaga et al. (2010)
FSGS Urine IGFBP-1↑,IGFBP-3↑ Worthmann et al. (2010)
DKD Serum IGFBP-1↑(T1D and DN) (Gokulakrishnan et al., 2012; Gu et al., 2014; Al Shawaf et al., 2019)

— IGFBP-1↓(T2D) —

— IGFBP-2↑,IGFBP-4↑ —

LN Serum IGFBP-2↑,IGFBP-4↑ (Wu et al., 2016b; Ding et al., 2016)
AKI Serum IGFBP-2↑,IGFBP-7↑ (Bai et al., 2018; Li et al., 2018)

Urine IGFBP-7↑ (Kashani et al., 2013; Bihorac et al., 2014)
CKD Serum IGFBP-1↑,IGFBP-2↑,IGFBP-3↑, IGFBP-

5↑,IGFBP-4↑,IGFBP-6↑
(Fukuda et al., 1998; Ulinski et al., 2000; Dittmann et al., 2012; Sayanthooran et al., 2017; Mirna
et al., 2020; Ravassa et al., 2020)
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2010). Further research found that in mesangial cells, the
expression and release of IGFBP-3 were regulated by IGF and
TGF-β. IGFBP-3, TGF-β and IGF form feedback regulation in the
glomerulus locally (Grellier et al., 1996). Micropathological
nephropathy (MCD) and focal segmentsclerosing nephritis
(FSGS) are podocyte diseases. There are few positive podocyte
marker (PDX) cells in MCD and more positive cells in FSGS
(Worthmann et al., 2010), suggesting that the glomerular
podocyte shedding of FSGS is serious, and apoptosis is the
important cause of podocyte shedding. Consistent with the
excretion rate of PDX cells, the urine excretion rate and the
expression in plasma of IGFBP-3 in active FSGS model mice and
FSGS patients were significantly up-regulated (Srivastava et al.,
2019), IGFBP-3 can be used as a noninvasive biomarker for
diagnosis and prognosis of FSGS. In podocytosis, rodent studies
have shown that IGFBP-3 regulate the TGF-β/BMP-7 signaling
pathway of podocytes and induce apoptosis of podocytes (Peters
et al., 2006), what’s more, TGF-β induce up-regulation of IGFBP-
3 mRNA expression in human podocytes (Worthmann et al.,
2010). In addition, some tumor studies have confirmed that
IGFBP-3 promote cell apoptosis through the P53 pathway
induced by TGF-β or TNF-α (Besset et al., 1996; Williams
et al., 2000). These studies remind us that there might be a
positive feedback pathway between TGF-β and IGFBP-3,
suggesting a role for IGFBP-3 as a general mediator of
programmed death.

The pro-apoptotic effect of IGFBP-3 is also reflected in
diabetic nephropathy. IGFBP-3 play an in-depth role in
diabetes via apoptosis. Clinical studies showed that IGFBP-3 is
down-regulated in Type 2 Diabetes patients with renal
disfunction, and predict future renal decline in people with
type 2 diabetes combined with apoA4 and CD5L (Peters et al.,
2017; Peters et al., 2019). In terms of mechanism, IGFBP-3
mediates high glucose-induced apoptosis by blocking Akt
phosphorylation at threonine 308 (pThr308) in mesangial cell
and increasing oxidative stress in proximal tubular epithelial Cells
(Vasylyeva et al., 2005; Yoo et al., 2011).

Except these, a study including a large population based of
4,028 men and women aged 20–81 years with adjusting for age,
waist circumference and type 2 diabetes mellitus showed that
IGFBP-3 increases in the blood circulation of in CKD and is
negatively correlated with eGFR (Dittmann et al., 2012),
However, whether IGFBP-3 is involved in the pathogenesis of
CKD or merely serves as a biomarker to indicate the presence of
CKD remains to be further studied.

IGFBP-4

IGFBP-4 is highly expressed in the female reproductive system
and the liver, and a little less in kidney. IGFBP-4 has the
molecular weight of 27.9 KDa. Like other IGFBPs, IGFBP-4
plays an important role in diabetes mellitus and diabetic
nephropathy. People with DN have a significant increase in
their plasma IGFBP-1 and IGFBP-4 (Al Shawaf et al., 2019),
more importantly, IGFBP-4 fragments (including N- and
C-terminal fragments (NT-IGFBP-4 and CT-IGFBP-4)) are

related to cardiovascular mortality in type 1 diabetes patients
no matter with or without nephropathy (Hjortebjerg et al., 2015).
Cardiovascular events are endpoint of death in the vast majority
of patients with DN, in this way, IGFBP-4 is potential to serve as a
predictive marker for DN patients without affected by their own
kidney disease.

Among other kidney diseases, IGFBP-4 was found high
expressed in the serum of CKD patients, and this is correlated
with the kidney failure degree, the reduced osteogenesis during
osteodystrophia (Van Doorn et al., 2001), and growth retardation
in children with CKD (Ulinski et al., 2000). Other studies have
found that the serum concentration of IGFBP-4 is closely
associated with the chronic index of lupus nephritis and the
estimated glomerular filtration rate (eGFR), and can be used as a
marker for lupus nephritis (Wu et al., 2016b).

IGFBP-5

IGFBP-5 is highly expressed in the female reproductive system,
and the expression of the kidney is medium. The molecular
weight of IGFBP-5 is 30.6 KDa. Previous studies showed that
IGFBP-5 is highest expressed in mesangial cells (Matsell et al.,
1994), thus most of the early studies are concentrated on
mesangial cells. The heparin domain of IGFBP-5 mediate the
migration of the mesangial cells by combining cdc42 in the high
glucose environment (Abrass et al., 1997; Berfield et al., 2000),
and IGFBP-5 increases in the glomerular hypertrophy of early
diabetes (Schaeffer et al., 2010). But recent studies of single-cell
sequencing and our exploration showed that IGFBP-5 is highly
expressed in the renal interstitial, which is the highest in kidney
vascular endothelial cell and closely related to CKD (Karaiskos
et al., 2018; Park et al., 2018). Studies of IGFBP-5 in renal diseases
are rare and non-systematic, however, its role in tumormigration,
proliferation (Dong et al., 2020) and tissue fibrosis (Nguyen et al.,
2018) suggests that IGFBP-5 might be a potential maker which
can not be ignored in kidney disease.

IGFBP-6

IGFBP-6 is the smallest IGFBP with the molecular weight of
25.3 KDa mRNA and protein expression level of IGFBP-6 is high
in the kidney. Interestingly, IGFBP-6 can be generated by
cleavage of IGFBP-2 by protease in canine renal tubular
epithelial cells (MDCK) (Shalamanova et al., 2001). IGFBP-6
was infrequently studied in the kidney, while mostly in proteomic
studies of CKD. The abundance of IGFBP-6 in plasma of adults
and children with CKD or ERSD were all significantly up-
regulated (Jarkovská et al., 2005; Christensson et al., 2018),
Consistent with these, the monitoring of plasma IGFBP-6
before and after kidney transplantation and at the time of
rejection showed that IGFBP-6 indicate the status of renal
function in patients with chronic renal insufficiency (Fukuda
et al., 1998), level of IGFBP-6 increases significantly by 8–25 times
with the decrease of renal function (Jehle et al., 2000). Meanwhile,
the urine abundance of IGFBP-6 gradually increased with kidney
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developments (CharltonNorwood et al., 2012; Wang and Li,
2015), and is associated with developmental retardation in
children with CKD (Powell et al., 1997), suggesting that it was
related to the kidney development process. However, these
studies did not refer to the mechanism of IGFBP-6
involvement. But IGFBP-6 has been widely studied in tumor
and nervous system as a pro-apoptotic protein (Wang et al., 2017;
Qiu et al., 2018). Since cell senescence and apoptosis are also
important in development and chronic kidney disease, we
speculated that IGFBP-6 might be involved in development
and fibrosis by regulating apoptosis of renal cells, but more
basic research evidence is needed.

IGFBP-7

IGFBP-7 is high expressed in liver, kidney, bone and muscle, and
the expression level is higher in renal tubules. The molecular
weight of IGFBP-7 is 29.1 kda. Whether IGFBP-7 should be
classified into the IGFBP family is still controversial currently.
Because of the weak binding forces between IGFBP-7 and IGF,
some studies suggest that they should be classified as IGFBP
related proteins (IGFBP-rps). But IGFBP-7 plays a quite
important role in kidney, and the main use of IGFBP-7 is the
early predictive and prognostic marker for AKI(Bai et al., 2018;
Cho et al., 2019). The diagnostic performance of TIMP-2 and
IGFBP-7 as biomarkers of AKI was first described in Sapphire
study (Kashani et al., 2013). This observational study including
744 patients across 20 North American and 15 European centers
led to subsequent clinical study boom on IGFBP-7 and AKI
induced by various causes. A year later, the Topaz study
prospectively validated the urinary [TIMP-2]•[IGFBP-7] test’s
ability (at the 0.3 cutoff level) to identify critically ill patients at
high risk for developing moderate to severe AKI within 12 h with
the high sensitivity of 92% [95% confidence interval (CI),
85–98%] (Bihorac et al., 2014). Based on Sapphire and Topaz
study, the urine compound of TIMP-2 and IGFBP-7 became the
first US Food and Drug Administration (FDA)-approved
biomarker for risk assessment of AKI in ICU patients in 2014
(Us Food and Drug Administ, 2014). In terms of pathogenic
mechanism, TIMP-2 and IGFBP-7 have been confirmed to
participate in cell apoptosis by p53, p21, p27 and ERK1/2

signaling as G1 cell-cycle arrest maker during the early phases
of cell injury (Kashani et al., 2013; Wang et al., 2018).

SUMMARY AND OUTLOOK

The mRNA expression of IGFBP family is generally low in the
kidney, and so far there is less research about IGFBPs in kidney
disease, thus the location of most IGFBP in the kidney is not clear.
The IGFBP family has a variety of functions, including control the
development of the kidney by interacting with IGF, and
regulating the biological process of cell proliferation, apoptosis
and differentiation independent of IGF, thus participating in the
development of IgA nephropathy, podocyte disease, lupus
nephritis and diabetic nephropathy. IGFBP-1, IGFBP-3,
IGFBP-4 are closely associated with diabetes and diabetic
nephropathy. IGFBP-3, IGFBP-4, IGFBP-5, IGFBP-6 are
involved in different kidney disease such as diabetes, FSGS
and CKD physiological process as apoptosis proteins, IGFBP-7
has been used in clinical practice as a biomarker for early
diagnosis and prognosis of AKI. Although the current studies
on the mechanism of IGFBPs in kidney disease are still few and
unsystematic. We describe the possible pathogenesis of IGFBPs in
renal disease in Figure 1 based on current studies. The existing
studies suggest that the role of IGFBPs in kidney disease should
not be ignored. We believe that future studies will reveal more
important functions of IGFBP family.
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Shenkang Injection and Its Three
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Fibrosis by Simultaneous Targeting
IƙB/NF-ƙB and Keap1/Nrf2 Signaling
Pathways
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Oxidative stress and inflammation are important and critical mediators in the development
and progression of chronic kidney disease (CKD) and its complications. Shenkang
injection (SKI) has been widely used to treat patients with CKD. Although the anti-
oxidative and anti-inflammatory activity was involved in SKI against CKD, its bioactive
components and underlying mechanism remain enigmatic. A rat model of adenine-
induced chronic renal failure (CRF) is associated with, and largely driven by, oxidative
stress and inflammation. Hence, we identified the anti-oxidative and anti-inflammatory
components of SKI and further revealed their underlying mechanism in the adenine-
induced CRF rats. Compared with control rats, the levels of creatinine, urea, uric acid, total
cholesterol, triglyceride, and low-density lipoprotein cholesterol in serum were significantly
increased in the adenine-induced CRF rats. However, treatment with SKI and its three
anthraquinones including chrysophanol, emodin, and rhein could reverse these aberrant
changes. They could significantly inhibit pro-fibrotic protein expressions including collagen
I, α-SMA, fibronectin, and vimentin in the kidney tissues of the adenine-induced CRF rats.
Of note, SKI and rhein showed the stronger inhibitory effect on these pro-fibrotic protein
expressions than chrysophanol and emodin. Furthermore, they could improve
dysregulation of IƙB/NF-ƙB and Keap1/Nrf2 signaling pathways. Chrysophanol and
emodin showed the stronger inhibitory effect on the NF-κB p65 protein expression
than SKI and rhein. Rhein showed the strongest inhibitory effect on p65 downstream
target gene products including NAD(P)H oxidase subunits (p47phox, p67phox, and
gp91phox) and COX-2, MCP-1, iNOS, and 12-LO in the kidney tissues. However, SKI
and rhein showed the stronger inhibitory effect on the significantly downregulated anti-
inflammatory and anti-oxidative protein expression nuclear Nrf2 and its target gene
products including HO-1, catalase, GCLC, and NQO1 in the Keap1/Nrf2 signaling
pathway than chrysophanol and emodin. This study first demonstrated that SKI and its
major components protected against renal fibrosis by inhibiting oxidative stress and
inflammation via simultaneous targeting IƙB/NF-ƙB and Keap1/Nrf2 signaling
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pathways, which illuminated the potential molecular mechanism of anti-oxidative and anti-
inflammatory effects of SKI.

Keywords: chronic kidney disease, shenkang injection, chrysophanol (PubChem CID: 10208), emodin, rhein
(PubChem CID: 10168), oxidative stress and inflammation, lkB/NF-kB signaling pathway, Keap1/Nrf2 signaling
pathway

INTRODUCTION

Organ fibrosis is a pathological extension of the normal wound
healing process characterized by oxidative stress and
inflammation; myofibroblast activation and migration; and
excessive synthesis, deposition, and remodeling of extracellular
matrix (ECM) components, mainly including collagen,
fibronectin, and α-smooth muscle actin (α-SMA) (Miao et al.,
2021a). A variety of pathophysiological principles is shared by
many fibrotic-associated diseases, such as cirrhosis, kidney
fibrosis, myocardial fibrosis, and idiopathic pulmonary fibrosis
(Miao et al., 2021a). Fibrotic diseases are estimated to account for
up to 50% of deaths in the developed world (Mantovani and Zusi,
2020).

Renal fibrosis, characterized by tubulointerstitial fibrosis and
glomerulosclerosis, is a chronic and progressive process
influencing renal functions during aging and in chronic kidney
disease (CKD), regardless of the cause (Bhargava et al., 2021; Li
et al., 2021; Medina Rangel et al., 2021). CKD and renal fibrosis
influence approximately 26–30 million adults, and 47% of 30-
year-olds will develop CKD during their lifetime in America
(Humphreys, 2018). About 11% of patients with stage 3 CKD will
inevitably progress to end-stage renal disease (ESRD), requiring
renal replacement therapies such as dialysis and transplantation
(Chauveau, 2018; Jain et al., 2019; Carta et al., 2020; Sawhney and
Gill, 2020). Additionally, CKD is also one of the strongest risk
factors for cardiovascular disease (Yanai et al., 2021). The costs to
care for patients with CKD are two times compared with as large
as ESRD costs.

In the last two decades, angiotensin-converting enzyme
inhibitors (ACEIs) or angiotensin receptor blockers (ARBs)
have been widely recommended clinically as a standard
therapy in patients with hypertension, cardiovascular disease,
and CKD (Chen et al., 2019a). These drugs could effectively
reduce proteinuria levels and slow down CKD progression and
prevent its complications. However, chronic administration of
ACEI or ARB led to the elevated levels of angiotensin II and
aldosterone, which is known as angiotensin II and aldosterone
escape (Wang et al., 2018). Despite these therapies, outcomes in
patients with CKD remain poor.

Natural products have been widely used for prevention and
treatment of renal fibrosis (Chen et al., 2018a; Chen et al., 2018b;
Yang and Wu, 2021). Shenkang injection (SKI), approved by the
State Food and Drug Administration of China (CFDA) in 1999,
was used to treat CKD. SKI is composed of Rhei Radix et Rhizoma
(Dahuang), Salviae Miltiorrhizae Radix et Rhizoma (Danshen),
Astragali Radix (Huangqi), and Carthami Flos (Honghua) (Zou
et al., 2020). Dahuang possessed anti-inflammatory, anti-
bacterial, anti-cancer, and anti-fibrotic effects (Wang et al.,

2012). Danshen exhibited anti-inflammatory, anti-oxidative,
anti-tumor, cardioprotective, neuroprotective, and anti-fibrotic
effects (Wang et al., 2021a). Huangqi showed anti-inflammatory,
anti-oxidative, anti-infective, anti-diabesity, anti-tumor, anti-
aging, and immune-enhancing properties (Salehi et al., 2021).
The extracts and isolated compounds from Honghua presented
various pharmacological properties, such as anti-inflammatory,
anti-thrombotic, anti-tumor, anti-diabetic, and anti-myocardial
ischemic effects (Tu et al., 2015). These published literatures
indicated that anti-inflammatory and anti-oxidative effects were
their common pharmacological activity. Therefore, it could be
speculated that their anti-inflammatory and anti-oxidative effects
were associated with CKD treatment of SKI. Recently, clinical
studies have demonstrated that SKI could improve renal function
in CKD, peritoneal dialysis patients with chronic renal failure
(CRF), and diabetic nephropathy (Zhang et al., 2017; Song et al.,
2019; Wang et al., 2020a; Qin et al., 2020; Zou et al., 2020; Ma,
2021). A seminal publication has highlighted that SKI treatment
protected against CRF and symptoms related to CKD following
treatment with traditional Chinese medicine was 73.05 and
98.00%, respectively, in a clinical trial of 2200 patients (Qin
et al., 2021). The experimental studies revealed that SKI could
improve renal function and inhibit tubulointerstitial fibrosis by
anti-oxidative, anti-inflammatory, and anti-apoptotic effects in
unilateral ureteral obstruction mice and rats, streptozotocin-
induced mice, and renal ischemia–reperfusion injury (IRI) rats
(Liu, 2018; Liu et al., 2019; Zhang et al., 2020; Qin et al., 2021) as
well as renal tubular cells or mesangial cells treated by
transforming growth factor-β1 (TGF-β1) or high glucose (Wu
et al., 2015; Xu et al., 2016; Fu et al., 2019). Mechanistically,
several preliminary studies have revealed that SKI alleviated CKD
and renal fibrosis by inhibiting pro-inflammatory cytokines such
as interleukin-6, interleukin-1β, and tumor necrosis factor-α
(TNF-α) expression (Zhang et al., 2020) and modulating TGF-
β1/Smad3 and JAK2/STAT3 signaling pathways (Wu et al., 2015;
Qin et al., 2021). Although SKI has been demonstrated to have
anti-oxidative and anti-inflammatory effects in the treatment of
CKD, little is known about its underlying oxidative stress and
inflammation-associated mechanisms.

Oxidative stress and inflammation played a central role in the
pathogenesis and progression of CKD (Chen et al., 2018c).
Oxidative stress and inflammation are inseparably linked as
they form a vicious cycle in which oxidative stress provokes
inflammation by several mechanisms including activation of the
nuclear factor kappa B (NF-ƙB) which leads to the activation and
recruitment of immune cells, meanwhile, activation of the nuclear
factor-erythroid-2–related factor 2 (Nrf2) which regulates the
basal activity and coordinated induction of numerous genes that
encode various anti-oxidant and phase 2 detoxifying enzymes and
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related proteins. In this research, a CRF rat model was induced by
adenine orally, which was then administered with SKI and its
bioactive components including chrysophanol, emodin, and
rhein orally to determine whether they could improve CKD
and slow down renal fibrosis by regulating the inhibitor of
kappa B (IƙB)/NF-ƙB and Keap1/Nrf2 signaling pathways.
Furthermore, we used the TGF-β1–induced human proximal
epithelial cells to explore the therapeutic mechanism of SKI
and its bioactive components on renal injury.

MATERIALS AND METHODS

Chemicals and Reagents
SKI was purchased from Shijishenkang Pharmaceutical Company
Ltd. (Xi’an, China). The primary antibodies including collagen I
(ab34710, Abcam, United States), α-SMA (ab7817, Abcam,
United States), fibronectin (ab2413, Abcam, United States),
vimentin (ab92547, Abcam, United States), p-NF-ƙB p65
(13346, Cell Signaling Technology, United States),
phosphorylated IƙBα (p-IκBα, 2859, Cell Signaling
Technology, United States), gene cyclooxygenase 2 (COX-2,
ab62331, Abcam, United States), monocyte chemotactic
protein-1 (MCP-1, ab7202, Abcam, United States), inducible
nitric oxide synthase (iNOS, ab178945, Abcam, United States),
12-lipoxygenase (12-LO, ab167372, Abcam, United States),
p47phox (ab795, Abcam, United States), p67phox (ab109366,
Abcam, United States), and gp91phox (ab80508, Abcam,
United States), Keap1 (ab196346, Abcam, United States), Nrf2
(ab31163, Abcam, United States), heme oxygenase 1 (HO-1,
ab68477, Abcam, United States), catalase (ab16731, Abcam,
United States), glutamate–cysteine ligase catalytic subunit
(GCLC, ab190685, Abcam, United States), and NAD(P)H
dehydrogenase quinone 1 (NQO1, ab28947, Abcam,
United States) were purchased from Abcam Company
(Cambridge, MA, United States) and Cell Signaling
Technology (Danvers, MA, United States). Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH, 10494-1-AP) and histone
H3 (17168-1-AP) were purchased from Proteintech Company
(Wuhan, China).

Extraction and Isolation of Chrysophanol,
Emodin, and Rhein
SKI (10 L) was concentrated using a rotatory evaporator in
vacuum to yield 2.1 kg of dry brown extract. The concentrated
extract was extracted with petroleum ether (3 × 7.5 L), ethyl
acetate (3 × 7.5 L), and n-butanol (3 × 7.5 L), successively. The
ethyl acetate extract was chromatographed on a MCI column.
Elution was performed using a solvent mixture of MeOH/
H2O with an escalating amount of MeOH and similar
fractions, identified by thin-layer chromatography, which
were combined to yield five major fractions. The compounds
were further isolated by the Sephadex LH-20 column, reversed-
phase C-18 silica column, and semi-preparative high-
performance liquid chromatography method. Finally, the
compounds including chrysophanol, emodin, and rhein were

identified by nuclear magnetic resonance spectrometry and
reference substances.

CRF Model and Drug Administration
Male Sprague–Dawley rats (6–8 weeks old and weighing
180–210 g) were purchased from the Central Animal Breeding
House of Xi’an Jiaotong University (Xi’an, Shaanxi, China). An
adenine-induced CRF model was reproduced as described in
detail previously (Wang et al., 2021b;Wang et al., 2021c). In brief,
the rats were divided into six groups (n � 8/group) including
control, adenine-induced CRF, SKI-treated group with CRF (CRF
+ SKI), chrysophanol-treated group with CRF (CRF + CHR),
emodin-treated group with CRF (CRF + EMO), and rhein-treated
group with CRF (CRF + RHE). Except for the control group, other
groups with CRF were orally administered adenine (200 mg/kg/d)
for 3 weeks. Treatment groups were administered SKI (20 ml/kg/
d), chrysophanol (30 mg/kg/d), emodin (100mg/kg/d), and rhein
(150mg/kg/d) for 3 weeks. The body weight of each rat was
measured daily. After 3 weeks, individual rats were placed in
metabolic cages (1 per cage) to obtain 24-h urine collections.
The rats were anesthetized with 10% urethane and then blood
samples and kidney tissues were collected for clinical biochemistry
and histopathological analysis. All animal care and experimental
procedures were approved by the Ethics Committee for Animal
Experiments of Northwest University.

Renal Function Evaluation
The levels of creatinine, urea, uric acid, total cholesterol,
triglyceride, and low-density lipoprotein cholesterol (LDL-C)
in serum as well as creatinine in urine were determined using
an Olympus AU6402 automatic analyzer.

Light Microscopic Study
Light microscopy was conducted using 10% formalin-fixed,
paraffin-embedded biopsies stained with hematoxylin-eosin
(H&E) and Masson’s Trichrome stains, as previously described
(Miao et al., 2020).

Immunohistochemistry
The specific protein expressions were examined on paraffin sections
of kidney tissues as previously described (Miao et al., 2020).

Western Blot Analysis
All solutions, tubes, and centrifuges were maintained at 0–4°C.
Cytoplasmic and nuclear proteins from kidney tissues were
extracted based on our previous publication (Choi et al.,
2010). Protein levels were detected using Western blotting as
previously described (Miao et al., 2020). The blots were obtained
using the enhanced chemiluminescence reagent, and the protein
levels were normalized to the level of GAPDH or histone H3.
Specific bands were analyzed using ImageJ 1.48v software.

Statistical Analysis
The data are presented as mean ± SEM. Statistical analyses were
performed using GraphPad Prism software v6.0. A two-tailed
unpaired Student’s t-test was used for comparisons between two
groups. Statistically significant differences amongst more than
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two groups were analyzed by one-way analysis of variance
followed by Dunnett’s post hoc tests. p < 0.05 was considered
significant differences.

RESULTS

SKI and Its Main Components Improved
the Impaired Renal Function and Injury
The final metabolite of adenine is uric acid. After adenine given
by the oral gavage, excessive adenine can be oxidized to 2,8-
dihydroxyadenine via an 8-hydroxyadenine intermediate by
xanthine dehydrogenase. Low solubility of 2,8-

dihydroxyadenine can form precipitation in the renal
tubules, which led to renal injury and fibrosis. As shown in
Figure 1A, intragastric adenine led to significantly decreased
body weight and increased urinary volume in CRF rats, while
treatment with SKI and three anthraquinones including
chrysophanol, emodin, and rhein did not produce the
significant changes for body weight and urinary volume. The
levels of creatinine, urea, uric acid, total cholesterol,
triglyceride, and LDL-C in serum were significantly increased
in the adenine-induced CRF group compared with the control
group. Except for uric acid, all these increases were improved by
treatment with SKI. Similarly, except for triglyceride, all these
increases were improved by treatment with rhein. Treatment

FIGURE 1 | SKI and three anthraquinones including chrysophanol, emodin, and rhein improved renal function and injury in the adenine-induced CRF rats. (A) Body
weight and urinary volume as well as clinical serum biochemistry including creatinine, urea, uric acid, total cholesterol, triglyceride, and LDL-C in the different groups. **p <
0.01 compared with the CTL group; #p < 0.05, ##p < 0.01 compared with the CRF group. (B) Images of H&E staining of the kidney tissues in the different groups. Scale
bar, 40 μm.
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FIGURE 2 | SKI and three anthraquinones including chrysophanol, emodin, and rhein ameliorated renal fibrosis in the adenine-induced CRF rats. (A) Images of
Masson’s Trichrome staining of the kidney tissues in the different groups. Scale bar, 60 μm. (B) Expressions of profibrotic proteins including collagen I, α-SMA,
fibronectin, and vimentin of the kidney tissues in the different groups. (C) Quantitative analysis of profibrotic protein expressions of the kidney tissues in the different
groups. **p < 0.01 compared with the CTL group; ##p < 0.01 compared with the CRF group. (D) Immunohistochemical analysis with anti–α-SMA of the kidney
tissues in the different groups. Scale bar, 40 μm.
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with emodin significantly lowered the levels of creatinine, urea,
TC, and LDL-C in the adenine-induced CRF group, while the
levels of uric acid and triglyceride were decreased in the
adenine-induced CRF group treated by emodin, but did not
arrive at statistical significance. Treatment with chrysophanol
only significantly lowered the creatinine levels in the adenine-
induced CRF group. Compared with the control rats, H&E
staining showed that the kidney tissues of the adenine-induced
CRF rats showed severe inflammatory cell infiltration, tubular
dilation, and interstitial fibrosis (Figure 1B). These injuries were
improved by treatment with SKI and its main components
including chrysophanol, emodin, and rhein. Collectively,
these results demonstrated that SKI could improve the
impaired renal function and ameliorate renal injury in the
late stages of CKD. This effect was followed by rhein
treatment. Similar results were observed in the adenine-
induced CRF group treated by rhein. Furthermore,

chrysophanol showed a certain renoprotective effect on
adenine-induced renal function decline and damage.

SKI and Its Main Components Ameliorated
Renal Fibrosis
Renal fibrosis is characterized by an excessive accumulation and
deposition of ECM components. As shown in Figure 2A, Masson’s
Trichrome staining showed severe tubulointerstitial fibrosis in the
kidney tissues of the adenine-induced CRF rats compared with the
normal control rats. However, the fibrosis was improved by
treatment with SKI and three anthraquinones including
chrysophanol, emodin, and rhein. ECM components mainly
included collagen I, collagen III, α-SMA, fibronectin, and
vimentin. Therefore, we further determined the expression of
pro-fibrotic proteins including collagen I, α-SMA, fibronectin,
and vimentin. As shown in Figures 2B,C, the kidney tissues of

FIGURE 3 | SKI and three anthraquinones including chrysophanol, emodin, and rhein inhibited inflammation in the adenine-induced CRF rats. (A) Images of H&E
staining of the kidney tissues in the different groups Scale bar, 40 and 60 μm. Numerous inflammatory cells were indicated by arrows. (B) Immunohistochemical analysis
with anti-CD68 of the kidney tissues in the different groups. Scale bar, 40 μm.
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the adenine-induced CRF rats showed significant upregulation of
protein expression of collagen I, α-SMA, fibronectin, and vimentin
compared with the control rats. However, treatment with SKI and
three anthraquinones showed significant inhibitory effect on these
pro-fibrotic protein expressions in the kidney tissues of the adenine-
induced CRF rats. Of note, SKI and rhein showed the stronger
inhibitory effect on the pro-fibrotic protein expression than
chrysophanol and emodin, which was consistent with the results
of clinical biochemistry and histological analyses includingH&E and
Masson’s Trichrome stainings. Additionally, immunohistochemistry

analysis further demonstrated treatment with SKI and three
anthraquinones could significantly inhibit the α-SMA expression
in the kidney tissues of the adenine-inducedCRF rats comparedwith
those found in the CRF rats (Figure 2D). Of note, SKI and rhein
showed the stronger inhibitory effect on the pro-fibrotic protein
expression than chrysophanol and emodin. These results
demonstrated that SKI and three anthraquinones protected
against renal fibrosis in the adenine-induced CRF rats. Therefore,
we concluded that anthraquinones might be one of the main
renoprotective components of SKI.

FIGURE 4 | SKI and three anthraquinones including chrysophanol, emodin, and rhein inhibited the pro-inflammatory IκB/NF-κB signaling pathway in the adenine-
induced CRF rats. (A) Protein expressions of nuclear translocation of p65 and its downstream gene products including COX-2, MCP-1, iNOS, 12-LO, and NAD(P)H
oxidase subunits (p47phox, p67phox, and gp91phox) of the kidney tissues in the different groups. (B) Quantitative analysis of pro-inflammatory and pro-oxidative protein
expressions of the kidney tissues in the different groups. **p < 0.01 compared with the CTL group; #p < 0.05, ##p < 0.01 compared with the CRF group. (C)
Immunohistochemical analysis with anti–COX-2 of the kidney tissues in the different groups. Scale bar, 40 μm.
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SKI and Its Main Components Retarded
Inflammation Response
Histopathological examination showed that severe inflammatory cell
infiltration in the renal interstitium is one of the typical characteristics
in rats induced by adenine (Figure 3A). CD68 is often used as a
histochemical marker of inflammation response, which was involved
in the monocytes/macrophages. Therefore, we determined the anti-
CD68 expression in the kidney tissues of the adenine-induced CRF
rats. As shown in Figure 3B, the renal interstitium of CRF rats
showed significantly increased CD68 expression compared with that
of the control rats. However, treatment with SKI and three
anthraquinones showed significantly decreased CD68 expression
in the renal interstitium of the adenine-induced CRF rats.

Collectively, these results indicated administered adenine
triggered oxidative stress and inflammation. Therefore, we
speculated that the molecular mechanisms of SKI and three
anthraquinones against tubulointerstitial fibrosis might be
associated with the activation of oxidative stress and inflammation.

SKI and Its Main Components Ameliorated
Renal Fibrosis by Inhibiting the IκB/NF-κB
Signaling Pathway
The interplay between oxidative stress and inflammation form a
vicious cycle in which oxidative stress triggers inflammation by
various mechanisms such as the activation of the IƙB/NF-ƙB

FIGURE 5 | SKI and three anthraquinones including chrysophanol, emodin, and rhein activated the anti-inflammatory and anti-oxidative Keap1/Nrf2 signaling
pathway in the adenine-induced CRF rats. (A) Protein expressions of nuclear translocation of Nrf2 and its repressor, Keap1, and its downstream gene products including
HO-1, catalase, GCLC, and NQO-1 of the kidney tissues in the different groups. (B) Quantitative analysis of anti-inflammatory and anti-oxidative protein expressions of
the kidney tissues in the different groups. **p < 0.01 compared with the CTL group; #p < 0.05, ##p < 0.01 compared with the CRF group. (C) Immunohistochemical
analysis with anti–HO-1 of the kidney tissues in the different groups. Scale bar, 40 μm.
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signaling pathway. As shown in Figures 4A,B, the kidney tissues
of adenine-induced CRF rats showed significantly upregulated
p-IƙB and nuclear p65 levels compared with those of the control
group, which indicated the activation of the IƙB/NF-ƙB signaling
pathway. This was accompanied by the significantly upregulated
protein expressions of COX-2, MCP-1, iNOS, 12-LO, and
NAD(P)H oxidase subunits (p47phox, p67phox, and gp91phox) in
the kidney tissues of the adenine-induced CRF rats compared
with those of the control rats. However, these upregulated
expressions were inhibited in the adenine-induced CRF rats
treated by SKI and three anthraquinones. Additionally,
immunohistochemistry analysis demonstrated that treatment
with SKI and three anthraquinones could significantly inhibit
the COX-2 expression in the kidney tissues of the adenine-
induced CRF rats compared with that of the CRF rats
(Figure 4C). Of note, chrysophanol and emodin showed the
stronger inhibitory effect on the NF-κB p65 protein expression
than SKI and rhein. Rhein showed the strongest inhibitory effect
on p65 downstream target gene products. Taken together, these
results indicated that the inhibition of the pro-inflammatory IκB/
NF-κB signaling pathway was involved in SKI and three
anthraquinones against renal fibrosis.

SKI and Its Main Components Ameliorated
Renal Fibrosis by Activating the Keap1/Nrf2
Signaling Pathway
Increased oxidative stress activated the expression of the
endogenous anti-oxidant proteins to reduce tissue damage,
which was mediated by the activation of the Keap1/Nrf2
signaling pathway. As shown in Figures 5A,B, the adenine-
induced CRF rats exhibited the significantly downregulated
Nrf2 protein expression and upregulated Keap1 protein
expression in the kidney tissues compared with the control
rats. This was accompanied by significantly downregulated
Nrf2 downstream target gene products including HO-1,
catalase, GCLC, and NQO-1 in the kidney tissues of rats with
adenine-induced CRF. These findings point to the impaired
activation of the Nrf2 pathway in this model. However, these
aberrant changes were reversed in the adenine-induced CRF rats
treated by SKI and three anthraquinones. Additionally,
immunohistochemistry analysis showed treatment with SKI
and three anthraquinones could significantly enhance the
COX-2 expression in the kidney tissues of the adenine-
induced CRF rats compared with that of the CRF rats
(Figure 5C). Furthermore, SKI and rhein showed the stronger
inhibitory effect on the significantly downregulated anti-
inflammatory and anti-oxidative protein expression in the
Keap1/Nrf2 signaling pathway than chrysophanol and emodin,
which was consistent with the results of their effects on the pro-
fibrotic protein expression including collagen I, α-SMA,
fibronectin, and vimentin. Taken together, these results
indicated that the activation of the anti-inflammatory and
anti-oxidative Keap1/Nrf2 signaling pathway was involved in
SKI and three anthraquinones against renal fibrosis in the
adenine-induced CRF rats.

DISCUSSION

The progression of CKD and renal fibrosis, one of the biggest issues
in nephrology, indicated that patients inevitably progress ESRD and
require dialysis or kidney transplantation (Webster et al., 2017;
Aydin et al., 2019; Van Sandwijk et al., 2019). Numerous studies have
demonstrated that renal fibrosis was associated with the dysbiosis or
dysregulation of gut microbiota, non-coding RNAs,
renin–angiotensin system, aryl hydrocarbon receptor, IƙB/NF-ƙB,
Keap1/Nrf2, TGF-β/Smad, and Wnt/β-catenin signaling pathways
(Ma et al., 2018a; Chen et al., 2019b; Garg and Maurya, 2019; Zhao
et al., 2019; Hu et al., 2020a; Miao et al., 2021b; Wang et al., 2021d;
Wu et al., 2021; Zhou et al., 2021) as well as metabolite disorders
including tryptophan metabolism and lipid metabolism (Zhao,
2013a; Zhao et al., 2015; Wang et al., 2019; Liu et al., 2021a).
Further studies have demonstrated that activation of IƙB/NF-ƙB and
Keap1/Nrf2 signaling pathways could mediate or crosstalk these
signaling pathways in both patients with CKD and experimental
research studies (Chen et al., 2017a; Chen et al., 2017b; Chen et al.,
2019c). Of note, IƙB/NF-ƙB and Keap1/Nrf2 signaling pathways
were the most important mediators in oxidative stress and
inflammation that played a central role in the development and
progression of CKD and its complications (Meng et al., 2014; Chen
et al., 2016; Feng et al., 2019a). Oxidative stress was a status in which
reactive oxygen species (ROS) generation surpassed the anti-oxidant
defense system capacity. It led to the increased ROS production and
damaged anti-oxidant capacity. Oxidative stress and inflammation
were inseparably linked, as each begets and amplifies the other.

The activation of NF-ƙB and the impairment of Nrf2 were the
most important pro-inflammatory and anti-inflammatory signals,
respectively. The NF-ƙB activation mediated the expression of pro-
inflammatory cytokines and chemokines, and oxidative stress
evoked recruitment and activation of leukocytes and resident
cells, thus triggering inflammation (Miao et al., 2021a). Although
oxidative stress and inflammation had a central role in progression
of CKD, ACEI and ARB have been used as first-line drugs for
treatment of CKD and its complications. This led to the
contradiction between the underlying pathomechanism
elucidation and the treatment of CKD patients. Therefore,
developing the agents to target oxidative stress and inflammation
is necessary for the effective treatment of CKD patients.

The adenine diet led to severe CRF due to adenine-derived very
low-soluble 2,8-dihydroxyadenine in the renal tubule,
which induced tubulointerstitial nephritis, characterized by gross
swelling, kidney discoloration and deformity, urinary concentrating
ability loss (polyuria), azotemia (increased serum urea), anemia,
hypertension, and minimal proteinuria (Zhao et al., 2014). The
histopathological results showed tubulointerstitial damage including
extensive inflammatory cell infiltration, tubular dilation, and fibrosis
in the kidney tissues. Severe interstitial inflammatory cell infiltration
was one of themost typical pathological features in the kidney tissues
of adenine-induced CRF rats. Substantial evidence has demonstrated
that many natural products, such as Rhubarb, Astragalus, and
Polyporus umbellatus, showed the renoprotective activity by anti-
oxidative and/or anti-inflammatory effects (Wang et al., 2012; Zhao,
2013b; Zhang et al., 2014; Shahzad et al., 2016; Liao et al., 2017).
Although, the exact mechanisms for these natural products have not
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been revealed, it has been suggested that they may possibly possess
anti-oxidant and/or anti-inflammatory activity. Our current findings
demonstrated rats with CRF showed the upregulating protein
expression of p-IƙBα and nuclear p65 indicating NF-ƙB
activation in kidney tissues, meanwhile, this was accompanied by
the upregulating protein expression of COX-2, MCP-1, iNOS, 12-
LO, and NAD(P)H oxidase subunits (p47phox, p67phox, and
gp91phox) in the kidney tissues of the adenine-induced CRF rats.
However, these upregulating expressions were inhibited by
treatment of SKI. These results were in agreement with previous
studies of natural products, such as Poria cocos and Polyporus
umbellatus as well as their components including poricoic acid A,
poricoic acid ZM, poricoic acid ZP, and ergone against renal fibrosis
by targeting IƙB/NF-ƙB and Keap1/Nrf2 signaling pathways (Feng
et al., 2019b; Chen et al., 2019d; Chen et al., 2019e; Chen et al., 2019f;
Wang et al., 2020b). Both clinical and experimental studies have
demonstrated that SKI could improve renal function in CKD.
Several previous publications have highlighted that SKI retarded
renal fibrosis by inhibiting levels of interleukin-6, interleukin-1β, and
TNF-α (Zhang et al., 2020) and modulating TGF-β1/Smad3 and
JAK2/STAT3 signaling pathways (Wu et al., 2015; Qin et al., 2021).
Another study has been demonstrated that treatment with SKI could
inhibit the protein expression of NF-ƙB at both mRNA and protein
levels in kidney tissues of renal ischemia–reperfusion injury mice
with DN induced by high-fat diet and streptozocin (Liu, 2018). Little
was known about its underlying anti-oxidative and anti-
inflammatory mechanism. Our findings suggested that SKI
retarded renal fibrosis by inhibiting the activation of the IƙB/NF-
ƙB signaling pathway. Therefore, our current works and that of
others suggested that effective inhibition of activated oxidative stress
and inflammation via the IƙB/NF-ƙB signaling pathway retarded
CRF progression.

In the bioactive fraction of ethyl acetate extract of SKI, we
identified three anthraquinones including chrysophanol, emodin,
and rhein that were major and bioactive components of Rheum
officinale, which has been demonstrated to improve CKD and renal
fibrosis (Wang et al., 2012; Zhang et al., 2018; Zeng et al., 2021).
Compared with chrysophanol and emodin, rhein showed a strong
inhibitory effect on renal fibrosis. Although rhein has been widely
demonstrated to protect against renal fibrosis (Zeng et al., 2014; Hu
et al., 2019; He et al., 2020;Wu et al., 2020; Yu et al., 2020), only two
previous studies have reported that rhein protected against renal
fibrosis by inhibiting the NF-ƙB p65 protein expression (Liu et al.,
2021b) and lincRNA-COX2/miR-150-5p/STAT1 axis (Hu et al.,
2020b). Similarly, a number of publications have demonstrated that
emodin retarded renal fibrosis by modulating several pathways,
such as TGF-β/Smad, TGF-β/BMP-7, PI3K/Akt/GSK-3β, and Bax/
caspase-3 signaling pathways (Jing et al., 2017; Ma et al., 2018b;
Yang et al., 2020; Liu et al., 2021c). Furthermore, several studies
have demonstrated the inhibitory effect of emodin on renal fibrosis
by suppressing the NF-ƙB p65 protein expression (Lu et al., 2020) or
the levels of ROS, TNF-α, and interleukin-6 (Chen et al., 2017c; Jing
et al., 2017). So far, no publication demonstrated the renoprotective
effect of chrysophanol through modulating the IƙB/NF-ƙB
signaling pathway. Recently, two publications have demonstrated
that chrysophanol protected against renal fibrosis by the TGF-
β/Smad signaling pathway (Dou et al., 2020; Guo et al., 2020).

Therefore, our study demonstrated that the inhibition of the
activated IƙB/NF-ƙB signaling pathway might be the underlying
molecular mechanism of anti-oxidant and anti-inflammatory
bioactivities of both SKI and three anthraquinones against renal
fibrosis.

Compared with pro-inflammatory system, the natural anti-
oxidant defense system contains many ROS scavenger molecules
from exogenous dietary and endogenous components, anti-oxidant
enzymes and substrates, and phase 2 detoxifying enzymes
(Cuadrado et al., 2019). Each component contributes to their
specific function and works in a collaborated way with the other
components to exert their protective effects against tissue damage
and dysfunction. Under physiological milieu, oxidative stress
elicited increasing endogenous anti-oxidant and cytoprotective
proteins and enzymes to restrain dysfunction and tissue damage
(Cuadrado et al., 2019). This process was induced by the activation
of the Nrf2 which plays a central role in the basal activity and
coordinated regulation of about 250 genes such as HO-1, GCLC,
NQO1, catalase, superoxide dismutase, thioredoxin, and
glutamate–cysteine ligase (Chen et al., 2017a; Cuadrado et al.,
2019). Our findings first demonstrated SKI treatment could
upregulate nuclear Nrf2 protein expression and downregulate
Keap1 protein expression in the kidney tissue of CRF rats,
which was accompanied by upregulating Nrf2 downstream
target gene products. To date, no publication demonstrated the
renoprotective effect of SKI through activating the Keap1/Nrf2
signaling pathway. Our current findings first point to the
beneficial effects of SKI on the impaired activation of the Keap1/
Nrf2 pathway in the adenine-induced CRF rats.

Although increasing evidence has reported that chrysophanol,
emodin, and rhein could improve many refractory diseases by
the activation of the impaired Keap1/Nrf2 signaling pathway,
and few studies demonstrated the renoprotective effect of
chrysophanol, emodin, and rhein by regulating the Keap1/Nrf2
signaling pathway. Two previous in vitro studies have
demonstrated that emodin could increase the activities of anti-
oxidant enzymes such as catalase, glutathione peroxidase,
superoxide dismutase, glutathione reductase, and glutathione
S-transferase in the hypoxia/reoxygenation-induced HK-2 cells
or cisplatin-induced human kidney HEK 293 cells (Waly et al.,
2013; Chen et al., 2017c). Another in vivo experiment has
demonstrated that emodin significantly inhibited the decreased
renal cortical glutathione levels and superoxide dismutase activity
in the cisplatin-induced nephrotoxicity rats (Ali et al., 2013).
However, no publication demonstrated the renoprotective
effect of chrysophanol and rhein through modulating the
Keap1/Nrf2 signaling pathway. Therefore, our study revealed
that activation of the impaired Keap1/Nrf2 signaling pathway
might be also a potential molecular mechanism of anti-oxidant
and anti-inflammatory bioactivities of both SKI and three
anthraquinones against renal fibrosis.

Collectively, our current study first elucidated that SKI and its
main components including chrysophanol, emodin, and rhein
protected against renal fibrosis by inhibiting oxidative stress and
inflammation via simultaneous targeting pro-inflammatory IƙB/
NF-ƙB and anti-inflammatory Keap1/Nrf2 signaling pathways,
which revealed the underlying molecular mechanism of SKI and
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its main components against renal fibrosis. These findings
uncovered the potential effective material basis and molecular
mechanism of the renoprotective effect of SKI, which will pave
the way for discovery of lead compounds against renal fibrosis by
inhibiting oxidative stress and inflammation via targeting the redox
pathway.

CONCLUSION

This study first demonstrated that SKI and its components
including chrysophanol, emodin, and rhein protected against
renal fibrosis. Mechanistically, this study revealed the potential
molecular mechanism of the anti-oxidative and anti-
inflammatory effects of SKI by inhibiting oxidative stress and
inflammation via simultaneous targeting IƙB/NF-ƙB and Keap1/
Nrf2 signaling pathways.
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Proanthocyanidins Protect Against
Cadmium-Induced Diabetic
Nephropathy Through p38 MAPK and
Keap1/Nrf2 Signaling Pathways
Pin Gong1, Peipei Wang1, Sihui Pi 1, Yuxi Guo1, Shuya Pei 1, Wenjuan Yang1, Xiangna Chang1,
Lan Wang1 and Fuxin Chen2*

1College of Food and Biotechnology, Shaanxi University of Science and Technology, Xi’an, China, 2School of Chemistry and
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Diabetic nephropathy (DN) is one of the most devastating complications of diabetes
mellitus. Although cadmium (Cd) exposure might be involved in the pathogenesis of DN,
the underlying mechanism is still unclear. In this study, we explored the protective effects
and possible mechanism of proanthocyanidins (OPC) from grape seed using a mouse
model of Cd-induced DN. The successful establishment of this model was verified by
analyzing the physiological and biochemical indices of mice, including their body weight
and tissue ratio; levels of blood glucose, creatinine, microalbumin, total cholesterol,
triglycerides, high-density lipoprotein-cholesterol and low-density lipoprotein-
cholesterol; and was based on histopathological examination. Oxidative-antioxidative
status, elemental analysis, and key signaling pathway analysis were performed to
explore the possible protective mechanism of OPC. The protective effects of OPC and
its possible mechanism in preventing the progression of DN were investigated using a
multidimensional approach, including its ability in regulating oxidative-antioxidative status
(lipid peroxidation, protein carbonyl, superoxide dismutase, and glutathione GST, GSH-
Px), metal-binding ability (Cd levels in the kidneys and urine andMT content) and mediation
of essential elements (Zn, Ca, Cu, and Fe levels in the kidneys), and activation of the p38
MAPK and Keap1/Nrf2 signaling pathways. OPC exhibited a significant renoprotective
effect, attributed to the metal-chelating ability, anti-oxidative effect, and mediation of
oxidative stress-related signaling pathway. These results highlight the potential of OPC in
preventing or treating DN in humans and suggest the dietary intake of grapes, which are
rich in polyphenols, for the prevention of type 2 diabetes mellitus and its complications.

Keywords: cadmium, diabetic nephropathy, proanthocyanidins, Keap1/Nrf2 signaling pathway, p38 MAPK signaling
pathway
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INTRODUCTION

Diabetic nephropathy (DN) is the most devastating complication
of diabetes mellitus that causes significant morbidity and
mortality (Zoja et al., 2020). It is gradually becoming a leading
cause of end-stage renal disease (Duran-Salgado and Rubio-
Guerra, 2014; Hansrivijit et al., 2021). Epidemiological studies
reveal that more than 25% of patients with diabetes suffer from
DN (Reidy et al., 2014), which is characterized by a series of renal
abnormalities including mesangial expansion, basement
membrane thickening, tubulointerstitial fibrosis, and
glomerulosclerosis (Reidy et al., 2014; Li et al., 2021; Medina
Rangel et al., 2021). These changes result in a clinical presentation
characterized by hypertension, proteinuria, and a progressive
reduction in kidney function (Reidy et al., 2014).

Although several studies have shed light on the pathogenesis
of DN, several aspects of its condition remain unclear; thus,
further comprehensive investigations and evidence-based
findings are needed to elucidate the mechanism underlying
disease progression (Mantovani and Zusi, 2020; Miao et al.,
2021a). Cadmium (Cd), a transition metal that is, toxic by
nature and an environmental pollutant, is generated from
industrial sources and found in air, water, food, and cigarette
smoke. The primary target organs for Cd toxicity are the liver and
kidneys. Epidemiological and experimental studies suggest that
Cdmay act as a risk factor in the pathogenesis of diabetes mellitus
and renal disease (Edwards and Ackerman, 2016). A dose-
response relationship has been reported between urinary Cd
and albuminuria in Torres Strait subjects with type 2 diabetes.
It has been suggested that Cd-mediated toxicity may intensify the
effects of diabetes on the kidneys. Exposure to Cd could lead to
hyperglycemia and accelerate the progression of diabetes mellitus
(Tangvarasittichai et al., 2015). Cd accumulation in the kidneys
results in generalized dysfunction accompanied by polyuria,
glucosuria, and low-molecular-weight proteinuria (Madrigal
et al., 2019). Previous studies suggest that Cd can accelerate
the occurrence of DN in male Kunming mice treated with a high
fat and sugar diet (HFSD) (Gong et al., 2017).

The molecular pathogenesis of DN is poorly understood and
no new drugs have been approved for the therapy of DN in almost
20 years. Thus, there is an urgent need for the screening and
identification of novel and efficacious drug candidates for the
management of DN. Natural products has long been used to be an
alternative therapy for the prevention and treatment of various
renal diseases including DN (Chen et al., 2018a; Wang et al.,
2018a; Chen et al., 2018b; Yang and Wu, 2021). Therefore,
Natural products were considered as an important source of
new drugs over past 4 decades (Izzo et al., 2020; Newman and
Cragg, 2020; Miao et al., 2021b; Zhou et al., 2021).
Proanthocyanidins (OPC) are condensed tannins that are
derivatives of catechin and gallic acid that are composed of
propelargonidins, procyanidins, and prodelphinidins. These
compounds are widely distributed in grapes, green and black
teas, grape seeds, and wine (Yokozawa et al., 2012). Of late, OPC
have been receiving increased attention owing to their potential
health benefits, such as their antioxidant properties with strong
radical-scavenging, blood glucose lowering, anti-apoptotic, and

anti-inflammatory properties among other biological activities
(Yokozawa et al., 2012; Ruan et al., 2020). As OPC are known to
reduce blood glucose levels, balance oxidative stress, and
ameliorate inflammatory responses, we wanted to further
explore if they could play a role in protecting against Cd-
induced DN. To our knowledge, there lack studies that have
elucidated the protective effects on Cd-induced DN in mice.
Therefore, we hypothesized that if OPC could effectively protect
against Cd-induced DN, a diet comprising this natural compound
may serve as potential therapeutic agent and prevent Cd-induced
renal damage.

One of the challenges in drug discovery, especially in the case
of diabetes, is the lack of robust animal models that canmimic key
features of human DN. In this study, we established a mouse
model of DN using Cd exposure and HFSD treatment. The
successful establishment of this model was verified based on
physiological and histopathological investigations and
determining the biochemical indices of mice. We investigated
the protective effect and potential mechanism of OPC against Cd-
induced DN. This study may provide useful clues for better
understanding the etiology of DN and highlight novel insights
regarding the use of OPC in a clinical setting.

METHODS

Materials and Reagents
OPC (purity > 99.50%) were purchased from Yifang S&T Co. Ltd.
(Tianjin, China). Cadmium chloride and β-actin (sc-4778, Santa
Cruz, CA) were purchased from Sigma-Aldrich Chemical
Company (St. Louis, MO, United States) and stored at 4°C
away from sunlight. Anti-MAPK (sc-393609, Santa Cruz, CA),
anti-p38 (sc-81621, Santa Cruz, CA), anti-nuclear factor-
erythroid-2-related factor 2 (Nrf2, sc-365949, Santa Cruz, CA),
anti-Keap1 (sc-515432, Santa Cruz, CA), and horseradish
peroxidase (HRP)-conjugated secondary antibodies (anti-
rabbit) were obtained from Santa Cruz Biotechnology (CA,
United States).

Animals Handing and Sample Preparation
Five-week-old male Kunming mice (weighing 20 ± 2 g) were
supplied by Central Animal House, Xi’an JiaoTong University
Health Science Center (Xi’an, China). The animals were
housed in a specific pathogen free environment at a
temperature of 22 ± 1°C and relative humidity of 50 ± 1%,
and subjected to a 12/12 h light/dark cycle. All animals were
provided free access to food and water and were allowed to
acclimatize for 7 days prior to dosing. All animal studies
complied with the regulations and guidelines of the Shaanxi
University of Science and Technology Institutional Animal Care
and were in accordance with the IACUC and AAALAC guidelines.

For experimental studies, the mice were randomly divided into
the following four groups with 10 mice per group: control, DN,
OPC, and HFSD. The mice in the control and HFSD groups were
fed a standard pellet diet or HFSD and intraperitoneally (i.p.)
administered physiological saline (0.9%) during the entire
procedure. For the initial 12 weeks, mice in the DN and OPC
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groups were fed HFSD and received a daily injection of 1 mg/kg
CdCl2 i.p. After treatment for 12 weeks, mice in the OPC group
were administered OPC i.p. at a dose of 5 mg/kg body weight for
consecutive 4 weeks. Mice in the DN group received 0.9% saline
i.p. A detailed experimental protocol is listed in Table 1 and was
used in our study (Gong et al., 2017).

During the entire experimental period, the body weight and
fasting blood glucose (FBG) levels of mice were recorded at
regular intervals. Using metabolism cages, 24 h urine samples
were collected for analysis. Mice were anesthetized by diethyl
ether inhalation and sacrificed using cervical dislocation (Pavel
et al., 2020). Blood samples were collected from the eyeballs of
mice, centrifuged at 4°C to obtain serum, and frozen at −80°C.
Kidneys were dissected and weighed immediately, washed clean,
and either stored at −80°C or fixed in 10% formalin and stored
until further use.

Renal tissues were accurately weighed, cut into pieces, and
homogenized in a pre-cooled Teflon homogenizer with an
appropriate amount of ice-cold Tris–HCl buffer (100 mM; pH
7.4) [sample weight (g):buffer volume (ml) � 1:9] to obtain the
tissue homogenate. The supernatant was centrifuged at
12,000 rpm for 20 min at 4°C to obtain samples for subsequent
assays.

Assessment of Blood and Urine Parameters
Fasting blood glucose (FBG) levels were determined using a
glucometer and mice with FBG levels of more than
11.1 mmol/L were considered diabetic. Creatinine and
microalbumin (mALB) levels in the urine were analyzed using
the corresponding assay kits. Total cholesterol (TC), triglyceride
(TG), high-density lipoprotein-cholesterol (HDL-C), and low-
density lipoprotein-cholesterol (LDL-C) levels in the blood were
determined based on enzymatic assays using commercial kits
(Jiangchen Co., Nanjing, China) and following the
manufacturer’s instructions.

Renal Histopathology
For renal histopathological studies, the kidney sections from each
mouse were fixed in 10% formalin immediately after dissection
and washed using a gradient concentration of ethanol for
dehydration, as previously described (Miao et al., 2020). The
slides were transparentized with xylene, dipped in wax, and
embedded in paraffin. The blocks were sectioned and stained
with hematoxylin-eosin (H&E) to observe the normal cellular
structure. Periodic acid-Schiff (PAS) staining was used to
determine the glycogen content and Masson’s trichrome
staining was used to analyze collagen deposition. The stained

sections were covered with a glass slide, dried, and observed using
an optical microscope (Leica DM750).

Assessment of Antioxidative Status
Proteins in the kidney tissue homogenates were determined using
a bicinchoninic acid (BCA) assay. The oxidative-antioxidative
status in mouse kidneys was determined based on the
malondialdehyde (MDA), protein carbonyl (PCO), superoxide
dismutase (SOD), glutathione (GSH), glutathione S transferase
(GST), and glutathione peroxidase (GSH-Px) levels using
commercially procured kits. Renal nitric oxide (NO) levels
were determined using a colorimetric method based on the
Griess reaction.

Determination of Essential Elements and
Metallothionein in Kidney
To quantify the content of essential elements, renal samples were
accurately weighed and dry-ashed using a muffle furnace. The ash
was solubilized in 3M HCl and appropriately diluted. The serum
and urine samples were also pre-deposited, respectively. Tissue,
serum, and urine samples were tested for Zn (213.9 nm), Fe
(248.5 nm), Cu (324.8 nm), Ca (422.7 nm), and Cd (228.8 nm)
using atomic absorption spectrometry (Hitachi Z-2000). The
element levels are expressed as micrograms of the element per
gram of wet tissue weight (μg/g w.t.w.) or micrograms of the
element per milliliter sample (μg/ml) (Gong et al., 2008). MT
content in mouse kidney was determined following the methods
published by Gong et al. (2012).

Western Blotting Analysis
Western blotting analysis was performed following previously
published studies (Chen et al., 2019a). RIPA buffer was used for
the extraction of total protein. Renal tissues were first weighed,
mixed with RIPA buffer supplemented with protease and
phosphatase inhibitors (Roche Applied HEART), and
homogenized at 4°C. The supernatant was centrifuged at 4°C
and 13,000 × g for 30 min and transferred to a new enzyme-free
tube. Proteins were quantified using a BCA kit.

Western blotting was performed using anti-MAPK (Santa
Cruz, CA), anti-p38 (Santa Cruz, CA), anti-Nrf2 (Santa Cruz,
CA), anti-Keap1 (Santa Cruz, CA), anti-actin (Santa Cruz, CA),
and HRP-conjugated secondary antibodies (anti-rabbit) from
Santa Cruz. Proteins were separated using electrophoresis on
an SDS-polyacrylamide gel and the bands were
electrophoretically transferred onto a polyvinylidene difluoride
membrane. The membranes were blocked for 1 h at 37°C and

TABLE 1 | Detail protocols for model construction.

Group Diet Treatment

12 weeks 4 weeks

Control Group (Con) standard pellet diet 0.9% saline i.p. 0.9% saline i.p.
DN group (DN) High sugar and Fat diet 1 mg/kg CdCl2 i.p. 0.9% saline i.p.
OPC treatment Group (DN + OPC) High sugar and Fat diet 1 mg/kg CdCl2 i.p. 5 mg/kg bw OPC
High Fat and sugar Group (HFSD) High sugar and Fat diet 0.9% saline i.p. 0.9% saline i.p.
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incubated with primary antibodies overnight at 4°C followed by
hybridization with HRP-conjugated secondary antibodies for 1 h.
Proteins were detected using the enhanced chemiluminescence
(ECL) system and ECL Hyperfilm (Amersham Pharmacia
Biotech, UK Ltd., Little Chalfont, Buckinghamshire, UK). The
intensities of relative bands were quantified using densitometry.

Statistical Analysis
All values are expressed asmean± standard deviation. All statistical
tests were performed using SPSS version 20.0. Significant
differences among the different groups were evaluated using
one-way analysis of variance (ANOVA) followed by Dunnett’s
post hoc test. p < 0.05 was regarded significant differences.

RESULTS

Effects of OPC on Metabolic Dysfunction in
Cd-Induced DN Mice
The body weight gain of DN mice was significantly decreased
compared with the control mice. We found that the
administration of OPC for 12–16 weeks could recover this
decline (p < 0.05). When mice were treated only with HFSD,
significant increases in body weight were observed
(Figure 1A). Compared with the control group, the tissue
ratio was significantly increased by 43.1% in the DN group and
treatment with OPC could decrease this ratio. Moreover, the
tissue ratio in the HFSD group also showed a significant

FIGURE 1 | Physiological and biochemical indexes (A) The bodyweight and kidney ratio in the different groups at week 16. kidney ratio equal to kidney weight/body
weight. (B) FBG in the different groups. (C) Serum parameters in the different groups. Including serum creatine, TC contents, TG contents, LDL-C contents, and HDL-C
contents in the different groups. (D) mALB contents and Urine creatinine in the different groups. *p < 0.05, **p < 0.01, ***p < 0.001 compared with control group; #p <
0.05, ##p < 0.01, compared with DN group.
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increase of 12.7% compared with the control mice
(Figure 1A).

Effects of OPC on Glucose and Lipid
Metabolism in Cd-Induced DN Mice
FBG levels were also measured during the entire study. As shown
in Figure 1B, in the initial 12 weeks, when treated with HFSD
and/or Cd, the FBG levels of mice in the DN, OPC, and HFSD
groups were all above 11.1 mmol/L, indicating that the animals
were diabetic. The administration with OPC caused a significant
decrease in FBG (p < 0.01), suggesting its possible role in lowering
FBG. To determine the protective effects of OPC inmice with Cd-
induced DN, the serum biochemical parameters, such as plasma
TG, TC, HDL-C, and LDL-C, related to in vivo glucose and lipid
metabolism were evaluated, and the results are presented in
Figure 1C. The levels of TG, TC, and LDL-C of mice in the
DN group were markedly increased, whereas HDL-C levels were
significantly decreased compared with the control group. On
the other hand, TG, TC, and LDL-C levels were found to be
significantly decreased and HDL-C level was significantly

increased in mice treated with OPC compared with those in
the DN group. Additionally, the changes in TC, TG, HDL-C,
and LDL-C levels of mice in the HFSD group were moderate,
probably because Cd exposure accelerated the progression
of DN.

Effects of OPC on the Renal Function in
Cd-Induced DN Mice
Next, we determined renal function and evaluated the protective
effects of OPC against Cd- and HFSD-induced DN. The
combined effect of Cd and HFSD led to remarkable renal
dysfunction as evidenced by serum/urine creatinine and urine
mALB levels (Figures 1C,D). Plasma and urine creatinine levels
were determined to assess the degree of renal injury. As shown in
Figure 1C, plasma creatinine levels were remarkably elevated in
mice in the DN group compared with the control mice.
Creatinine levels of mice in the OPC group were 17.5% lower
than those in the DN group. Of note, the change in urine
creatinine levels showed an opposite trend; creatinine levels of
mice in the DN group were remarkably decreased to 54% vs. those

FIGURE 2 | Pathologic analysis of the kidneys. H&E staining in the different groups, including control, HFSD, DN, and DN + OPC groups, (*) represent glomerulus
atrophy, (→) represent renal tubular necrosis. PAS staining in the different groups, including control, HFSD, DN, and DN + OPC groups, (→) represent mesangial
expansion. MASSON staining in the different groups, including control, HFSD, DN, and DN +OPC groups. (→) represent inflammatory infiltrates, areas of tubulointerstitial
fibrosis. Magnification times × 400 and scale bar in 50 μm.
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in the control group. However, OPC treatment effectively
ameliorated this change and restored to near normal levels.

We also found that compared with the control group, urine
mALB levels of mice in the DN group were significantly
increased. OPC treatment greatly reduced mALB levels to
65.1% compared with those observed in the DN group
(Figure 1D). These results indicated the protective effects of
OPC against the development of DN.

Effects of OPC on the Renal Histology in
Cd-Induced DN Mice
Kidney histology was studied using H&E staining, which revealed
significant changes as glomerular thickening in the tissue samples
of mice from the DN group (Figure 2). Interstitial and glomerular

changes were noticeably ameliorated after OPC treatment (H&E
staining, Figure 2). A diffuse expansion of the mesangial matrix
and prominent thickening of the glomerular basement
membrane to a mild extent was observed in samples from the
DN group after PAS staining, which was greatly reduced after
OPC treatment.

Moreover, renal histology was studied using Masson’s staining
(Figure 2), which demonstrated visible changes in the tissues
from the DN groups, as evidenced by mild tubulointerstitial
fibrosis, accumulation of extracellular matrix (ECM), tubular
dilatation, and atrophy. OPC treatment was found to partly
reduce the tubulointerstitial fibrosis index in the renal cortex
and medulla. Collectively, these results indicated the protective
role of OPC in Cd-induced DN by the amelioration of
morphological changes.

FIGURE 3 | Anti-oxidative parameters of the kidneys. (A) MDA levels. (B) PCO levels. (C) SOD activities. (D) GSH, GST, and GSH-Px content. (E) NO levels. (F)
Possible mechanism of cadimium on oxidative stress. *p < 0.05, **p < 0.01, ***p < 0.001 compared with control group; and #p < 0.05, ##p < 0.01, compared with
DN group.
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Effects of OPC on Renal Oxidative Stress
Parameters and NO Levels in Cd-Induced
DN Mice
As the pathology of DN is related to the overproduction of ROS
and an imbalance in oxidative stress, we determined the oxidative
stress parameters. As shown in Figures 3A,B, the MDA and PCO
levels showed a 2.1-fold and 2.3-fold increase in the DN group,
respectively, after exposure to Cd and HFSD. OPC treatment
could attenuate oxidative stress by significantly decreasing MDA
and PCO levels. As expected, the synergistic effect of Cd and
HFSD resulted in a 59.1% decrease in SOD activities in mice with
DN (p < 0.01), whereas OPC treatment could effectively reverse
this decrease (Figure 3C).

We also found that compared to that in the control animals,
the combined effect of Cd and HFSD could reduce GSH, GST
and GSH-Px levels by 35.5, 44.4, and 39.2% in mice in the DN
group, respectively, whereas OPC treatment significantly
increased GSH, GST and GSH-Px levels (Figure 3D).
Moreover, NO levels in the tissues of mice from the DN
group were significantly increased co-treatment with Cd and
HFSD (Figure 3E). However, NO levels were found to be
reduced in tissues in the OPC group. Treatment with only
HFSD led to significant changes in the oxidative and antioxidant
parameters except for the NO levels.

Effects of OPC on p38 MAPK and Keap1/
Nrf2 Pathway-Mediated Oxidative Stress
Western blotting was used to further confirm the role of oxidative
stress in the progression of DN and to determine the protective
mechanism of OPC in oxidative stress-related protein expression.

Accordingly, we examined the protein expression of the p38
MAPK and Keap1/Nrf2 pathways. Our findings indicated that
p38 and MAPK expression significantly increased in DN kidney
samples; however, this increase was prevented after treatment
with OPC (Figure 4).

There was a significant decrease in Nrf2 expression and an
increased expression of Keap1 in the samples obtained from the
DN group. However, treatment with OPC significantly increased
Nrf2 and decreased Keap1 expression in diabetic conditions
(Figure 4). These results suggested that OPC may exert
protective effects in DN, which might be associated with p38
MAPK and Keap1/Nrf2 signaling pathways.

Effects of OPC on Elemental Levels in
Cd-Induced DN Mice Kidneys
An imbalance in elemental levels is common in patients with
DN. Thus, we investigated the changes in levels of the essential
elements in DN and the effect of OPC on elemental levels. It
can be seen in Figure 5 that Cd was accumulated in the kidneys
of mice in the DN and OPC-treated groups. A significant
elevation of Cd levels was observed in samples obtained
from the DN group (111.1-fold higher than that in the
Control group; p < 0.001, compared to the Control group).
This accumulation was reduced after OPC treatment and Cd
levels in the kidneys were found to be reduced to 85.9%
compared with those in the DN group. Cd was excreted in
the urine in a small amount. OPC treatment led to a significant
increase in Cd excretion (10.4 folds higher than that in the DN
group; p < 0.01, compared with the DN group). There was no
significant increase in Cd levels in the kidneys or urine of
samples obtained from the HFSD group.

FIGURE 4 |Western blot analysis. (A) Protein Bands. (B)Quantitative analysis. Data were repeated three times. *p < 0.05, **p < 0.01, compared with control group
and #p < 0.05 compared with DN group.
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As seen in Figure 5, levels of the essential elements were
significantly different among groups. Zn levels in the kidney
tissues of mice from the DN group were significantly decreased to
73.3%, and OPC could restore these levels.

Cu levels showed a 1.34-fold increase in the tissue samples
obtained from mice in the DN group compared with those from
the control group. OPC could ameliorate this increase and return
to normalcy. Ca and Fe levels in the tissue samples in the DN
group showed a 2.35-fold and 1.72-fold increase, respectively,
whereas OPC could effectively decrease this tendency and reduce
Ca and Fe levels to 60.5 and 64.1%, respectively. Changes in the
elemental levels in the HFSD group were not significant.

To further elucidate the mechanism of OPC chelating with
cadmium, the content of MT in kidney were assessed. As shown
in Figure 5, an increase of MT content in DN group was observed
(p < 0.001), whereas the treatment of OPC could lower the
content of MT, suggesting the binding ability of OPC with
cadmium.

DISCUSSION

The progression of DN, one of the biggest problems in
nephrology field, pointing to that patients progress end-stage
renal disease and require dialysis (Aydin et al., 2019; Bacharaki
et al., 2021) or kidney transplantation (Webster et al., 2017; Jain
et al., 2019; Van Sandwijk et al., 2019). Recent epidemiological
studies reveal a link between Cd exposure and the incidence of
diabetes and its complications (Chen et al., 2006; Afridi et al.,
2008; Akinloye et al., 2010; Satarug et al., 2010; Wallin et al.,
2014). Several hypotheses have been proposed to explain the
interplay between Cd exposure and incidence of diabetes and DN
(Edwards and Prozialeck, 2009; Park et al., 2019). Gong et al.

suggest that Cd might be a risk factor in DN pathology (Gong
et al., 2017); however, the underlying mechanism of the role of Cd
in the development and progression of DN is yet to be completely
elucidated. In this study, we investigated the possible etiology of
Cd-induced DN and studied OPC as novel and efficacious drug
candidates in DN therapy.

A decrease in body weight in patients with diabetes may be due
to the compensatory gluconeogenesis in cells to account for
glucose deficit. Thus, weight reduction may be considered a
marker of diabetes mellitus and its complications. The body
weight reduction in DN mice is probably due to abnormal
carbohydrate and lipid metabolism and increased protein
catabolism (Ghosh et al., 1994). With the onset of DN, the
kidney size and weight increased by an average of 15% and
was accompanied by a progressive reduction in renal function.
The increase in kidney weight was likely due to the development
of renal hypertrophy. OPC are known to effectively alleviate
kidney enlargement (Mansouri et al., 2011). Elevated FBG levels
in mice with DN suggested the diabetogenic effect of Cd also
revealed that the administration of OPC could effectively reduce
the spike in blood glucose.

We also observed an increase of mALB levels in the DN group,
which probably resulted from the damage to the renal glomeruli
filtration barrier; however, the precise mechanism of this
phenomenon is still unknown. A plausible explanation is that
the severity of pro-oxidative stress in diabetes results in disturbed
metabolism in the basement membrane (Ha and Kim, 1995).
mALB is the predominant renal risk marker in patients with DN.
The high mALB levels exacerbate renal damage. A decrease in
mALB results in a proportional increase in renal function.
Moreover, the creatinine in urine decreased as the
concentration of creatinine in the blood was acutely increased
6–8 folds by creatinine infusion. This decrease was thought to be

FIGURE 5 | Elemental analysis and MT content determination. (A) Cadmium content in kidney. (B) Cadmium content in urine. (C)MT content. (D) Zinc content in
kidney. (E) Copper content in kidney. (F) Calcium content in kidney. (G) Iron content in kidney. ***p < 0.001, **p < 0.01, *p < 0.05 compared with control group and
#p < 0.05, ##p < 0.01, ###p < 0.001, compared with DN group.
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due to the saturation of the tubular secretory mechanism
(Perrone et al., 1992). The renal glomeruli from DN mice
showed a characteristic morphology that correlated with
mesangial cell proliferation and excessive accumulation of
ECM (Ahn et al., 2004). We found that OPC exerted a
protective effect, prevented the increase in mALB and
creatinine levels, and retained renal morphology. Our findings
were in agreement with the results of the study by Stefanovic et al.
wherein grape seeds, which are rich in antioxidative
bioflavonoids, were found to bring about a significant
morphologic improvement and amelioration in kidney
function (Stefanovic et al., 2000).

The unusually high levels of serum lipids are probably due to
the increased mobilization of free fatty acids from the peripheral
fat deposits, as insulin suppresses the production of hormone-
sensitive lipase (Sugano et al., 2006; Vaziri, 2006). Therefore,
elevated TG, TC, and LDL-C levels that were found in the DN
group may also constitute risk markers during the development
of DN.We found that OPC could abate the susceptibility of lipids
to oxidation and stabilize the membrane lipids, thereby relieving
oxidative stress by exerting hypocholesterolemic,
hypotriglyceridemic, and hypophospholipidemic effects.

The significant increase in Cd levels in the tissue samples from
the DN group suggested Cd accumulation, especially in the
kidneys. The toxicity of Cd may be partly attributed to its
long half-life and low excretion rate. The urine Cd levels were
found to be remarkably elevated after OPC treatment, possibly
suggesting the metal-chelating ability of OPC in reducing Cd
levels in vivo. Grape seeds are a rich source of plant flavonoids
and OPC oligomers. Proanthocyanidins from grape seed are
polyphenolic compounds that are mainly concentrated in tree
barks and outer skin of the seeds. OPC is of a diphenylpropane
structure of C6 -C3 -C6. Most often found as a glycoside
derivative, this compound class is composed of three
monomer units of catechin, epicatechin, and epigallocatechin
(Harborne and Mabry, 2013). OPC bind metals through

complexation via their o-diphenol groups. Fine et al. found
that OPC can chelate free iron molecules, and inhibit iron-
induced lipid peroxidation (Fine, 2000). As seen in Figure 6,
OPC can bind with Cd ions to form a covalent structure that can
be excreted via urine.

Enteric neuropathy and microvascular disease affect the in vivo
absorption of essential minerals in diabetic individuals (Eliasson
et al., 1995). Cd competes with essential elements such as Ca, Zn,
Fe, and Cu, thereby resulting in an imbalance. Low Zn levels may
interfere with the ability of the pancreatic islet cells to produce
insulin, especially in individuals with type 2 diabetes. Moreover, a
decrease in Zn is linked to the overproduction of free radicals and
increased lipid oxidation in patients with diabetes (DiSilvestro,
2000).Moreover, Zn deficiencymay exacerbate the toxicity of other
metals such as Fe and Cu. During hyperglycemia and
inflammation, excess Fe results in the overproduction of ROS
and may affect glucose control, leading to the development and
progression of DN (Al-Hafidh Khattab and Al-Youzbaki, 2018).
Intracellular calcium levels are increased in patients with diabetes.
Ca2+ release in the cytosol accelerates Cd-induced mitochondrial
injury, thus mediating cytochrome-c release and caspase-9
activation. Increased Cu levels have been correlated with the
oxidation of LDL-C and alterations in arterial wall structure,
eventually leading to infection, stress, and diabetes mellitus
(Beshgetoor and Hambidge, 1998; Tan et al., 1999). Since MT is
belived to play a privotal role in the detoxication of heavy metals,
such as cadmium, and scavenging of free radicals, the metal ability
of OPCwere assessed bymeasuring the content ofMT. It is obvious
that OPC treatment could lower the content of MT, suggesting the
protective of OPC against Cd-induced nephrotoxicity probably due
to its ability to chelating metal ions (Gong et al., 2012).

When chronically exposuring to Cd, approximately 50% of the
absorbed Cd is accumulated in the kidneys and causes damage to
renal microtubules (Satarug et al., 2017). However, the
mechanism for cadmium nephrotoxicity remains uncertain.
Using a variety of cell culture systems or animal models, ROS

FIGURE 6 | Chemical structure of proanthocyanidin-cadmium polymers. R1, R2 � H, propelargonidins; R1 � OH, R2 � H, procyanidins; R1, R2 � OH,
prodelphinidins. The cycle in purple represent the possible binding site for Cd.
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is thought to be associated with cadmium toxicity. Cadmium
depletes glutathione and protein-bound sulfhydryl groups,
leading to the production of reactive oxygen species, such as
superoxide anions, hydrogen peroxide, and hydroxyl radicals.
The depletion in renal GSH has been observed in response to
oxidative stress by cadmium treatment, resulting in enhanced
lipid peroxidation, and excessive lipid peroxidation caused
increased GSH consumption. As GSH-dependent antioxidant
enzymes, the decrease abilities of GST and GSH-Px probably
due to reduced content of its substrate GSH. The detoxification
effect of GST play a critical role for endogenous compounds such
as peroxidised lipids, as well as the metabolism of xenobiotics.
GSH-Px could eliminate hydrogen peroxide and lipid peroxides
and thus interrupt the propagation of the lipid peroxidation
reaction (Valavanidis et al., 2006). Moreover, the exposure to
cadmium lead to the loss of Cu and Zn in the kidneys. Cu and Zn
are antioxidant trace elements because they act as the cofactors of
cytoplasmic superoxide dismutase (Pokusa and Kráľová
Trančíková, 2017). The decreased SOD activity might be
related to the loss of copper and zinc which are essential for
the enzyme activity, resulting in the insufficient abilities to
scavenge the superoxide anion produced during the normal
metabolic process. Hamasaki et al. found that an imbalance

between Zn and Cu is associated with renal dysfunction in
humans, which is mediated by oxidative stress (Hamasaki
et al., 2016). The increased production of different radical
species accelerates the degradation of carbohydrates, lipids,
and DNA, and further result in hyperglycemia and glucose
auto-oxidation (Gong et al., 2017). As a result, oxidative stress
induced by Cd may be an intervening factor in the toxic
mechanism of Cd on renal tubules (Figure 3F).

Hyperglycemia-induced oxidative stress might also act as a
common but key event in the development and progression of
diabetes and its complications (Ceriello, 2000). Decreased SOD
activity has been reported in diabetes (Mohora et al., 2006).
Depletion of reduced GSH could significantly affect the overall
redox potential of the cell. NO reacts with superoxide radicals and
is converted to the harmful peroxynitrite, leading to increased
levels of steady-state free radicals in the kidneys of diabetic
individuals (Huie and Padmaja, 1993). Stadler et al. have
demonstrated that NO production is increased in the kidneys
of streptozocin-induced diabetic rats, which provides credible
evidence for the involvement of ROS, NO, and peroxynitrite-
derived species in the development and progression of early
diabetic tissue damage (Stadler et al., 2003). OPC as free
radical scavengers can increase free GSH levels to further

FIGURE 7 | Possible mechanism involved in the pathogenesis of DN and protective effect of OPC. (A) The combination of Cd and HFSD can induce the increase of
oxidative stress, which activate the expression of p38 MAPK pathway, moreover, block the effect of Nrf2/Keap1 pathway. (B) The treatment of OPC can downregulate
the expression of p38 MAPK pathway and activate Nrf2/Keap1pathway to exert its protective effect against the progressive of DN.
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detoxify the products of lipid peroxidation (Bagchi et al., 2000),
and then restoring the renal antioxidant defense system. OPC also
promote insulin release by stimulating the surviving pancreatic
cells and regulating insulin release, thereby facilitating serum
glucose levels to normalcy. In the present study, combined
treatment of cadmium and HFSD resulted in significant
increase in TBARS and PCO as well as NO, significant
decrease in antioxidant content in renal tissue, however,
treatment with OPC could ameliorate these changes,
indicating the protection offered by OPC against renal injury.

MAPK functions as a key point in several biochemical processes
and participates in cellular processes such as proliferation,
differentiation, and apoptosis. p38 MAPK is an important
member of MAPK that plays a pathological role in diabetes and
result in podocyte apoptosis (Susztak et al., 2006; Chuang et al.,
2007). Hyperglycemia is known to activate p38 MAPK (Igarashi
et al., 1999; Adhikary et al., 2004), which is associated with the
apoptosis of pancreatic β-cells. The p38 pathway is also activated in
the renal cortex following podocyte decrease, albuminuria, and
glomerulosclerosis during early DN (Wang et al., 2018b). Nrf2
signaling pathway played a critical role in the pathogenesis of renal
disease including DN (Chen et al., 2016; Chen et al., 2017; Chen
et al., 2019a; Feng et al., 2019a; Wu et al., 2021). A decline in Nrf2
activity leads to the decreased transcription of several antioxidant
enzymes and an increased accumulation of ROS. Nrf2 activation
not only mediates glucose metabolism and glycogen formation but
also plays a role in alleviating oxidative stress by neutralizing ROS
and decreasing oxidative damage to the kidneys. Moreover, Nrf2
can negatively regulate TGF-β1 activity (Zheng et al., 2011).
Increased evidence has indicated that a number of natural
products improve renal injury by activating the impaired
Keap1/Nrf2 signaling pathway (Chen et al., 2019b; Feng et al.,
2019b; Chen et al., 2019c; Wang et al., 2020). OPC can activate
Nrf2 expression associated with the MAPK pathway (Bak et al.,
2012). We found that OPC could protect against Cd-induced
toxicity by counteracting oxidative injury via regulation of the
p38 MAPK pathway coupled with Keap1/Nrf2 pathway. The
functional group at R2 moiety on OPC appeared important to
the inhibitory action of MAPK-related signaling pathway, because
prodelphinidin B2 3,3 di-O-gallate, having two galloyl moieties,
showed strongest effect while prodelphinidin B2, having no galloyl
moiety, failed to show such inhibitory effect (Hou et al., 2007). Our
results indicated that targeting of the p38 MAPK and Keap1/Nrf2
signaling pathways might be involved in the pathogenesis of DN.
Moreover, OPC triggered a complex crosstalk between p38 MAPK
and Keap1/Nrf2 signaling pathway viamodulating oxidative stress
(Figure 7).

CONCLUSION

To summarize, we found that OPC from grape seeds exhibit
morphological and functional protection in Cd-induced DN and
its progression. The protective effects of OPCmay be attributed to
multidimensional aspects, including the regulation of oxidative-
antioxidative status (LPO, PCO, SOD, and GSH), metal-binding
ability (Cd in kidney and urine), mediation of the levels of

essential elements (Zn, Ca, Cu, and Fe levels in the kidneys),
and activation of the p38 MAPK and Keap1/Nrf2 signaling
pathways. Based on our findings, it can be reasonably
concluded that OPC from grapes can serve as functional foods
in preventing the onset of type 2 diabetes mellitus and its
complications. However, further studies on the mechanism of
action and safe dose of grape OPC are required prior to its use in a
clinical setting.
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Quercetin Attenuates Podocyte
Apoptosis of Diabetic Nephropathy
Through Targeting EGFR Signaling
Yiqi Liu, Yuan Li, Liu Xu, Jiasen Shi, Xiujuan Yu, Xue Wang, Xizhi Li, Hong Jiang,
Tingting Yang, Xiaoxing Yin, Lei Du* and Qian Lu*

Jiangsu Key Laboratory of New Drug Research and Clinical Pharmacy, Xuzhou Medical University, Xuzhou, China

Podocytes injury is one of the leading causes of proteinuria in patients with diabetic
nephropathy (DN), and is accompanied by podocytes apoptosis and the reduction of
podocyte markers such as synaptopodin and nephrin. Therefore, attenuation of podocyte
apoptosis is considered as an effective strategy to prevent the proteinuria in DN. In this
study, we evaluated the anti-podocyte-apoptosis effect of quercetin which is a flavonol
compound possessing an important role in prevention and treatment of DN and verified the
effect by using db/db mice and high glucose (HG)-induced mouse podocytes (MPs). The
results show that administration of quercetin attenuated the level of podocyte apoptosis by
decreasing the expression of pro-apoptotic protein Bax, cleaved caspase 3 and increasing
the expression of anti-apoptotic protein Bcl-2 in the db/db mice and HG-induced MPs.
Furthermore, epidermal growth factor receptor (EGFR) was predicted to be the potential
physiological target of quercetin by network pharmacology. In vitro and vivo experiments
confirmed that quercetin inhibited activation of the EGFR signaling pathway by decreasing
phosphorylation of EGFR and ERK1/2. Taken together, this study demonstrates that
quercetin attenuated podocyte apoptosis through inhibiting EGFR signaling pathway,
which provided a novel approach for further research of the mechanism of quercetin in the
treatment of DN.

Keywords: quercetin, diabetic nephropathy, network pharmacology, podocyte apoptosis, EGFR

INTRODUCTION

Diabetes is one of the fastest growing chronic diseases worldwide, which leads to devastating
macrovascular and microvascular complications. Diabetic nephropathy (DN) is one of the most
serious complications of diabetes (Gnudi et al., 2016). Glomerular hyperfiltration and proteinuria are
the early clinical manifestations of DN. The pathological features of proteinuria formation are
mesangial dilatation, endothelial cell degeneration and podocyte injury (Chen et al., 2015; Du et al.,
2021). Podocyte injury undergoes the processes of podocyte hypertrophy, detachment, autophagy
and apoptosis, accompanied by the reduction of podocyte marker proteins (nephrin and
synaptopodin). The continuous consequences of podocyte injury destroy the renal glomerular
filtration barrier, which leads to proteinuria (Nagata, 2016). Therefore, alleviation of podocyte injury
is a key link to delay progression of DN.

Apoptosis is one of the mechanisms that induces podocyte injury during the progress from
compensatory hypertrophy to cell detachment. Podocyte apoptosis mainly based on the emergence
of apoptotic bodies along with the increased expression of pro-apoptotic protein Bax and cleaved
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caspase-3. It has been reported that the apoptosis rate of
podocytes is significantly increased in db/db mice, and in vitro,
the high glucose is sufficient to induce apoptosis in podocytes
(Liu et al., 2016). Pretreatment with Abelmoschus manihot (TFA),
significantly decreased the number of apoptotic podocytes and
the expression of pro-apoptosis related proteins caspase-3 and
caspase-8 in DN rats, so as to reduce proteinuria and improve
renal function (Zhou et al., 2012). Therefore, inhibition of
podocyte apoptosis is an essential link for relieving podocyte
injury and proteinuria.

Quercetin is a polyphenol belonging to the class of flavonoids
existed in bupleuri, mulberry leaves and sophora japonica et al.,
which is reported to have an ameliorative effect on diabetic
nephropathy induced by streptozocin (Feng et al., 2019).
Modern pharmacological studies show that quercetin has
multiple biological functions including anti-oxidation, anti-
allergic, anti-infammatory, and anti-apoptotic effects (Gomes
et al., 2014; Tang et al., 2020). In addition, it has been proven
to have wide pharmacological effects on diabetic diseases. Our
previous studies have demonstrated that quercetin prevents renal
fibrosis in DN by restraining the proliferation of mesangial cells
(MCs) and the epithelial-mesenchymal transition (EMT) of renal
tubular epithelial cells induced by high glucose (Lu et al., 2015; Du
et al., 2019). Quercetin has a protective effect on lupus nephritis
via improving the permeability of the glomerular filtration barrier
to reduce proteinuria (Dos Santos et al., 2018). It suggests that
quercetin has an activity of supressing proteinuria. Take it
further, rutin, a precursor of quercetin, attenuates renal
tubular cell apoptosis by decreasing the caspase-3/7 activities
(Qu et al., 2019). It shows that quercetin has an inhibitory effect
on renal cell apoptosis. Quercetin may have potential activities in
relieving podocyte injury and proteinuria through inhibition of
podocyte apoptosis, however, it has not yet been fully understood.

Quercetin has potential activities on resisting diabetic
nephropathy, but the mechanism of action is unclear. Network
pharmacology is an emerging method based on the “disease-
genes-drug” network, which can be used to predict the potential
mechanism of active ingredients in diseases (Boezio et al., 2017).
The method combines the ideas of system biology with multi-
directional pharmacology, and integrates the biological network
with drug action network to analyze the relationship between
drugs and nodes or modules in the network. It has been proved to
possess a certain credibility and feasibility through several
previous experiments (Li and Zhang, 2013; Guo et al., 2020).
In this research, the target databases of quercetin and diabetic
nephropathy were constructed respectively, then took
intersection of the two databases, and a total of 56 possible
targets for quercetin in prevention of DN were obtained.
Then, epidermal growth factor receptor (EGFR) was selected
as our research object through a series of subsequent analysis
including the protein-protein interaction (PPI) network analysis
and kyoto encyclopedia of genes and genomes (KEGG) pathway
enrichment analysis.

EGFR is the member of a family of receptor tyrosine kinase
ErbB receptors (Chen et al., 2012; Li et al., 2021), which is widely
expressed in glomeruli, proximal tubes and collecting ducts
(Zhang et al., 2014). EGFR is composed of a single

extracellular ligand binding domain, a transmembrane domain
and a cytoplasmic domain containing a conserved protein
tyrosine core (Chakraborty et al., 2014) and is activated by
binding to its ligands, leading to phosphorylation of the
intrinsic kinase domain then activation of the intracellular
pathways (Chen et al., 2015). These pathways include the
mitogen-activated protein kinase (MAPK), janus kinase (JAK)
signal transducers and activators of Transcription (STAT), src
kinase and phosphatidylinositol three kinase (PI3K) pathways.
They are responsible for regulating cell proliferation,
differentiation, and apoptosis. Previous experimental data
revealed EGFR inhibition diminishs renal injury by reducing
inflammation, oxidative stress, apoptosis and fibrosis both in vivo
and in vitro (Skibba et al., 2016). Mice with podocyte-specific
EGFR knockout showed less podocyte loss and lighter proteinuria
in streptozotocin-induced Type 1 diabetes. In the cultured
immortal mouse podocytes, EGFR was knocked down by
transfection of specific mouse small interfering RNA sequences
and found that downregulation of EGFR expression markedly
attenuated the expression of cleaved caspase three and the
phosphorylation of ERK in response to high-glucose exposure
(Chen et al., 2015). It has been reported that quercetin potently
suppresses the autophosphorylation of the EGFR in human colon
carcinoma cell, and quercetin induces apoptosis via inhibition of
EGFR in breast cancer cell lines (Balakrishnan et al., 2017).
However, the role of quercetin in EGFR signaling pathway
and podocyte apoptosis is not yet known.

The present study was designed to evaluate the effects of
quercetin on the albuminuria and podocyte apoptosis in DN.
Moreover, network pharmacology was applied to explore the
underlying target of quercetin against DN. In addition, we
determined whether quercetin attenuates podocyte apoptosis
of DN through inhibiting EGFR signaling pathway.

MATERIALS AND METHODS

Cell Culture
Conditionally immortalized mouse podocytes (BLUEFBIO
Biotechnology Company, Shanghai, China, ATCC number
BFN60700330) were cultured in RPMI 1640 medium. Cells
were grown in a 5% CO2 humidified atmosphere at 33 °C and
medium containing 100 U/ml IFNγ and 10% fetal bovine serum
(FBS). Then podocytes were exposed to 37°C without IFNγ for
10 days to induce differentiation. The differentiated podocytes
were grown in serum-free RPMI 1640 medium for 24 h prior to
the experiment, which followed by treatment with 0.1% DMSO
(solvent control DMSO) or glucose (HG, 40 mM, G7021, Sigma)
or quercetin (5280343, Sigma, St. Louis, MO, United States) at a
concentration of 10 μmol/L (Q10), 20 μmol/L (Q20), 40 μmol/L
(Q40) or 1 μmol/L AG1478 (2934816, EMD Millipore, DE)
for 24 h.

Animal Experiments
Eight-week-old genetically diabetic C57BL/KSJ db/db mice and
their age-matched nondiabetic C57/KSJ db/m littermates (used as
control animals) were obtained from the Model Animal Research
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Center of Nanjing University, following the Guiding
Principles for Care and Use of Laboratory Animals of
Xuzhou Medical University. All mice used in experiments
were male. The mice were housed in an animal facility
conditioned with 12–12 h light-dark cycles and allowed free
access to normal food and water. After acclimatization for 8
weeks, the mice were randomly divided into five groups with
at least six mice in each group. The average initial body weight
of each group was not significantly different (p > 0.05). These
treatment groups were designated as db/m group (control
group), db/db group (diabetes model group), QL group (low-
dose quercetin-treated group, 50 mg kg−1), QM group
(medium-dose quercetin-treated group, 100 mg kg−1), and
QH group (high-dose quercetin-treated group,
150 mg kg−1). Quercetin was dissolved in 0.5% carboxy
methyl cellulose (CMC-Na) according to the expected dose
of the treatment groups and was given to the mice via
intragastric administration, whereas the mice of the db/m
group and db/db group were given 0.5% CMC-Na through the
same administration method for 8 weeks. After
administration for 8 weeks, the mice were sacrificed and
part of the kidney tissue was fixed in 4%
paraformaldehyde, while the remaining tissue was stored at
–80°C for biochemical analysis. Animal experiments were
conducted in accordance to the principles provided by the
National Institutes of Health’s Guide for the Care and Use of
Laboratory Animals. Experiments were conducted with
approval of the Animal Ethics Committee of Xuzhou
Medical University, which also conformed the Guidelines
for Ethical Conduct in the Care and Use of Animals.

Network Pharmacology-Based Prediction
of the Potential Actions of Quercetin on DN
Network pharmacology was carried out to identify the
interactions between compounds and network target proteins.
The putative quercetin targets were screened from ETCM (http://
www.tcmip.cn/ETCM/), SymMap (http://www.symmap.org/),
TCM-MESH (http://mesh.tcm.microbioinformatics.org/),
TCMSP (https://old.tcmsp-e.com/tcmsp.php) four databases.
Similarly, information on DN-associated target genes were
gathered from the following databases: DrugBank (https://
www.drugbank.ca/), OMIM (https://www.omim.org/),
DisGeNet (http://www.disgenet.org/), Proteomics, then the
possible targets of quercetin against DN were screened
through the overlap analysis between putative targets of
quercetin and known DN-associated targets. The potential
target gene in quercetin was mapped to the disease target gene
by using the ImageGP platform, and a Venn diagram was drawn
to show results. In addition, the protein-protein interaction (PPI)
network analysis was constructed to determine the potential
targets and inherent pathways for investigating the actions of
drugs by STRING (https://string-db.org/). Then, 12 topology
analysis algorithms of Cytoscape 3.2.1 were used to screen out
the key targets in PPI network. Screening of significant
therapeutic targets was based on the high throughput reverse
molecular docking (Gao et al., 2016; Sheng et al., 2017), hub

results and the tissue distribution. The database for Annotation,
Visualization and Integrated Discovery (DAVID) (https://david.
ncifcrf.gov/) was used to analyze the Gene Ontology (GO)
function and KEGG pathway enrichment of significant
therapeutic targets. Finally, the relationships between these
significantly enriched pathways and DN were further validated
by literature reports.

Measurement of Renal Function
Fasting blood glucose (FBG) was measured with a glucose assay
Kit (Jiancheng Bioengineering Institute, Nanjing, China).
Urinary albumin and the creatinine levels were detected by
ELISA kits (Lanpai Biotechnology, Shanghai, China). The
UACR (mg/g) was computed as urinary albumin/urinary
creatinine. Blood urea nitrogen (BUN) was measured with
ELISA kits. The ELISA kits were purchased from Lanpai
Biotechnology (Shanghai, China). Results are expressed as the
mean ± SEM. These biochemical indices were measured for
estimating the progression of DN.

Renal Histology Analyses
Tissue sections of 4-μm thickness were prepared from paraffin-
embedded kidney tissue. The sections were stained with periodic
acid Schiff (PAS) (Liu et al., 2018), periodic acid-silver
metheramine (PASM), Masson, and Sirius red after
deparaffinization. Staining was conducted to assess kidney
morphology, the glomerular basement membrane, glycogen
deposition, and collagen accumulation. These kits were
purchased from Solarbio, Beijing, China. Photographs were
taken randomly and blindly under a microscope (OLYMPUS,
Tokyo, Japan). Quantification of staining was performed using
Image Pro Plus 6.0 and was expressed as the positive region.
Representative views were shown.

Tunel Assay
Terminal deoxynucleotidyl transferase mediated dUTP nick-end
labeling (TUNEL) assay (Roche, United States) is used to detect
the nuclear DNA fragmentation of tissue cells in the early process
of apoptosis. Sections were dewaxed and rehydrated according to
standard protocols. After deparaffinization, sections were
incubated with proteinase K working solution and prepared
TUNEL reaction mixture for 15 min at 37°C. Sections were
counterstained with DAPI (Beyotime Institute of
Biotechnology, Nantong, China). The number of TUNEL

TABLE 1 | Influence of quercetin on general parameters in experimental animals.

Groups FBG (mmol/L) BUN (mmol/L) UACR (mg/g)

db/m 6.64 ± 0.65 5.85 ± 1.11 6.91 ± 0.13
db/db 40.74 ± 1.36## 10.56 ± 1.01## 45.98 ± 4.84##

db/db + QL 27.9 ± 1.74** 10.17 ± 1.42 39.56 ± 0.58**
db/db + QM 33.28 ± 3.29** 7.38 ± 0.58** 24.22 ± 3.39**
db/db + QH 32.1 ± 2.37** 5.05 ± 0.39** 20.44 ± 3.27**

Values represented mean ± SEM (n � 5/6 per group). db/m, normal control; db/db,
diabetic; QL, low dose quercetin (50 mg/kg/d); QM, medium dose quercetin
(100 mg/kg/d); QH, high dose quercetin (150 mg/kg/d); FBG, fasting blood glucose;
BUN, blood urea nitrogen; UACR, urinary albumin creatinine ratio. #p < 0.05 vs db/m.
##p < 0.01 vs db/m. *p < 0.05 vs db/db. **p < 0.01 vs db/db.
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positive cells per DAPI positive cells was used for quantitation of
apoptotic cell.

Hoechst 33342 Staining and Annexin
V-FITC/Propidium Iodide Assay
Hoechst 33342 is a blue fluorescent dye that can penetrate cell
membranes and is less toxic to cells. It was often used to detect
apoptosis and the staining was observed by fluorescence
microscope. The Annexin-V-FITC Apoptosis Detection Kit
(BD Biosciences, Franklin Lakes, NJ, United States, catalog no.
556547) was used to detect apoptosis by flow cytometry. Cells
were exposed to various conditions of treatment for 24 h, and
they were harvested and processed according to the
manufacturer’s instructions. Cells were considered viable if

FITC Annexin V and PI staining were all negative; early
apoptotic if FITC Annexin V staining was positive with
negative PI staining; and late apoptotic or already dead if both
FITCAnnexin V and PI staining were positive (Li et al., 2017; Yao
et al., 2020).

Immunohistochemistry
The fixed kidney section of a 4 μm thickness (Leica Company,
Germany, RM2235) were deparaffinized in xylene 3333 rehydrated
in a graded series of alcohols. Subsequently the sections were placed
in 3% H2O2 for 10 min to eliminate endogenous peroxidase
activity. After pepsin antigen retrieval for 30 min, the sections
were washed with PBS 3 times for 3 min each time and then
blocked with 2% BSA for 0.5 h at room temperature. The sections
were incubated with mouse anti-synaptopodin antibody (1:200,

FIGURE 1 | Effects of quercetin on glomerular injury in diabetic mice. (A) PAS, PASM, Sirius red andMasson staining of renal cortex sections in diabetic mice. (B–E)
Statistical analysis of PAS, PASM, Sirius red and Masson staining. (F) Distribution and expression of nephrin through immunofluorescence with specific antibodies
against podocyte marker nephrin (red), renal tubular marker LTL (green) and DAPI (blue). (G) Immunohistochemical analysis of nephrin expression in the five groups. (H,I)
Statistical analysis of nephrin expression. (J) Expression of nephrin throughWestern blotting. Data were expressed asmean ± SEM, n � 6. #p < 0.05 vs db/m. ##p <
0.01 vs db/m. *p < 0.05 vs db/db. **p < 0.01 vs db/db.
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santa cruz biotechnology, sc-515842) at 37°C for 2 h or 4°C
overnight. The sections were stained using a polymer HRP
detection system (ZSGB-BIO, Beijing, China) and visualized with
a DAB detection kit (Vector Laboratories Inc., Burlingame, CA,
United States). After conventional dewatering and neutral balsam
mounting, photographs were blindly taken at random felds under an
Olympus BX43F fuorescence microscope (OLYMPUS, Japan) (Chen
et al., 2019).

Immunofluorescence
Differentiated podocytes werefixedwith coldmethanol at −20°C for
20 min and permeabilized with 0.1% Triton X-100/PBS. After they
were washed three times with cold PBS. The cells were blocked with
2% bovine serum albumin (BSA) for 1 h at room temperature and
incubated with mouse anti-synaptopodin antibody (1:200, santa
cruz biotechnology, sc-515842) or rabbit anti-cleaved caspase
three antibody (1:400 Cell Signaling Technology, 9661) at 37°C
for 2 h or 4°C overnight. Then, the cells were washed three times
with PBS and incubated with a secondary antibody conjugated
to DyLight 488 or DyLight 594 (Earthox, Millbrae, CA,
United States) at 37°C for 1 h, respectively. Nuclei were
counterstained with DAPI. The coverslips were mounted
onto glass slides, and the images were viewed with an
Olympus BX43F fluorescence microscope (OLYMPUS, Japan).

Western Blot
Protein analysis was performed on mouse renal cortex tissues (Ji
et al., 2017) and cultured podocytes as described previously.

EGFR, p-EGFR and cleaved caspase three antibodies were
purchased from Cell Signaling (Beverly, MA, United States).
ERK1/2, p-ERK1/2, Bcl2, Bax and synaptopodin antibodies
were purchased from Abcam (Cambridge, United Kingdom).
β-actin antibody was purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, United States).

Statistical Analysis
All data were presented as the means ± SEM. Statistical analysis
was performed using SPSS software, version 16.0 (SPSS, Inc.,
Chicago, IL, United States). Statistical differences were
determined using analysis of variance followed by Dunnett’s
test (Exp. versus Con.) using one trial analysis. A significant
difference was defined as p < 0.05 compared with the control.

RESULTS

Quercetin Reversed the Alterations in Renal
Functional Parameters in Diabetic Mice
The renal function levels of the experimental mice were examined
after treatment with quercetin for 8 weeks. BUN and UACR levels
are important indicators of renal function. The levels of BUN and
UACR in diabetic mice treated with quercetin were significantly
decreased, compared with those in the diabetic mice. In parallel,
the FBG levels of the diabetic mice were obviously retrieved. During
the period of the study, quercetin effectively prevented the
progression of albuminuria as shown in Table 1. Collectively,

FIGURE 2 | Effects of quercetin on podocyte apoptosis in diabetic mice. (A) Apoptosis was assessed by TUNEL assay. (B) Expression of Bax, Bcl-2, cleaved
caspase-3 throughWestern blotting. (C) Statistical analysis of Bax, Bcl-2, cleaved caspase-3 protein expression. Data were expressed asmean ± SEM, n � 6. #p < 0.05
vs db/m. ##p < 0.01 vs db/m. *p < 0.05 vs db/db. **p < 0.01 vs db/db.
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these results indicated quercetin exerts protective effects on renal
function.

Effects of Quercetin on Glomerular Injury in
Diabetic Mice
To investigate the protection of quercetin toward DN, a series of
staining methods was used in this study. PASM staining is an
essential adjunct to the evaluation of change in the GBM. The
GBM was markedly thickened in the diabetic group compared
with the normal group when observed by PASM stain. Glycogen
and collagen are components of the extracellular matrix. PAS,
masson and sirius redstaining showed that glycogen and collagen
deposition was enhanced in the diabetic mice renal cortex compared
with control group, however, administration of quercetin inmedium-
dose and high-dose effectively reversed these levels (Figures 1A–E).

We quantified expression levels of a podocyte marker protein,
nephrin, indicated much less nephrin expression in diabetic mice
by immunofluorescence (Figure 1F), immunohistochemistry
(Figures 1G,H) and western blotting analysis (Figure 1I,J).
However, treatment with quercetin significantly prevented
reduction of nephrin. These results indicated that quercetin
protects against glomerular injury in diabetic mice.

Quercetin Prevented Glomerular Podocyte
Apoptosis in Diabetic Mice
TUNEL assay was used to detect apoptosis in glomeruli for
observing the effect of quercetin on podocyte apoptosis under
diabetic conditions. The number of apoptotic cells in glomeruli was
noticeably increased from diabetic mice compared to the control
group (Figure 2A, B. Further results showed that the pro-apoptotic

FIGURE 3 | The whole framework based on an integration strategy of network pharmacology.
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FIGURE 4 | EGFR was screened as the target of quercetin in DN through network pharmacology. (A) Matching of target genes between DN and quercetin. (B)
Common target PPI network between DN and quercetin. (C)Hub genetic analysis. (D)Based on the high throughput reverse molecular docking and hub results. (E) The
distribution of tissue. (F) Enriched GO terms for biological process (BP) of potential targets of quercetin. (G,H) KEGG pathway analysis of putative target genes of
quercetin.
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proteins Bax and cleaved Caspase-3 were significantly up-regulated
and the anti-apoptotic protein Bcl-2 was markedly down-regulated
in diabetic mice (Figure 2C, D). Above changes were reversed by
the administration of quercetin, which demonstrated that
quercetin inhibits apoptosis in diabetic mice.

Identification of EGFR Act as the Possible
Target of Quercetin in the Prevention of
Diabetic Nephropathy by Network
Pharmacology Analysis
We obtained 161 drugs targets and 640 DN-related disease protein
targets from respective databases. A total of 56 potential targets
were gained based on the intersection of protein targets acting on
quercetin and these are related to DN by using the ImageGP
platform. The targets were exhibited in PPI and the key targets
were used to screen out through 12 topology analysis algorithms of
Cytoscape 3.2.1. The six key targets MPO,MMP9, MMP2, MMP3,
EGFR, AKT1 were screened in this process, which suggested that
these six targets probably served as significant therapeutic targets in
DN. Then the tissue distribution of these targets indicating that
EGFR, MMP2, and AKT1 were expressed in the kidney. GO
analysis revealed that the functions of these potential targets are
related to cell proliferation, differentiation and apoptosis. In the last
step, we found that EGFR enriched the most pathways by KEGG
pathway enrichment analysis. Therefore, EGFR was choosed as the
target for quercetin intervention in DN, which synthesized all of
the above analysis. All were shown in Figures 3, 4. In addition, we
evaluated the interaction between quercetin and EGFR by
molecular docking scores (Supplementary Figure S1). The

result showed that the docking score was -8.396, indicating a
better combination of quercetin with EGFR.

Quercetin Inhibited the EGFR Pathway in
Diabetic Mice
The expressions of total EGFR, phospho-EGFR and the downstream
ERK in this pathway were examined to observe whether the EGFR
signaling pathway can be activated in diabetic mice. Even though the
raise in total EGFR and ERK expression did not reach statistical
significance, the expression of phospho-EGFR and phospho-ERK
markedly increased in diabetic mice compared with the normal
group, and immunohistochemical results showed the same
changes Figure 5A, C), suggesting EGFR was activated under
diabetic conditions and quercetin could down-regulate the
expressions of phospho-EGFR and phospho-ERK in diabetic mice
(Figure 5B, D). Collectively, the data demonstrated that quercetin
inhibited the EGFR pathway.

Effects of Quercetin and AG1478 on EGFR
Pathway in HG-Induced Podocytes
In vitro, we evaluated the role of EGFR signaling through examining
the expressions of phospho-EGFR and total EGFR and the
downstream ERK in cultured podocytes, which were treated with
HG, quercetin (40 μM) and AG1478 (EGFR inhibitor). DMSO was
used as a control group for drug solvents and played no effect on their
expression. CCK8 assay was used to investigate the cytotoxicity of the
quercetin in podocyte. The data demonstrated that 40 μMof quercetin
treatment for 24 h did not generate any conspicuous cytotoxic effects,

FIGURE 5 | Effects of quercetin on the EGFRpathway in diabeticmice. (A) Immunohistochemical analysis of P-EGFR (1068) expression in the five groups. (B)Statistical
analysis of P-EGFR (1068) expression. (C)Phosphorylation of EGFRandERK in renal cortex of diabeticmice throughwestern blotting. (D)Statistical analysis of PEGFR/EGFR
and PERK/ERK expression. Data were expressed as mean ± SEM, n � 6. #p < 0.05 vs db/m. ##p < 0.01 vs db/m. *p < 0.05 vs db/db. **p < 0.01 vs db/db.
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whereas 80 μM significantly declined cell viability (Figure 6B). Then
we examined cell viability under different treatments to further
evaluate whether quercetin protects podocyte against HG-induced
apoptosis. High glucose inhibited cell viability, while treatment with
quercetin raised cell viability dose dependently. Thus, doses of 10, 20
and 40 μM quercetin were used to examine its potential ability to
prevent against DN in the following experiments. Western blotting
results showed that the same changes in HG-induced podocyte as in
vivo (Figure 6C), suggesting EGFR was activated under high glucose
conditions, and quercetin could down-regulate the high expressions
(Figure 6D). The differentiated podocytes were treated with HG for
24 h prominently increased EGFR phosphorylation, and pretreatment

of the differentiated podocytes with the EGFR tyrosine kinase
inhibitor (AG1478) and HG markedly prevented EGFR
(Figure 6E, F, Supplementary Figure S2). So we used AG1478 to
further explore the mechanism of quercetin on DN.

Quercetin Reversed Podocyte Apoptosis
Through Inhibiting the EGFR Pathway
Podocyte apoptosis was detected by Annexin V-staining (Figure 7C,
E), immunofluorescence and western blot analysis. We found that
quercetin reversed HG-induced podocyte apoptosis through
examining the expression of Bcl-2, Bax and cleaved caspase-3

FIGURE 6 | Effects of quercetin on the EGFR pathway in HG-induced podocyte. (A) The chemical structure of quercetin. (B) The safety and efficacy experiments of
quercetin. (C,E) Expressions of PEGFR/EGFR and PERK/ERK through western blotting. (D,F) Statistical analysis of PEGFR/EGFR and PERK/ERK protein expression.
Cells were starved for 24 h and treated with normal glucose, high glucose, DMSO, quercetin or AG1478 for 24 h. Data were expressed asmean ± SEM, n � 3. ##p < 0.01
vs NG. #p < 0.05 vs NG; *p < 0.05 vs HG. **p < 0.01 vs HG.
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(Figure 7A, B, G, H). To further investigate whether quercetin
improved HG-induced podocyte apoptosis through the EGFR
pathway, we used AG1478 to inhibit EGFR and then added
quercetin to observe its effect on podocyte apoptosis. Compared to
Q40 group, the improvement level of podocyte apoptosis was reduced
in Q40 +AG1478 group (Figure 7D, F, I, J), indicating that quercetin
supressed HG-induced podocyte apoptosis through the EGFR
pathway.

Quercetin Inhibited HG-Induced Podocyte
Injury Through the EGFR Pathway
We identified expression levels of synaptopodin and nephrin by
immunofluorescence and western blotting analysis. As shown in
Figures 8A–F, quercetin raised the low expression of synaptopodin
and nephrin in HG-induced podocytes, but the upregulation effect
was supressed in Q40 + AG1478 group (Figure 8G–L), verifying that

FIGURE 7 | Effects of quercetin on HG-induced podocyte apoptosis through the EGFR pathway. (A,F) Distribution and expression of cleaved caspase three in
podocyte through immunofluorescence, the number of apoptotic cells was assessed by Hoechst 33342 staining. (B,D) Statistical analysis of cleaved caspase three
expression. (C) Percentage of apoptotic podocytes. (E) Flow cytometry analysis of podocytes apoptosis with Annexin V-FITC/PI staining. (G,I) Expression of Bcl2, Bax
and cleaved caspase three through western blotting. (H,J) Statistical analysis of Bcl2, Bax and cleaved caspase three protein expression. Data were expressed as
mean ± SEM, n � 3. ##p < 0.01 vs NG. #p < 0.05 vs NG; *p < 0.05 vs HG. **p < 0.01 vs HG. $p < 0.05vs Q40; $$p < 0.01vs Q40.
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quercetin inhibited HG-induced podocyte injury through the EGFR
pathway.

DISCUSSION

In spite of DN pathogenesis has made progress, its high incidence
and poor prognosis have not been greatly improved. Therefore,
excavating novel therapeutic targets for DN is significant. The

appearance of proteinuria is regarded as the hallmark of DN at its
early stage. Podocyte hypertrophy, detachment and apoptosis can
all lead to the increase of proteinuria in patients with DN. A
multitude of studies has demonstrated that therapies with
lessening podocyte apoptosis have beneficial effects on kidney
diseases (Liu et al., 2016; Jin et al., 2019). Therefore, lessening
podocyte apoptosis is considered to be a potential novel
therapeutic strategy for DN. The results presented here
indicate that quercetin decreases the apoptosis rate of

FIGURE 8 | Effects of quercetin on HG-induced podocyte injury through the EGFR pathway. (A,B,G,H)Distribution and expression of synaptopodin and nephrin in
podocyte through immunofluorescence. (C,D,I,J) Statistical analysis of synaptopodin, nephrin expression. (E,K) Expression of synaptopodin through western blotting.
(F,L) Statistical analysis of synaptopodin protein expression. Cells were starved for 24 h and treated with normal glucose, high glucose, DMSO, quercetin, AG1478 or
Q40 + AG1478 for 24 h. Data were expressed as mean ± SEM, n � 3. ##p < 0.01 vs NG. #p < 0.05 vs NG; *p < 0.05 vs HG. **p < 0.01 vs HG. $p < 0.05vs Q40;
$$p < 0.01vs Q40.
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podocytes. Considering the protective effects of quercetin in
podocytes, we hypothesize that quercetin has a protective role
in diabetic nephropathy by reducing podocyte apoptosis.

Currently, hyperglycemia is regarded to be the dangerous
triggering factor in the progression of diabetic nephropathy
(Brownlee, 2005). Administrated quercetin in diabetic mice, a
significant descent of the FBG levels was encouraging. The
declining FBG level, which was statistically meaningful but
absent clinically practical significance, indicating that quercetin
may exert a protective effect on the kidney independent from the
insulin receptor-dependent pathway. Notably, quercetin
remarkably improved the signals of renal damage and
dysfunction that were reflected by a reduction in BUN and
UACR in diabetic mice. These results are supported by a
previous study that similarly showed a remarkable effect of
quercetin on ameliorating the renal function in diabetic
nephropathic rats (Tang et al., 2020). Exposure to a high
glucose milieu induces podocyte injury and leads to the
impaired filtration barrier function of glomeruli, ultimately
results in proteinuria (Xu et al., 2015; Qi et al., 2017). An
abundance of evidence indicates that nephrin and
synaptopodin is important in podocytes both for the slit
membrane structure of interpodocytes and the integrity of the

filtration barrier (Ettou et al., 2020). Our results demonstrated
that the expression of nephrin was markedly decreased in diabetic
mice and HG-induced podocytes, whereas quercetin treatment
recovered the level of nephrin. Previous data suggested a
protective effect of quercetin against podocyte injury through
recovering podocytes foot processes with scarce focal fusion and
increasing the expression of podocyte markers podocin in the
lupus nephritis mice (Dos Santos et al., 2018), which is consistent
with our results. These results indicated that quercetin improves
renal function and protects against glomerular podocytes injury.

During the entire cell growth and development process,
apoptosis serves a crucial role in maintaining cell stability, and
dysregulation of apoptosis presents a dangerous factor in various
diseases (Godse et al., 2017). Previous research showed that renal
cellular apoptosis and the increased expression of apoptosis-
related proteins Bax and caspase-3 lead to renal tubular
atrophy and interstitial fibrosis, even aggravated renal damage
in human lupus nephritis (Cui et al., 2012). Wang et al. found that
the cleaved caspase-3 protein levels were significantly raised and
the number of podocytes was significantly decreased in diabetic
rats (Wang et al., 2019). At present study, the results showed
markedly up-regulated levels of Bax, cleaved caspase-3, but a
noticeably down-regulated level of Bcl-2 in HG-induced

FIGURE 9 |Quercetin attenuates podocyte apoptosis of diabetic nephropathy through targeting EGFR signaling. EGFR was screened from quercetin targets and
diabetic nephropathy targets by network pharmacology analysis. In diabetic nephropathy, the phosphorylation rate of EGFR and ERK were raised, leading to increased
podocyte apoptosis, finally resulting in podocyte injury and proteinuria formation. By restraining the activation of EGFR signaling pathway, quercetin can relieve podocyte
apoptosis and ameliorate podocyte injury, thus delaying the formation of proteinuria and the progression of diabetic nephropathy.
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podocytes and diabetic mice. However, treatment with quercetin
reversed these changes, implying that quercetin can attenuate
podocyte apoptosis under diabetic conditions. This result is in
line with that of another experiment in which pretreatment with
quercetin could have anti-apoptotic effect against
lipopolysaccharide-induced osteoblast apoptosis (Guo et al.,
2017).

Therefore, a better understanding of the molecular
mechanisms underlying these effects is crucial. The approach
of network pharmacology was regarded as the fastest and most
effective screening method in the early study of drug effectiveness
(Huang et al., 2020). We concluded that quercetin produces a
multi-target effect in the treatment of DN by utilizing network
pharmacology analysis. Here, we have only studied EGFR, the
target with the largest number of enrichment pathways.
Quercetin also acts on other signaling pathways possibly,
including PI3K/AKT signaling pathway, MAPK signaling
pathway and Hippo signaling pathway. We had previously
found that quercetin inhibited EMT of renal tubular epithelial
cells through PI3K/AKT signaling pathway, indicating that PI3K/
AKT signaling pathway was activated in kidney. As a result, this
discovery validates the value of our earlier work. In the current
research, we hypothesized it was inhibition of EGFR that
podocyte apoptosis was rescued by quercetin. Chen et al.
reported that EGFR deletion in podocytes attenuates
diabetic nephropathy (Chen et al., 2015). Another
experiment revealed that inhibiting EGFR improved fibrosis
and apoptosis in renal tissue by downregulating the expression
of TGF-β, collagen IV and Bax, which is in accordance with
ours (Skibba et al., 2016).

EGFR signaling cascade is a key regulator in cell
proliferation, differentiation, division, survival, and disease
development (Zhang et al., 2017). The EGFR small-molecule
tyrosine kinase inhibitors (TKIs) emerge as a promising
inhibitory approach targeting EGFR. AG1478 is one of the
EGFR-TKIs (Zhang et al., 2008), which targets the adenosine
triphosphate binding site on the intracellular kinase domain and
prevents tyrosin kinase activation to inhibit EGFR (Pawara
et al., 2021). In this experiment, AG1478 was used to
examine the relationship between EGFR signaling pathways
and quercetin-rescued podocyte apoptosis through detecting
the expression of apoptosis-related proteins by co-cultured of
AG1478 and quercetin. Expectedly, the observations indicated
that quercetin abated the expression of Bax, cleaved caspase-3
through EGFR signaling pathway. This result is in line with that
of another study in which EGFR inhibitor supressed podocyte
hypertrophy, then led to the reduction of podocyte apoptosis
and significantly decreased the albuminuria and glomerular
enlargement (Lee et al., 2015). Consequently, quercetin, as a
natural compound, is of noticeable help in the adjuvant therapy
by inhibiting EGFR.

Taken together, this study provided a novel approach to reveal
the therapeutic mechanisms of quercetin against DN, the
experimental results demonstrated that quercetin inhibited
podocytes apoptosis in vitro and in vivo by regulating the
EGFR pathway. Quercetin shows great potential to be
developed as a candidate drug for treating DN.
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Tetramethylpyrazine: An Active
Ingredient of Chinese Herbal Medicine
With Therapeutic Potential in Acute
Kidney Injury and Renal Fibrosis
Jun Li and Xuezhong Gong*

Department of Nephrology, Shanghai Municipal Hospital of Traditional Chinese Medicine, Shanghai University of Traditional
Chinese Medicine, Shanghai, China

As an increasing public health concern worldwide, acute kidney injury (AKI) is characterized
by rapid deterioration of kidney function. Although continuous renal replacement therapy
(CRRT) could be used to treat severe AKI, effective drug treatment methods for AKI are
largely lacking. Tetramethylpyrazine (TMP) is an active ingredient of Chinese herb
Ligusticum wallichii (Chuan Xiong) with antioxidant and anti-inflammatory functions. In
recent years, more and more clinical and experimental studies suggest that TMP might
effectively prevent AKI. The present article reviews the potential mechanisms of TMP
against AKI. Through search and review, a total of 23 studies were finally included. Our
results indicate that the undergoing mechanisms of TMP preventing AKI are mainly related
to reducing oxidative stress injury, inhibiting inflammation, preventing apoptosis of intrinsic
renal cells, and regulating autophagy. Meanwhile, given that AKI and chronic kidney
disease (CKD) are very tightly linked by each other, and AKI is also an important
inducement of CKD, we thus summarized the potential of TMP impeding the
progression of CKD through anti-renal fibrosis.

Keywords: tetramethylpyrazine, acute kidney injury, renal fibrosis, Chinese medicine, mechanism

INTRODUCTION

Acute kidney injury (AKI) is characterized by an abrupt loss of renal function, mainly
manifested by increased serum creatinine (sCr) levels and decreased urine output. The
duration of AKI is generally less than 7 days, and the functional criteria are: increase in sCr
by ≥50% within 7 days or increase in sCr by ≥ 0.3 mg/dl (26.5 μmol/L) within 2 days or oliguria
for ≥6 h (Khwaja, 2012). A meta-analysis combined research data from 3,585,911 people from
most areas north of the equator. The results reported that the combined morbidity and related
mortality of AKI in adults were 21.6% and 23.9%, respectively, and 33.7% and 13.8% in children,
respectively (Susantitaphong et al., 2013). Due to different medical resources, the cause and
incidence of AKI vary greatly among different countries. In high-income countries, AKI is
mostly hospital-acquired, mainly in elderly patients with multiple organ failure. In low- and
middle-income countries, AKI mainly occurs as a complication of a single disease, and
approximately 77% of AKI is community-acquired (Mehta et al., 2015; Hoste et al., 2018).
The global burden of AKI-related mortality has exceeded the burden of breast cancer, heart
failure or diabetes, and its medical burden is increasing (Lewington et al., 2013). In addition, AKI
is associated with progressive chronic kidney disease (CKD) and the following end-stage renal

Edited by:
Dan-Qian Chen,

Northwest University, China

Reviewed by:
Quan Hong,

Chinese PLA General Hospital, China
Ying Liu,

Central South University, China

*Correspondence:
Xuezhong Gong

shnanshan@yeah.net

Specialty section:
This article was submitted to

Renal Pharmacology,
a section of the journal

Frontiers in Pharmacology

Received: 22 November 2021
Accepted: 10 January 2022
Published: 25 January 2022

Citation:
Li J and Gong X (2022)

Tetramethylpyrazine: An Active
Ingredient of Chinese Herbal Medicine

With Therapeutic Potential in Acute
Kidney Injury and Renal Fibrosis.

Front. Pharmacol. 13:820071.
doi: 10.3389/fphar.2022.820071

Frontiers in Pharmacology | www.frontiersin.org January 2022 | Volume 13 | Article 8200711

REVIEW
published: 25 January 2022

doi: 10.3389/fphar.2022.820071

213

http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2022.820071&domain=pdf&date_stamp=2022-01-25
https://www.frontiersin.org/articles/10.3389/fphar.2022.820071/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.820071/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.820071/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.820071/full
http://creativecommons.org/licenses/by/4.0/
mailto:shnanshan@yeah.net
https://doi.org/10.3389/fphar.2022.820071
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2022.820071


disease (ESRD), which further aggravates the harm of AKI.
Many studies have reported some chemical and biological
agents have beneficial effects on AKI but there is still a lack
of accepted therapeutic drugs so far (Yang et al., 2016; Ronco
et al., 2019). AKI patients not only have an increased risk of
recent mortality and cardiovascular events, but also have a
long-term risk of CKD (See et al., 2019). After the occurrence
of AKI, if the kidney tissue is repaired excessively, repaired
incompletely, or the damage persists, it might lead to renal
dysfunction and renal fibrosis. The progression of AKI to CKD
is a complex process involving the regulation of multiple cells
and multiple signaling pathways, such as inflammatory
damage, G2/M cell cycle arrest, oxidative stress and
apoptosis, and these processes ultimately lead to or
aggravate renal fibrosis (Vernon et al., 2010; He et al., 2017;
Liu et al., 2017; Dong et al., 2018).

Tetramethylpyrazine (ligustrazine, TMP) is the active
ingredient and characteristic alkaloid of the Chinese herbal
medicine Ligusticum wallichii (Chuan Xiong) (Figure 1). TMP
has the effects of inhibiting platelet aggregation, reducing
blood viscosity, increasing coronary flow, scavenging free
radicals, protecting cerebral vessels, and expanding renal
vessels (Zou et al., 2018). The pyrazine ring on the TMP
molecule is the key group for its pharmacological effect, but
the methyl group in its side chain is easily excreted by oxidative
metabolism, which leads to the short half-life of TMP and
weakens its pharmacological effect (Wang et al., 2019).
Pharmacokinetic studies have shown that after oral or
intravenous injection, TMP is mainly distributed in tissues
such as liver, brain, kidney, and small intestine, and is
eventually excreted from urine through the kidney (Lou
et al., 1986; Pan et al., 2021). In view of its anti-oxidative
and anti-inflammatory effects, TMP is widely used in
cardiovascular and cerebrovascular diseases (Zhao et al.,
2016). To date, many studies have focused on the benefits
of TMP in a variety of animal or cell models of AKI (Li et al.,
2019). Through years of exploration, our team has also
confirmed that TMP and Chinese herbal formulas
containing Chuan Xiong have an intervention effect in AKI
caused by contrast mediums (Gong, 2018; Norgren and Gong,
2018; Gong, 2020). TMP also could function as anti-renal
fibrosis and be used in clinical to treat renal fibrosis and CKD.
Although there are many reports on TMP effects in AKI, no
systematic summary is available. Based on the evaluation of

the evidence supporting this hypothesis, we mainly reviewed
the therapeutic effects and mechanisms of TMP on AKI.
Considering the close relationship between AKI and CKD,
the present study also briefly summarized the effects of TMP
on renal fibrosis and CKD.

CATEGORIES AND PATHOLOGY OF AKI

Although the cause of the disease is extremely complex, AKI is
usually regarded as a single disease. Generally, it is divided into
three categories based on anatomical location: pre-renal,
intrinsic, and post-renal. In recent years, this simple
classification method of AKI has been replaced by more
specific etiological categories, since different etiologies often
mean different pathological mechanisms (Bellomo et al.,
2012). Related causes in the latter etiological categories
include drugs, sepsis, toxins, cardiorenal, obstruction,
hepatorenal, and renal hypoperfusion (Figure 2) (Privratsky
et al., 2018; Huang et al., 2019; Jentzer et al., 2020; Simonetto
et al., 2020; Molema et al., 2021). In terms of pathological
manifestations, AKI is generally described as damage to renal
tubular epithelial cells and vascular system (Linkermann et al.,
2014; Sancho-Martínez et al., 2015). Due to pathological
factors, a variety of stresses occur in AKI, including
hypoxia, nutrient deprivation, energy consumption,
oxidative damage, genotoxic stress, and endoplasmic
reticulum stress. These stresses eventually affect renal
tubular epithelial cells by causing oxidative stress damage,
inflammation, necrosis, mitochondrial dysfunction, apoptosis,
and autophagy (Sureshbabu et al., 2015; Cybulsky 2017;
Kimura et al., 2017). Renal hypoperfusion is due to the lack
of oxygen and nutrition in the nephrons, which activates the
damage and death of epithelial cells through necrosis or
apoptosis, ultimately leading to endothelial injury,
inflammatory activation, and renal dysfunction (Makris and
Spanou 2016). Nephrotoxic drugs and toxins have direct
cytotoxic effects on renal tubular epithelial cells and
endothelial cells. In addition, they impair hemodynamics
and deposit metabolites (Yatim and Oberbarnscheidt, 2015;
Wu and Huang, 2018). In sepsis, the reduction of effective
circulating blood volume leads to a reduction in renal blood
flow and oxygen delivery. Simultaneously, it is accompanied by
immune inflammation and activation of the coagulation
cascade (Peerapornratana et al., 2019). Although the
mechanisms of renal hypoperfusion, nephrotoxic drugs,
sepsis, and other causes of AKI are different, they all
involve the pathophysiological links of hemodynamic
changes, oxidative stress injury, and inflammation.

METHODS

This study required a systematic search of electronic databases
to identify studies to determine the renal protective effect of
TMP on AKI. The search was performed using PubMed and
Embase. The following combination of terms were used as

FIGURE 1 | Illustration of Ligusticum wallichii plant (A), decoction pieces
(B) and chemical structure of TMP (C).
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search keywords: “Tetramethylpyrazine” OR “Ligustrazine”
AND “kidney injury” OR “Renal Injury” OR
“Nephrotoxicity” OR “Renal ischemia.” The specified
exclusion criteria included: a) case reports, clinical studies,

case series, editorials, and reviews; b) research on
tetramethylpyrazine derivatives; and c) articles not written
in English. A summary of the literature search process is
presented in Figure 3.

FIGURE 2 | Categories of the causes of AKI.

FIGURE 3 | Summary of the literature search process.
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TABLE 1 | In vivo and in vitro studies of TMP intervention AKI.

Type Animal/
Cell

Model Inducer TMP Histological score Markers References

In vivo ICR mice ethanol-
induced
AKI

absolute ethanol 10, 25,
50 mg/kg;
p.o.

No scoring SrCr↓, BUN↓, MDA↓, Cytc↓ Liu et al. (2002)

In vivo Wistar rats I/R injury renal artery clipping +
reperfusion

4 ml/kg; i.v. proximal convoluted tubule: 0 =
normal; 1 = mitoses and necrosis
of individual cells; 2 = necrosis of
all cells in adjacent tubules; 3 =
necrosis confined to the distal
third of, necrosis across the inner
cortex; 4 = necrosis affecting all
three segments of tubule

MDA↓, SOD↑, ET-1↓ Sun et al.
(2002)

In vivo Wistar rats I/R injury hepatic/renal I/R not clear; i.v. No scoring SrCr↓, BUN↓, P-selectin↓ Chen et al.
(2003)

In vivo C57BL/6
mice

I/R injury right nephrectomy +
left renal ischemia

80 mg/kg; i.p. number of necrotic and apoptotic
cells, loss of tubular brush
border, tubular dilatation, cast
formation, and neutrophil
infiltration: 0 = none; 1=< 10%; 2
= 11–25%; 3 = 26–45%; 4 =
46–75%; 5=> 76%

SrCr↓, BUN↓, MDA↓, SOD↑, Bcl-
2↑, ICAM-1↓

Feng et al.
(2004)

In vivo SD rats ANP-AKI sodium taurocholate 6 g/L; i.v. tubular epithelial cells: 0 =
normal; 1 = notable cloudy
swelling; 2 = swelling
denaturation, interstitial
congestion, edema and
infiltration of inflammatory cells; 3
= diffuse coagulation necrosis

SrCr↓, BUN↓, TXA2/PGI2↓ Zhang et al.
(2006)

In vitro
and In
vivo

SD rats/
NRK-52E
cells

DI-AKI gentamicin 80 mg/kg/
d; i.p.

No scoring Bcl-xL↑, TNF-α↓, NF-κB↓,
caspase-3↓, caspase-8↓,
caspase-9↓

Juan et al.
(2007)

In vivo Wistar rats DI-AKI cisplatin 80 mg/kg/
d; p.o.

approximate extent of necrotic
area in the cortical proximal
tubules: 0 = no necrosis; 1 = a
few focal necrotic spots; 2 =
necrotic area about onehalf; 3 =
necrotic spots about two-thirds;
4 = nearly all of the area necrotic

SrCr↓, BUN↓, GSH↑, NAG↓,
SOD↑, TOX↑

Ali et al. (2008)

In vivo SD rats DI-AKI Cisplatin 50,
100 mg/kg;
i.p.

No scoring SrCr↓, BUN↓, MDA↓, NAG↓,
SOD↑, GSH↑, GST↑, NOS↓, NO↓

Liu et al. (2008)

In vivo Wistar rats DI-AKI Gentamicin 100 mg/kg/
d; p.o.

No scoring SrCr↓, BUN↓, UNAG↓ Ali et al. (2009)

In vivo
and In
vitro

C57B6
mice/
NRK-52E

DI-AKI gentamicin 80 mg/kg/
d; i.p.

tubular necrosis: 0 = normal; 1 ≤
10%; 2 = 10–25%; 3 = 26–75%;
4 ≥ 75% cells exhibiting necrosis

HO-1↑, Bcl-xL↑, Hax-1↑,
NADPH↓, NF-κB↓, Cox-2↓,
caspases-3↓, caspases-9↓

Sue et al.
(2009)

In vivo C57BL/6
mice

I/R injury renal artery clipping +
reperfusion

80 mg/kg; i.p. positive tubular brush border,
tubular dilatation, cast formation,
neutrophil infiltration: 0 = none; 1
= 10%; 2 = 11–25%; 3 =
26–45%; 4 = 46–75%; 5 = 76%

MPO↓, MDA↓, SOD↑, TNF-α↓,
ICAM-1↓

Feng et al.
(2011)

In vivo Lewis rats severe
burn

30% TBSA scald injury 40 mg/kg/
d; i.p.

expression of Bcl-2 and MICA: 0
= 0–5% stained; 1=> 5–25%;
2=> 25–50%; 3=> 50–75%;
4=> 75%

MDA↓, SOD↑, MICA↓, Bcl-2↓ Gao et al.
(2012)

In vivo SD rats CIN 80 mg/kg/
d; i.p.

No scoring Gong et al.
(2013)

(Continued on following page)
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RESULTS

Studies Characteristics and Mechanism
In total, 98 potentially relevant studies were screened. Ultimately,
23 experimental studies met the inclusion and exclusion criteria
(Table 1). In Table 1, there are 17 in vivo studies, 2 in vitro
studies, and four both. Of the 23 studies, 12 were on nephrotoxic
drugs and toxins, seven on ischemia-reperfusion, two on contrast
mediums, one on sepsis, and one on severe burns. These studies
involve the use of TMP, including oral, intravenous, and
intraperitoneal injections. Based on the results of these studies,
TMP had a therapeutic effect on AKI caused by a variety of
etiologies. In terms of mechanism, TMP could alleviate AKI by

reducing oxidative stress, inflammation, mitochondrial and other
organelle damage, or affecting cytoprotective mechanisms such as
autophagy or apoptosis (Figure 4). The target highlighted by the
red dashed line in the figure represents the key link for TMP to
exert its effect. These mechanisms are described in detail below.

TMP Relieves Oxidative Stress Injury
Oxidative stress reflects a state of imbalance between the
formation of reactive oxygen and nitrogen and antioxidant
system. Oxidative stress occurs when the production of pro-
oxidants or reactive oxygen species (ROS) exceeds the
endogenous antioxidant capacity (Sies et al., 2017). ROS are
several active molecules and free radicals derived from

TABLE 1 | (Continued) In vivo and in vitro studies of TMP intervention AKI.

Type Animal/
Cell

Model Inducer TMP Histological score Markers References

L-NAME +
indomethacin +
iohexol

SrCr↓, BUN↓, phospho-p38
MAPK↓, FoxO1↓, Bcl-2↑, Bax↓,
iNOS↓, CysC↓, UNAG↓, UGGT↓

In vivo SD rats DI-AKI Cadmium chloride
(CdCl2)

50 mg/kg; i.p. No scoring BUN↓, kim-1↓, indoxyl sulfate↓,
clusterin↓, MDA↓, SOD↓, GR↓,
LDH↓, ALP↓

Lan et al.
(2014)

In vitro HK-2 cells DI-AKI sodium arsenite — No scoring ROS↓, GSH↑, β-catenin↓, NF-κB↓,
p38 MAPK↓, COX-2↓, TNF-α↓,
Cytc oxidase↑, mitochondrial
membrane potential↑

Gong et al.
(2015)

In vitro HK-2 cells DI-AKI sodium arsenite — No scoring HO-1↓, ARS2↓ p38 MAPK↓,
JNK↓, AP-1↓, Nrf2↓, NF-κB↓

Gong et al.
(2016)

In vivo SD rats DI-AKI Cadmium chloride
(CdCl2)

50 mg/kg; i.p. No scoring SrCr↓, BUN↓, MDA↓, 4-HNE↓,
GSH↑, GSH/GSSG↑, SAM↑,
cystathionine↑, MATs↑, CBS↑

Kuang et al.
(2017)

In vivo SD rats CIN L-NAME +
indomethacin +
iohexol

80 mg/kg/
d; i.p.

No scoring SrCr↓, BUN↓, Drp1↓, Mfn2↑,
CCL2↓, CCR2↓, LC3B-II/I↓,
Beclin-1↓, p62↑, procaspase 9↑,
caspase 3↓, TNF-α↓, ROS↓, IL-6↓,
CysC↓, UNAG↓, UGGT↓

Gong et al.
(2019)

In vivo SD rats DI-AKI Cisplatin 50,
100 mg/kg/
d; i.p.

No scoring SrCr↓, BUN↓, HMGB1↓, TLR4↓,
NF-κB↓, TNF-α↓, IL-1β↓, GSH↑,
SOD↑, PPAR-γ↑, Nrf2↑, Bax↓,
Bcl2↑, caspase-3↓, HO-1↑,
NQO1↑, COX-2↓, iNOS↓, Kim-1↓

Michel and
Menze, (2019)

In vivo C57BL/6
mice

Sepsis-
AKI

cecal ligation and
puncture (CLP)

10, 30,
60 mg/kg; i.v.

pathological changes of renal
cortex or outer zone of medulla: 0
= normal; 1 = less than 5%; 2 =
5–25%; 3 = 25–75%; 4= > 75%

Kim1↓, caspase- 3↓, NMDAR1↓ Ying et al.
(2020)

In vivo SD rats I/R injury renal artery clipping +
reperfusion

40 mg/kg; i.p. renal tubular injury: 1 = normal; 2
= 0–10%; 3 = 11–25%; 4 =
26–45%; 5 = 46–75%; 6= > 75%

TNF-α↓, IL-1β↓, IL-6↓, MDA↓,
GSH↑, LC3B-II/I↑, Beclin-1↑

Chen et al.
(2020)

In vivo
and In
vitro

SD rats/
NRK-52E
cells

I/R injury renal artery clipping +
reperfusion/CoCl2/
OGD + reoxygenation

40 mg/kg; i.p. injury in tubules of the outer
medulla: 0 = none; 1 = 0–10%; 2
= 11–25%; 3 = 26–45%; 4 =
46–75%; 5=> 75%

SrCr↓, BUN↓, NOD2↓, TNF-α↓, IL-
6↓, MCP-1↓, caspase-3/cleaved
caspase-3↓, LC3A/B-II/I↑

Jiang et al.
(2020)

In vivo
and In
vitro

SD rats/
NRK-52E
cells

I/R injury renal artery clipping +
reperfusion/OGD +
reoxygenation

200 mg/kg;
p.o.

No scoring SrCr↓, BUN↓, TNF-α↓, IL-6↓,
NLRP3↓, HIF-1α↓, KIM-1↓

Sun et al.
(2020)
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FIGURE 4 | The mechanism of TMP intervention in AKI. The figure summarizes the molecular pathways of TMP treatment of AKI involved in this review. Receptors
such as TNR, TLR, and CCR2 are stimulated by nephrotoxic drugs, LPS, I/R, and inflammatory factors. In addition, hypoxia and I/R can also directly affect the
mitochondrial quality control process and membrane potential, leading to the generation of ROS. The activation of the above receptors and the production of intracellular
ROS can activate downstream pathways, further triggering inflammation, apoptosis, and autophagy, and ultimately leading to kidney damage. TMP can target Nfr2
and HIF-1 to activate the expression of antioxidant factors and enhance cell tolerance to oxidative stress. TMP can also inhibit TLR4 and TNFR or, by activating PPAR-γ,
further inhibit the NF-κB pathway and reduce inflammation. In addition to the targeted inhibition of caspase-8/3/6/7 through the TNFR pathway, TMP can also affect
mitochondrial-related apoptosis by inhibiting the ERK/JNK pathway. There is still controversy regarding the regulation of autophagy by TMP. It is generally believed that
TMP activates the autophagy process and eliminates damaged mitochondria by targeting mitochondrial quality control, ultimately reducing cell damage.
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molecular oxygen, including superoxide anions (O2−) and
hydroxyl radicals (OH). At high concentrations, ROS can be
toxic to macromolecules, including lipids, proteins, and DNA,
leading to the destruction of the integrity and capacity of the cell
structure (Davies, 1987; Sies, 1997). Oxidative stress is an
important pathological mechanism of AKI caused by various
etiologies. In AKI induced by ischemia-reperfusion injury, sepsis,
and contrast mediums, changes in renal hemodynamics can lead
to increased ROS production. In the hypoxic state, electron
transfer in the mitochondrial respiratory chain is obstructed,
causing electron leakage. The leaked electrons combine with
oxygen to generate a large amount of active oxygen (Granata
et al., 2015; Kusirisin et al., 2020). Cisplatin and aminoglycoside
drugs can induce mitochondrial dysfunction and increase the
production of ROS and can also react with thiol-containing
molecules, including glutathione (GSH). The consumption or
inactivation of GSH and related antioxidants leads to the
intracellular accumulation of endogenous ROS (Kruidering
et al., 1997; Sureshbabu et al., 2015). Other studies have also
shown that oxidative stress plays a key role in the development of
AKI. For example, in a mouse model of renal I/R injury, heme
oxygenase-1 knockout (HO-1−/−) mice were found to be more
sensitive to I/R injury, while increasing the incidence of renal
injury and mortality rate (Tracz et al., 2007). Oxidative stress
further leads to downstream effects such as inflammatory
damage, necrosis, and apoptosis. During oxidative stress, TMP
mainly inhibits ROS generation and activates the antioxidant
system. Liu et al. studied the protective effect of TMP on
cisplatin-induced nephrotoxicity in rats, using ligustrazine for
7 consecutive days of intraperitoneal injection, starting from
2 days before a single intravenous injection of cisplatin. The
results showed that cisplatin increased the levels of MDA,
NOS, and NO, while the levels of GSH, GST, and SOD
decreased. These changes were reversed by TMP treatment
(Liu et al., 2008). Nrf2 is an important regulator of the
antioxidant system that can neutralize the activation of cellular
oxidative stress. Under basic conditions, the Keap1/Nrf2 complex
is easily degraded by ubiquitination. However, under oxidative
stress conditions, Keap1 is oxidized, and Nrf2 is introduced into
the nucleus and binds to the antioxidant response element in the
gene promoter region to initiate the transcription of a series of
antioxidant factors (Saito, 2013; Suzuki and Yamamoto, 2015).
Michel et al. found that TMP pretreatment significantly activated
the Nrf2 defense pathway in rats with nephrotoxicity induced by
cisplatin indicated by the increase in levels of Nrf2 and
downstream antioxidant enzymes such as HO-1 and NQO1 in
the kidney. This also shows that TMP inhibits cisplatin-induced
oxidative stress by activating the Nrf2 defense mechanism
(Michel and Menze, 2019). However, the regulation of Nrf2
and HO-1 signals by TMP is obviously complex. For example,
as a response biomarker for arsenic exposure in various types of
cells, HO-1 was observed downregulated by TMP pretreatment in
arsenic-induced nephrotoxicity cell model, so did Nrf2 (Gong
et al., 2016). We speculated that the reasons for the above
contradictory results are multifaceted and complicated. The
protective effect of Nrf2 in the kidney is affected by its
activation degree and duration, and there might be a delicate

balance. Studies have shown that in mice with renal tubule-
specific knockout of Keap1, moderate activation of Nrf2 might
reduce the damage caused by ischemia or nephrotoxic substances,
while excessive and continuous activation of Nrf2 loses this
protective effect (Noel et al., 2016; Tan et al., 2016; Nezu
et al., 2017). Moreover, the transcription of the HO-1 gene is
complicated and might not only be regulated by Nrf2. For
example, sodium arsenite has been shown to cause BACH1-
specific HO-1 induction independent of Nrf2 (Reichard et al.,
2016). Additionally, there is a functional κB element in the
promoter of mouse HO-1 gene, which might be the
mechanism of HO-1 upregulation in vivo mediated by NF-κB
subunits p50 and p65 (Li et al., 2009). Our previously data
indicated clearly that arsenic-induced HO-1 expression is
mediated by multiple pathways, and the corresponding
transcription factors includes Nrf2, NF-κB AP-1, p38 MAPK,
and JNK (but not ERK) (Gong et al., 2016). As an organ rich in
mitochondria, kidney is very susceptible to oxidative stress
mediated damage, thus reducing mitochondrial-derived ROS
might be another important way to protect kidney against
oxidative stress injury (Gorin, 2016). Our previous study also
found that TMP could improve abnormal mitochondrial
dynamics and regulate mitochondrial damage in contrast-
induced nephropathy (CIN) (Gong et al., 2019). In addition,
oxidative stress also interacts with a variety of pathological
processes in the AKI process, including inflammation and
apoptosis, which are discussed below. Therefore, TMP has the
therapeutic potential of antagonizing oxidative stress in AKI
caused by various etiologies.

TMP Improves Inflammation
Inflammation is a physiological process that protects the body
from acute damages such as ischemia, pathogens, or toxins.
Inflammation is believed to play an important role in the
pathogenesis of AKI. Basically, all immune cells, such as
neutrophils, monocytes/macrophages, and NK cells are
involved in the pathogenesis of AKI to varying degrees (Rabb
et al., 2016). Activation of the inflammatory process in AKI is
caused by multiple pathways. In models of ischemia, sepsis, and
nephrotoxicity, the initial damage occurs in the tubular
epithelium and vascular endothelial cells (Akcay et al., 2009).
The above-mentioned damage induces the production of
inflammatory mediators such as inflammatory factors,
chemokines, and adhesion factors (TNF-α, TGF-β, IL-6, IL-1β,
IL-18, CCL2, MCP-1, ICAM-1, and P-selectin), which help
recruit leukocytes to the kidney. Neutrophils, macrophages,
and lymphocytes infiltrate the injury site (McWilliam et al.,
2021). In addition, oxidative stress can promote inflammation,
and cell damage caused by inflammation further aggravates
oxidative stress (Tucker et al., 2015). In the tetracycline-
induced AKI rat model, the use of mitochondrial-targeted
antioxidants significantly reduced the accumulation of
dendritic cells and T cells in the kidney tissue, suggesting that
mitochondrial-derived ROS are involved in antigen presentation
and T-cell activation (Gentle et al., 2013). Under oxidative stress,
NADPH oxidase (NOX) can interact with Toll-like receptor 4
(TLP4) to directly activate the nuclear transcription factor NF-κB
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pathway, leading to an increase in the transcription of
downstream inflammatory mediators and further increasing
inflammation (El-Benna et al., 2016). Most of the studies in
Table 1 show an inhibitory effect on the level of inflammatory
mediators, and the regulation of the NF-κB pathway is the key to
TMP. NLRP3 is a member of the nucleotide-binding
oligomerization domain-like receptor protein family (NLRPs)
and is a common inflammasome. It promotes the maturation
of the pro-inflammatory factors IL-1β and IL-18 by activating
caspase-1 (Liston and Masters, 2017; Shi et al., 2017). The
expression of signal sensing receptors such as TLRs and
TNFRs and downstream gene expression proteins such as NF-
κB and ROS is involved in the activation of NLRP3 (Xue et al.,
2019). Many studies have shown that the NLRP3 inflammasome
and its downstream apoptosis and inflammation play important
roles in the occurrence and development of AKI (Bakker et al.,
2014; Shen et al., 2016). Sun et al. explored the protective effect of
TMP on renal ischemia-reperfusion injury in rats and its
potential mechanism. The expression level of NLRP3 in NRK-
52E cells increased after hypoxia and glucose deprivation, and
decreased significantly after TMP treatment (Sun et al., 2020). As
an important member of the CC subfamily of chemokines, CCL2
is also called monocyte chemotactic protein-1 (MCP-1). CCL2 is
formed under pathological conditions such as pro-inflammatory
stimuli (IL-8, TNF-α, and LPS stimulus). It usually binds to the
extracellular specific ligand CCR2 to mediate the migration and
activation of a variety of inflammatory cells (Kawaguchi-Niida
et al., 2013). Our previous study found that the abundance of
CCL2 and CCR2 in the renal tubules of rats with contrast-
induced nephropathy (CIN) increased, accompanied by an
increase in the concentration of IL-6 and TNF-α in the kidney
and serum, and TMP could inhibit the CCL2/CCR2 pathway
activation (Gong et al., 2019). The peroxisome proliferator-
activated receptor (PPAR) is a member of the superfamily of
nuclear transcription factors activated by ligands (Wu et al.,
2018). PPAR-γ can inhibit the inflammatory response by
competing with the inflammatory signaling pathway and the
production of inflammatory mediators such as activator protein-
1 (AP-1) and NF-κB (Ju et al., 2020). Studies have found that
PPAR-γ expression is significantly reduced in cisplatin-induced
acute kidney injury in rats, and TMP administration can
significantly improve this change (Michel and Menze, 2019).
In summary, TMP is a promising anti-inflammatory agent for
treating AKI.

TMP Inhibits Apoptosis
Apoptosis refers to the biochemical process of cell breakdown
by a set of specific proteins that interact with each other and
program death-inducing signals. Unlike necrosis, apoptosis
does not cause inflammation (Kønig et al., 2019). When a cell
receives an apoptosis signal, it activates the initial caspases
through different signaling pathways, reactivates the effector
caspases, and degrades related substrates, eventually leading to
cell apoptosis (Chota et al., 2021). Since there are many
apoptotic signaling pathways, the upstream regulation of
caspases is also different. Bcl-2 family molecules are
involved in upstream regulatory pathways for the reception

and transmission of apoptosis signals. They mainly regulate
apoptosis via the mitochondrial pathway. When pro-apoptotic
proteins receive apoptosis signals, they can release cytochrome
C (Cytc) from the mitochondria to activate downstream
caspases, then causing apoptosis (Singh et al., 2019). The
permeability of the mitochondrial membrane is regulated by
Bcl-2 family proteins. In renal epithelial cells, Bcl-2 members
Bax and Bak cause an increase in membrane permeability,
while Bcl-2 and Bcl-XL antagonize this “membrane attack”
effect (Youle and Strasser, 2008). Intrarenal stress and
ischemia both increase the ratio of Bax/Bcl2, which is the
main determinant of cell death (Chien et al., 2005; Liu and
Baliga, 2005). In most AKI models, the adjustment effect of
TMP on the ratio of Bax/Bcl2 has been confirmed in many
studies. Juan et al. showed that gentamicin significantly
induced apoptosis in NRK-52E cells in a dose-dependent
manner. TMP pretreatment can inactivate the activities of
caspase-3, caspase-8, and caspase-9 stimulated by
gentamicin, inhibit the release of Cytc, and increase the
expression of Bcl-XL (Juan et al., 2007). Although renal
tubular cell apoptosis is often reported in various AKI
models, the upstream signaling pathways leading to
apoptosis may be different (Havasi and Borkan, 2011;
Linkermann et al., 2013). Although there are different
initiation mechanisms, most apoptotic pathways cluster on
the mitochondria. The endogenous mitochondrial apoptotic
pathway begins with oxidative stress. ROS and other stress
products enter the mitochondria with the Bax/Bcl-2 protein
complex, promote the increase in mitochondrial permeability
with other pro-apoptotic genes, and then release Cytc
(Galluzzi et al., 2018). Therefore, the anti-oxidative stress
ability of TMP can regulate the mitochondrial apoptosis
pathway from the source. There is also a close relationship
between apoptosis and mitochondrial dynamics. Previous
studies have shown that in the early stage of apoptosis, Bax
is transferred from the cytoplasm to the mitochondria before
the caspases are activated, and, at the same time, dynein-
related protein 1 (DRP1) is also transferred from the
cytoplasm to the mitochondrial division site and then
mediates mitochondrial division (Suen et al., 2008).
Inhibiting the activity of Drp1 not only inhibits
mitochondrial division but also inhibits the activation and
apoptosis of caspases (Hoppins and Nunnari, 2012). In
addition, high expression of mitochondrial outer membrane
fusion proteins Mfn1 and Mfn2 can also inhibit apoptosis (Jian
et al., 2018). Our previous found that TMP could improve
abnormal mitochondrial dynamics by upregulating Mfn2 and
downregulating Drp1 and alleviating the apoptosis of tubule
epithelial cells caused by contrast agents (Gong et al., 2019). In
addition, the external pathway of apoptosis mediated by TNFR
may also be involved in renal tubular cell apoptosis in ischemic
and septic AKI (Cunningham et al., 2002; Linkermann et al.,
2014). TNFR knockout mice are resistant to cisplatin-induced
AKI, supporting this pathogenesis (Ramesh and Reeves, 2004).
TMP can simultaneously regulate the upstream ligand (TNF-
α) and downstream signaling pathways (JNK and NF-κB) of
the TNFR-mediated apoptosis pathway.
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TMP Adjusts Autophagy
Autophagy is a process in which a double-membrane
autophagosome encapsulates cytoplasm, organelles, and
protein polymers and is transported to lysosomes for
catabolism (Youle and Narendra, 2011). Under normal
physiological conditions, low levels of basal autophagy
maintain cell homeostasis by removing damaged proteins and
organelles. The autophagy pathway is upregulated in stress states
such as cell starvation, hypoxia, and endoplasmic reticulum stress
(Feng et al., 2014). Autophagy is non-selective, but it can also
selectively degrade damaged organelles such as mitophagy to
clear damaged mitochondria. The formation of autophagosomes
depends on the coordination of autophagy-related proteins,
which mainly include the ULK1/2 complex, Beclin-1/class III
PI3K complex, and autophagy-related genes (ATG). LC3-II is
located in pre-autophagosomes and autophagosomes, and its
level increases with the increase in autophagosome
membranes. The Beclin-1/class III PI3K complex promotes the
nucleation of autophagosomes on the phagocytic vesicle
membrane. Both LC3-II and Beclin-1 are markers for
autophagy detection (Dancourt and Melia, 2014). There are
many reports on the link between AKI and autophagy, most
of which indicate the protective effect of autophagy on AKI.
Studies have found that the expression of LC3 in proximal tubule
cells of ATG5-deficient mice after renal I/R injury is inhibited,
suggesting that basic autophagy has a protective effect against
renal injury caused by I/R injury (Kimura et al., 2011). In the CI-
AKI rat and cell models established with iohexol, it was found
that the expression of autophagy marker LC3-II in renal tubular
epithelial cells increased, the mitochondrial damage of renal
tubular cells increased after the use of autophagy inhibitors,
and apoptosis increased (Ko et al., 2016). Although most
studies have found that autophagy activated in renal tubular
epithelial cells of various AKI plays a protective role, a few studies
have suggested that autophagy aggravates cell damage in AKI.
Chen et al. found that TMP could reduce renal I/R damage by
enhancing autophagy, indicated by increased LC3-II/I ratio and
Beclin-1 in kidney tissue (Chen et al., 2020). Another study found
that TMP reduced inflammation in renal I/R injury and was
related to the activation of autophagy (Jiang et al., 2020).
Interestingly, in a study on CI-AKI, we found that the
mechanism by which TMP protected the kidney from contrast
agent damage was partly related to the inhibition of autophagy
(Gong et al., 2019). The reason for this apparently contradictory
result may be related to the different AKI models. Some studies
have reported that autophagy induces cell metabolism imbalance
and induces cell death in renal tubular epithelial cells induced by
contrast agents, and this result can be attenuated by curcumin
(Buyuklu et al., 2014). This shows that the role of autophagy in
AKI is still controversial. As an upstream regulator of autophagy
induction, ROS not only induces autophagy through the
mitochondrial pathway but also induces mitophagy through
the signaling pathway mediated by HIF-1 (Scherz-Shouval and
Elazar, 2007; Zhang et al., 2008). The regulation of oxidative stress
and HIF-1 by TMP is also one of the ways to regulate autophagy.
In addition, there is an interaction between autophagy and
apoptosis. In response to stress such as hypoxia, autophagy

can prevent cells from triggering the apoptotic pathway by
degrading misfolded proteins and damaged organelles. The
inhibitory effect of Bcl-2 family proteins on autophagy in
renal tubular cells has been confirmed in many experiments.
In Bcl-2/GFP-LC3 transgenic mice, autophagy induced by
ischemia-reperfusion was attenuated (Isaka et al., 2009).
Studies have shown that enhancing the expression of Bcl-XL
in the kidney is sufficient to inhibit autophagy induction and
apoptosis (Chien et al., 2007). Regarding the mechanism by
which Bcl-2 downregulates autophagy, it is generally believed
that Bcl-2 family proteins bind Beclin-1 through the BH3
domain, blocking the necessary process of autophagosome
formation. The details of the simultaneous regulation of
autophagy and apoptosis by TMP are still unclear, and this
may be a promising research direction. In short, the
mechanism by which TMP interferes with autophagy in AKI
is unclear, and there are still controversies.

THE POTENTIAL OF TMP PREVENTS CKD
AND RENAL FIBROSIS

AKI and CKD are very tightly linked by each other. Many studies
suggested that AKI is also an important inducement of chronic
kidney disease (CKD) (Horne et al., 2017; See et al., 2019). There are
many published data of TMP against CKD as well as renal fibrosis.
In China, several TMP injections have been used to treat CKD in
clinical, especially in diabetic nephropathy patients (Wang et al.,
2012). Cao et al. reported that TMP had an inhibitory effect on the
proliferation of human renal interstitial fibroblasts in a time- and
concentration-dependent manner (Cao et al., 2006). Unilateral
ureteral obstruction (UUO) model is a classic model for studying
renal fibrosis, Yuan et al. reported that TMP treatment could reduce
the score of interstitial collagen deposition, the density of
macrophages, and the mRNA expressions of TGF-β1 and CTGF
in this rat model (Yuan et al., 2012). The matrix accumulation
caused by the reduction of the ratio of MMPS/TIMPS is the basic
pathophysiological process of renal interstitial fibrosis (Kelly et al.,
2010). Studies had found that TMP could inhibit the high expression
of TIMP-1 and the imbalance of MMP-9/TIMP-1 ratio in UUO
model rats, and thereby slow the progression of renal fibrosis (Li
et al., 2017). TGF-β/Smad3 is themain pathway of renal fibrosis, and
Smad7 could block the phosphorylation of Smad3, thereby limiting
the effect of TGF-β (Meng et al., 2016; Chen et al., 2018). The results
of Lu et al. showed that TMP could reduce the content of TGF-β1 in
kidney tissue and restore the expression levels of Smad reverse
regulators Smad7 and SnoN protein (Lu et al., 2009). In addition,
aristolochic acid is very toxic to kidney, which would cause
tubulointerstitial damage and renal fibrosis, and TMP has been
reported to reduce the kidney damage caused by aristolochic acid in
rats (Wang et al., 2006).

CONCLUSION AND PERSPECTIVE

Considering the importance of oxidative stress and inflammation
in AKI, the application of TMP in AKI treatment deserves
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attention. The present study mainly focuses on the experimental
research of TMP in preventing AKI, and aims to synthesize the
current knowledge in this field, concurrently, this study also briefly
sums up the effects of TMP against renal fibrosis and CKD. Based on
the collected data, TMP not only improves kidney function, reduces
the level of kidney injury markers (including kim-1, CysC, UNAG,
and UGGT), but also decreases the degree of pathological damage in
kidney. Although the pathological mechanisms of AKI caused by
various factors are different, the preventive effects of TMP against
AKI are inseparable from the following four processes: oxidative
stress, inflammatorymediators, apoptosis, and autophagy. These data
support the potential application of TMP as a new therapeutic drug
for AKI. It should be noted that these data mainly are preclinical
studies, and the clinical application of TMP in AKI treatment still
needs more rigorous clinical research data. As mentioned above, our
group has been focusing on the basic experimental research of TMP
against CI-AKI formore than 10 years (Gong et al., 2013, 2019; Gong,
2018; Norgren and Gong, 2018), and we hope these basic
experimental research data should promote the followed clinical
research progress of TMP treating CI-AKI and other types of
AKI, not just for anti-renal fibrosis and the treatment of CKD.
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GLOSSARY

ALP alkaline phosphatase

ANP acute necrotizing pancreatitis

ARS2 Arsenic response protein 2

BUN blood urea nitrogen

CBS cystathionine-beta-synthase

CIN contrast-induced nephropathy

COX-2 cyclooxygenase-2

ET-1 endothelin-1

FoxO1 Fork-head box O1 transcriptional factor

GR glutathione reductase

GSH glutathione

GSSG glutathione disulfide

GST Glutathione-S-transferase

HAX-1 HS-1-associated protein

HMGB1 high mobility group box 1

HIF-1 hypoxia inducible factor-1α

HO-1 Heme oxygenase-1

ICAM-1 intercellular cell adhesion molecule-1

IL interleukin

I/R Ischemia-reperfusion

kim-1 kidney injury molecule-1

LDH lactate dehydrogenase

LPO lipid peroxidation

MAPK Mitogen-activated protein kinase

MATs methionine adenosyltransferases

MCP-1 monocyte chemoattractant protein

MDA malondialdehyde

MICA major histocompatability complex class I chain-related antigen A

NAG N-acetyl-b-D-glucosaminidase

NF-κB Nuclear factor-κB

NLRP3 nucleotide-oligomerization domain-like receptor 3

NMDARs N-methyl-d-aspartate receptors

NO Nitric oxide

NOD2 Nucleotide-binding oligomerization domain-containing 2

NOS nitric oxide synthase

NQO1 NAD (P) H: quinone oxidoreductase 1

Nrf2 Nuclear factor erythroid derived-2

OGD oxygen-glucose deprivation

PGI2 prostaglandin I2

PPAR-γ peroxisome proliferator-activated receptor-gamma

ROS reactive oxygen species

SAM S-adenosylmethionine

SOD superoxide dismutase

SrCr serum creatinine

TBSA total body surface area

TLR4 toll-like receptor 4

TNF-α tumor necrosis factor

TOX total antioxidant activity

TXA2 thromboxane A2

4-HNE 4-hydroxynonenal
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Natural Flavonoid Pectolinarigenin
Alleviated Hyperuricemic
Nephropathy via Suppressing TGFβ/
SMAD3 and JAK2/STAT3 Signaling
Pathways
Qian Ren1†, Bo Wang1†, Fan Guo1, Rongshuang Huang1, Zhouke Tan1,2*, Liang Ma1* and
Ping Fu1

1Kidney Research Institute, National Clinical Research Center for Geriatrics and Division of Nephrology, West China Hospital of
Sichuan University, Chengdu, China, 2Division of Nephrology, ZunYi Medical University Affiliated Hospital, ZunYi, China

Natural flavonoid pectolinarigenin (PEC) was reported to alleviate tubulointerstitial fibrosis
of unilateral ureteral obstruction (UUO) mice in our previous study. To further investigate
nephroprotective effects of PEC in hyperuricemic nephropathy (HN), adenine and
potassium oxonate induced HN mice and uric acid-treated mouse kidney epithelial
(TCMK-1) cells were employed in the study. As a result, PEC significantly lowered
serum uric acid level and restored hyperuricemia-related kidney injury in HN mice.
Meanwhile, PEC alleviated inflammation, fibrosis, and reduced adipokine FABP4
content in the kidneys of HN mice and uric acid-treated TCMK-1 cells. Mechanistically,
PEC inhibited the TGF-β1 expression as well as the phosphorylation of transcription factor
SMAD3 and STAT3 to regulate the corresponding inflammatory and fibrotic gene
expression in kidney tissues. In conclusion, our results suggested that PEC could
inhibit the activation of SMAD3 and STAT3 signaling to suppress inflammation and
fibrosis, and thereby alleviate HN in mice.

Keywords: hyperuricemic nephropathy, pectolinarigenin, renal fibrosis, inflammation, fatty acid-binding protein 4

INTRODUCTION

Hyperuricemia (HUA) is a metabolic disease characterized by elevated uric acid (UA) in blood, the
prevalence of which has increased worldwide substantially in recent years (Dehlin et al., 2020;
Dalbeth et al., 2021). Studies showed that HUA was highly associated with diabetes, hypertension,
cardiovascular diseases, and chronic kidney diseases (CKD) (Pascart and Lioté, 2019). As serum UA
is mainly secreted by the renal proximal tubules, HUA is a frequent finding in person with CKD due
to decreased UA clearance (Johnson et al., 2013). In return, recent evidence suggested that HUA
independently predicted the development and progression of CKD (Landa, 2018; Balakumar et al.,
2020).

HUA-induced kidney injury, known as hyperuricemic nephropathy (HN), is featured by urate
deposition, arteriolosclerosis, glomerular hypertension, and tubulointerstitial fibrosis and would
eventually progress into end-stage renal diseases (ESRD) (Liu et al., 2015). The mechanism of HN is
complex with many factors such as crystalline effect, oxidative stress, rennin-angiotensin system
activation, and tubular epithelial cell transition having been postulated. Though controversial,
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accumulating data suggested that the UA-lowering treatments
could slower the progression of CKD (Liu et al., 2021; Yanai et al.,
2021). Current first-line urate-lowering drugs are mainly
xanthine oxidase (XO) inhibitors and uricosuric agents, both
of which have limited application in clinics because of their low
selectivity or toxic reaction (Balakumar et al., 2020). Hence, it is
imperative to develop a new therapeutic agent for HN.

Flavonoid pectolinarigenin (PEC), a plant secondary metabolite
that has various biological effects, is one of the major compounds in
Cirsium setidens (Lee et al., 2017). Studies reported that
pectolinarigenin conducted antimicrobial, antioxidant, anti-
inflammatory, and antidiabetic activities (Cheriet et al., 2020).
Meanwhile, PEC was found to suppress lipopolysaccharide-
induced inflammation via NF-κB and MAPK pathways
(Heimfarth et al., 2021). In addition, PEC derivatives exhibited
selective activity against tumor cells, exhibiting anti-carcinogenic
activity (Deng et al., 2020). In our previous study, PEC treatment
exerted an anti-fibrotic effect in a mouse model of unilateral ureteral
obstruction (UUO). However, the effect of PEC on HN remains
unknown. The current study aimed to evaluate whether PEC could be
a candidate for HN treatment and explore possible mechanisms.

MATERIALS AND METHODS

Chemicals and Materials
Pectolinarigenin (PEC) was obtained from Chengdu Chroma-
Biotechnology Co., Ltd. (purity ≥99.0%). Antibodies against
GAPDH, α-tubulin, fatty acid-binding protein (FABP4), IL-6,
alpha-smooth muscle actin (α-SMA), janus kinase 2 (JAK2),
p-JAK2, Smad3 and p-Smad3, and cleaved caspases 3 (C casp
3) were purchased from Hangzhou HuaAn Biotechnology Co.,
Ltd. (Hangzhou, China). Antibodies against Collagen-1(Col I),
Fibronectin (FN), signal transducer and activator of transcription
3 (STAT3), p-STAT3, BAX, and Bcl2 were bought from Abcam
(Cambridge, MA, United States). Anti-TNF-α antibody was
bought from Affinity Bioscience (Cincinnati, OH, United States).

Animals
The HN model was established in male C57BL/6J mice
(8–10 weeks old; 20–25 g) provided by the Animal Laboratory
Center of Sichuan University (Chengdu, China). Forty mice were
randomly assigned to five groups: Control (n � 8), HN (n � 8),
Allopurinol (n � 8), PEC 25 mg/kg (n � 8), PEC 50 mg/kg (n � 8).
The HNmodel was established by feeding mice with a mixture of
adenine (0.16 g/kg) and potassium oxonate (2.4 g/kg) every other
day for 4 weeks, as previously described (Ren et al., 2021).
Allopurinol (10 mg/kg) and PEC (25 and 50 mg/kg) were
orally given daily during the experiment along with HN
establishment (for 4 weeks). The mice were sacrificed, and the
kidneys were collected at the end of study. Ethical approval was
granted by the Animal Ethics Committee of West China Hospital
of Sichuan University (No. 2020061A).

Histologic Examination
Tissue sections were fixed with 10% phosphate buffered formalin
and embedded in paraffin after dehydrating. Kidney slides of

4-μm thickness were subject to PAS staining for morphologic
analysis and Masson staining for fibrotic analysis (Ren et al.,
2021). Six pictures (×400) per kidney were randomly captured by
light microscopy for semiquantitative analysis. The tubular injury
score was evaluated on the base of histopathology of injured/
damaged renal tubules and was graded from 0 to 4 (0: 0%; 1:
<25%; 2: 26–50%; 3: 51–75%; 4: ≥76% of injured/damaged renal
tubules) (Liu et al., 2015). The collagen positive area was
measured by the ImageJ software.

Western Blotting Analysis
Total proteins were isolated from frozen kidney tissue or mouse
kidney epithelial cells (TCMK-1, ATCC® CCL-139™, Beijing
bnbio Co., Ltd., Beijing, China) using radio immune
precipitation (RIPA) lysis buffer (P0013B, Beyotime
Biotechnology, China) and quantified using a Pierce™ BCA
Protein Assay Kit (23225, Thermo Scientific, Billerica, MA,
United States). Equal amounts of protein lysate were separated
on 10–12% SDS-PAGE as previously described (Ren et al., 2021).
Immunoblots were visualized by the Immobilon Western
Chemiluminescent HRP Substrate (WBKLS0500, Millipore
Corporation, Billerica, MA, United States) with Bio-Rad
Chemi Doc MP and densitometered by ImageJ 6.0 software
(National Institutes of Health, Bethesda, MD, United States).

Immunohistochemistry Staining
Immunohistochemical staining was performed as previously
described (Ren et al., 2021). The following primary antibodies
were used: anti-α-SMA (1:100, Huabio), anti-STAT3 (1:200,
Abcam), anti-p-STAT3 (1:100, Abcam), anti-FABP4 (1:100,
Huabio). Images were examined and acquired with an
AxioCamHRc digital camera (Carl Zeiss, Jena, Germany).

Quantitative Real-Time PCR Analysis
Total RNA in kidney tissues of mice or TCMK-1 cells was
isolated with a total RNA extraction Kit (TP-01121, Foregene,
Chengdu, China) according to the manufacturer’s
instructions. The concentration of mRNA was determined
by a Scan Drop 100 (Analytik Jena, Thuringia, Germany)
determiner. Quantitative real-time PCR assays were
performed on a PCR system (CFX Connect; Bio-Rad,
Hercules, CA, United States). The sequences of primers are
shown in Supplementary Table S1. Statistical analysis was
conducted using the comparative 2−ΔΔCT method with
GAPDH or β-actin as the internal standard.

RNA-Seq Transcriptomic Assay
Total RNA was extracted from kidney tissues with Trizol reagent
(Invitrogen, Carlsbad, CA, United States). Total RNA quality was
assessed using the RNA 6000 Nano LabChip Kit (Agilent, CA,
United States) of the Agilent Bioanalyzer 2100 system. The RNA-
seq were performed by LC-BIO Bio-tech Ltd. (Hangzhou, China).
Differentially expressed genes were defined as those with fold
changes ≥1.5 and p ≤ 0.05. Gene Ontology (GO) functions and
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analysis were performed using the OmicStudio tools
at https://www.omicstudio.cn/tool.
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Cell Culture and Treatment
TCMK-1 cells were cultured in DMEM (Sigma-Aldrich)
supplemented with 5% FBS (SH30084.03, Hyclone, Australia)
in a humidified atmosphere (5% CO2, 37°C). After incubating
with DMEM containing 0.5% FBS for 24 h, cells were exposed to
UA (800 μM) and treated with PEC of various concentrations (25,
50, 100, 150, and 300 μM) for 24 h.

Cell Viability Assay
A Cell Counting Kit-8 assay (CCK-8, Meilunbio, Dalian,
China) was employed to assess cytotoxicity. Briefly, TCMK-
1 cells were seeded into a 96-well plate at a density of
5,000–10,000 cells/well and incubated with various
concentrations of PEC (25, 50, 100, 150, and 300 μM) with
or without UA. Cells cultured in DMEM containing the same
amount of DMSO were used as control. Twenty-four hours
after incubation, the cells were incubated with 10% CCK-8
reagent for 1 hour (37°C, dark). Finally, the absorbance was
detected by a microplate reader (Synergy Mx, Biotek,
Winooski, VT, United States) at a wavelength of 450 nm.

Statistical Analysis
Results are presented as the mean ± SD. Differences among
multiple groups were compared using one-way analysis of
variance (ANOVA) and a Tukey-Kramer post hoc test.
Comparisons between two groups were performed using
the two-tailed t test. All statistics were performed using
Prism software (ver. 6.01; GraphPad, San Diego, CA,
United States) and p < 0.05 was considered statistically
significant.

RESULTS

Pectolinarigenin Lowered Serum Uric Acid
Level, Improved Kidney Function, and
Attenuated Renal Morphology in
Hyperuricemic Nephropathy Mice
Administration of adenine and potassium oxonate successfully
induced HN experimental mice as evidenced by increased serum
UA level and aggravated kidney function. According to Figure 1A,
the serum levels of UA (253.4 ± 14.49 μM vs. 131.0 ± 5.631 μM, p <
0.05), blood urea nitrogen (BUN) (13.00 ± 0.7513mM vs. 5.939 ±
0.2137mM, p < 0.05), and creatinine (63.86 ± 2.183 μM vs.
20.33 ± 0.7468 μM, p < 0.05) were significantly higher than those
of control mice. After allopurinol and PEC treatment, the serum
levels of UA, urea nitrogen, and creatinine were significantly
decreased, and PEC at a dose of 25mg/kg seems more superior
in reducing above indexes than PEC with a higher dose (50mg/kg).
Observation of kidney changes in mice by PAS staining also showed
that pathological changes in HN mice were alleviated by allopurinol
and PEC treatment (Figure 1B). However, tubular injury scores of
mice in the PEC 25mg/kg group were similar to those of the PEC
50mg/kg group, indicating no superiority of low dose PEC in
attenuating renal histopathology (Figure 1C).

Analysis of Renal Transcriptome in
Hyperuricemic Nephropathy Mice
To reveal the mechanism by which PEC improved kidney
injury in HN mice, the RNA-seq analysis was applied. The

FIGURE 1 | Effects of PEC on serum UA and kidney function in HNmice. (A) Biochemical parameters (Serum UA, Serum creatinine, BUN) in mice. (B) PAS staining
in the kidney. (C) Kidney injury score (n � 8). All data are represented as the mean ± SD. **p < 0.01, ***p < 0.001, ****p < 0.0001.
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results of volcano plot showed significantly different gene
expression profile between control and HN mice
(Figure 2A). Among these differentially expressed genes,
796 genes were up-regulated and 1,998 genes were down-
regulated in kidneys of HN mice in comparison with
control mice (p < 0.05). Remarkably, PEC 25 mg/kg
significantly reversed the change of 1,421 down-regulated
and 293 up-regulated genes (p < 0.05) (Figure 2B). The
significant PEC-modulated genes were illustrated by
heatmap in Figure 2C, and genes related to apoptosis (Bax),
inflammation (il1b, Tnf), and fibrosis (Col-1a1, Fn1) were
seen. Further GO and KEGG analysis also suggested that
these differentially expressed genes were involved in
processes of lipid metabolism, apoptosis, inflammatory
response, and fibrogenesis (Figures 2D,E).

Pectolinarigenin Ameliorated Apoptosis,
Reduced Expression of Proinflammatory
Genes, and Improved Fibrosis in Kidneys of
Hyperuricemic Nephropathy Mice
Consist with what transcriptome analysis found, the results
from our western blot analysis showed that HN-induced
kidney expression of apoptotic indicators was alleviated by
PEC treatment (Figures 3A,B) (p < 0.05). In addition, the
expression of proinflammatory cytokines (IL-6, TNF-α, MCP-

1) was significantly increased in kidneys of HN mice and
further decreased by PEC treatment (Figure 3C) (p < 0.05).
Moreover, Masson’s staining (blue) revealed a remarkable
increase of renal interstitial fibrosis in HN mice, which was
ameliorated by PEC (Figure 4) (p < 0.05). Accordingly, the
elevated accumulation of fibrotic markers of α-SMA, Col I, and
FN was observed in kidneys of HN mice, and PEC significantly
reduced the accumulation of these corresponding genes
(Figure 5) (p < 0.05). The above results illustrated that PEC
alleviated renal apoptosis, inflammation, and fibrosis in
HN mice.

Pectolinarigenin Downregulated the
Expression of FABP4 in the Kidneys of
Hyperuricemic Nephropathy Mice
Our early study indicated that the lipid-binding chaperone
FABP4 was increased in kidneys of HN mice and
played crucial role in HUA-induced renal inflammation
and fibrosis (Shi et al., 2020a). In line with our previous
findings, the expression of FABP4 in kidneys of HN mice
was significantly increased (p < 0.05). PEC treatment
largely inhibited the expression of FABP4 both in the
mRNA and protein level, further demonstrating the role
of PEC in HUA-induced inflammation and fibrosis
(Figure 6) (p < 0.05).

FIGURE 2 | Effects of PEC on gene expression in kidneys of HN mice. (A) Volcano plot of gene expression difference between Control and HN groups. (B)
Differentially regulated genes difference between Control, HN, and PEC 25 mg/kg. (C) Heatmap of gene expression difference among Control, HN, and PEC 25 mg/kg.
(D) GO analysis of differentially expressed genes. (E) KEGG analysis of differentially expressed genes.
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Pectolinarigenin Suppressed the TGF-β/
SMAD3 and JAK2/STAT3 Signaling Pathway
in the Kidneys of Hyperuricemic
Nephropathy Mice
As the most potent fibrogenic factor, TGF-β was considered to
contribute to HUA-mediated renal fibrosis via the activation of
Smad3 (Liu et al., 2015). To investigate the effect of PEC on the

activation of TGF-β/Smad3 signaling inmice of HN, wemeasured the
expression of TGF-β by western blot analysis. It was shown that TGF-
β expression was significantly increased in kidneys of HN mice and
decreased by PEC treatment (Figure 7) (p < 0.05). Meanwhile, kidney
injury resulted in the phosphorylation of Smad3, which was
remarkedly suppressed by PEC (Figure 7) (p < 0.05). Altogether,
these results suggested that PEC could inhibit activation of TGF-β/
Smad3 signaling pathway in the kidneys of HN mice.

FIGURE 3 | Effects of PEC on kidney apoptosis and inflammation in HN mice. (A,B) The Bcl2/Bax, Cleaved caspase 3 (C casp 3) protein levels normalized by β-
actin. (C) The mRNA expressions of IL-6, TNFα, and MCP-1 measured by real-time PCR analysis. All data are represented as the mean ± SD. *p < 0.05, **p < 0.01,
****p < 0.0001.

FIGURE 4 | Effects of PEC on kidney fibrosis in HN mice. (A)Masson’s trichrome staining of mouse kidneys (×200 and ×400). (B) Quantitation of positive area in
Masson’s trichrome staining (n � 8). All data are represented as the mean ± SD. ****p < 0.0001.
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STAT3 is a cytoplasmic transcription factor that could elicit
diverse biological outcomes. Considerable studies have elucidated
the role of STAT3 in mediating HUA-induced renal
inflammation, apoptosis, and fibrosis (Shi et al., 2020b; Pan
et al., 2021). To examine whether PEC could abrogate the
activation of STAT3 in HN, the immunochemical staining and
western blot analysis was employed to measure the expression of
phosphorylated STAT3 (p-STAT3). As shown by Figure 8, the
phosphorylation level of STAT3 was significantly increased in
kidneys of HN mice, which was restored by PEC (Figure 8) (p <

0.05). Additionally, immunochemical staining showed that HN-
induced p-STAT3 was mainly located in renal tubules
(Figures 8A,B).

Pectolinarigenin Inhibited Proinflammatory
and Fibrotic Expression in Uric
Acid-Stimulated TCMK-1 Cells
To further investigate the role of PEC in HN, TCMK-1 cells
were treated with soluble UA (800 μM) for 24 h. As shown in

FIGURE 5 | Effects of PEC on kidney fibrotic expression in HN mice. (A) Photomicrographs of α-SMA immunostaining in kidneys of mice (×200 and ×400). (B,C)
The α-SMA, FN, and Col I protein levels normalized by α-tubulin. All data are represented as the mean ± SD. *p < 0.05, ***p < 0.001, ****p < 0.0001.

Frontiers in Pharmacology | www.frontiersin.org January 2022 | Volume 12 | Article 7921396

Ren et al. Pectolinarigenin Alleviated Hyperuricemic Nephropathy

232

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Figure 9A, PEC under 150 μM showed no cytotoxic effect for
TCMK-cells and cells treated with PEC at 100 μM showed the
highest cell viability. UA stimulation led to increased
expression of IL-6, TNF-α, and FABP4 in TCMK-1 cells,
and PEC (100 μM) significantly suppressed such expression
(Figures 9B–D) (p < 0.05). Meanwhile, the fibrotic expression
of α-SMA, FN, and Col I in UA-treated TCMK-1 cells was
reduced by PEC (100 μM) (Figures 9B–D) (p < 0.05), thus
confirming the anti-inflammatory and anti-fibrotic effects of
PEC in vitro.

Pectolinarigenin Hindered TGF-β/SMAD3
and JAK2/STAT3 Activation in Uric
Acid-Induced TCMK-1 Cells
After UA treatment, the expression of TGF-β and phosphorylated
Smad3 were significantly increased in TCMK-1 cells, indicating
that HUA could directly activate the TGF-β/Smad3 signaling
pathway (Figures 10A,B) (p < 0.05). PEC (100 μM) successfully
suppressed the expression of TGF-β and the phosphorylation of
Smad3 indued by UA (Figures 10A,B) (p < 0.05). Similarly, UA
stimulation resulted in the phosphorylation of JAK2 and STAT3,

FIGURE 6 | Effects of PEC on FABP4 expression in kidneys of HN mice. (A) Photomicrographs of α-SMA immunostaining in kidneys of mice (×200 and ×400). (B)
The FABP4 protein level normalized by α-tubulin. (C) The mRNA expressions of FABP4 measured by real-time PCR analysis. All data are represented as the mean ± SD
(n � 3). ***p < 0.001, ****p < 0.0001.

FIGURE 7 | Effects of PEC on the activation of TGF-β/SMAD3 signaling in kidneys of HNmice. (A,B) The TGF-β and p-Smad3/Smad3 protein levels normalized by
α-tubulin. All data are represented as the mean ± SD (n � 3). **p < 0.01, ****p < 0.0001.
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which was abrogated by PEC treatment (100 μM) (Figures
10C,D) (p < 0.05). Hence, consistent with our in vivo
findings, PEC (100 μM) could inhibit the TGF-β/Smad3 and
JAK2/STAT3 activation in UA-treated TCMK-1 cells.

DISCUSSION

Generally, UA is an antioxidant agent in a physiological medium
(Dalbeth et al., 2021). Disturbance of the balance between UA
production and excretion would lead to HUA that is considered
as an independent risk factor for CKD progression (Johnson et al.,
2013). Persistently high-serum UA levels was reported to trigger
kidney inflammation and fibrosis that might contribute to HN
(Lee et al., 2021). Current standard treatment for HUA is UA-
lowering drugs represented by XO inhibitors and uricosuric
agents, the nephroprotective effect of which remains
controversy in CKD patients (Liu et al., 2021). Consequently,
novel effective drugs for the prevention and treatment of HN
need to be explored.

PEC is a natural flavonoid that showed therapeutic potential
for inflammatory diseases, diabetes, and several types of cancers
(Cheriet et al., 2020). Meanwhile, PEC could alleviate renal
fibrosis in mice undergoing unilateral ureteral obstruction
(UUO) (Li et al., 2021). However, the effects and underlying
mechanism of PEC against HN remains unclear. In the present
study, we noticed that PEC improved both HUA and renal
damage in adenine and potassium oxonate-treated mice, as
evidenced by reduced serum levels of UA, blood urea nitrogen
(BUN), and creatinine and attenuated renal pathological changes.

Remarkably, it was noticed that PEC at a dose of 25 mg/kg was
more efficient in alleviating above biochemical parameters than
PEC at a dose of 50 mg/kg. This might be explained by side effects
of increased dosage as cytotoxicity effects of PEC have been
reported by early studies (Lee et al., 2018). Moreover, PEC
attenuated HUA-induced apoptosis characterized by the
imbalance of Bcl-2/Bax and increased expression of cleaved
caspase 3, suggesting the nephroprotective effects of PEC in HN.

Accumulation of UA increased the levels of inflammatory
cytokines to mediate kidney injury (Li et al., 2016; Xu et al., 2021).
In line with this, the elevated expression of IL-6, TNF-α, and
MCP-1 were noticed in kidneys of HN mice and UA-stimulated
TCMK-1cells, which was inhibited by PEC. The lipid transporter
FABP4 is a potential mediator of inflammatory responses that has
been suggested to play a crucial role in mediating renal
inflammation and fibrosis in HN (Hotamisligil and Bernlohr,
2015; Shi et al., 2020a). Our results showed that PEC suppressed
HUA-induced FABP4 expression, further illustrating its anti-
inflammatory effects of PEC in HN.

Kidney fibrosis, the ultimate pathological outcome of HN, is
characterized by the expression of mesenchymal cell products
such as α-SMA, FN, and Col I (Lee et al., 2021). The TGF-β/
Smad3 signaling pathway plays a critical role in mediating
profibrotic response of renal epithelial cells and activating
renal fibroblasts (Liu et al., 2015). TGF-β interacts with its
receptors to phosphorylate Smad2/3 and subsequently
regulates the transcription of profibrotic genes (Zhang et al.,
2018). It was observed that HUA activated the TGF-β/Smad3
signaling pathway in HN mice (Balakumar et al., 2020; Shi et al.,
2020b). In this study, we noticed that PEC successfully

FIGURE 8 | Effects of PEC on the activation of JAK2/STAT3 signaling in kidneys of HN mice. (A,B) Photomicrographs of STAT3 and p-STAT3 immunostaining in
kidneys of mice (×200 and ×400). (C,D) The p-JAK2/JAK2 and p-STAT3/STAT3 protein levels normalized by α-tubulin. All data are represented as themean ± SD (n � 3).
*p < 0.05, * ****p < 0.0001.
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diminished HUA-induced TGF-β expression and Smad3
phosphorylation, which is in agreement with our previous
finding that PEC blocked TGFβ1-induced SMAD3
phosphorylation in fibroblast (Li et al., 2021). Meanwhile, PEC
significantly reduced the expression of α-SMA, FN, and Col I

induced by HUA, suggesting that PEC suppressed the TGFβ1/
Smad3 signaling pathway to alleviate kidney fibrosis in HN mice.

Considerable studies have implicated that activation of STAT3
via the IL-6/JAK2 cascade mediated inflammation and fibrosis in
HN (Ren et al., 2021;Wu et al., 2021). Pharmacological inhibition

FIGURE 9 | Effects of PEC on the proinflammatory and fibrotic expression in UA-treated TCMK-1 cells. (A)Cytotoxicity of PEC-treated TCMK-1cells with or without
UA. (B) The mRNA expressions of IL-6, TNFα, FABP4, α-SMA, FN, and Col I measured by real-time PCR analysis. (C,D) The IL-6, TNFα, FABP4, α-SMA, FN, and Col I
protein levels normalized by GAPDH. All data are represented as the mean ± SD (n � 3). *p < 0.05, ***p < 0.001, ****p < 0.0001, #p < 0.05 compared with UA-treated
cells, ns means no significance.
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of STAT3 was reported to attenuate kidney injury, slow down
fibrosis, and suppress multiple proinflammatory cytokine
production in kidneys of HN mice (Pan et al., 2021). Studies
have identified PEC as a STAT3 inhibitor to suppress tumor
growth and metastasis (Zhang et al., 2016; Gan et al., 2019; Li
et al., 2019). Our previous study also indicated that PEC inhibited
the activation of STAT3 in kidneys of UUO mice (Li et al., 2021).
In the current study, treatment with PEC suppressed the
phosphorylation of STAT3 signaling in kidneys of HN mice
and UA-induced TCMK-1 cells, which might be the
mechanism by which PEC ameliorated kidney inflammation
and fibrosis in HN.

In summary, anti-hyperuricemic and nephroprotective effects
of PEC were firstly demonstrated in adenine and potassium
oxonate-induced HN mice and UA-treated TCMK-1 cells. Our
results suggested that PEC attenuated kidney inflammation and
fibrosis induced by HUA. Mechanically, we found that the
nephroprotective effects of PEC were associated with the
inhibition of the Smad3 and STAT3 signaling pathways.
Taken together, PEC may be a candidate drug for the
treatment of hyperuricemic nephropathy.
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Cordyceps cicadae Ameliorates Renal
Hypertensive Injury and Fibrosis
Through the Regulation of
SIRT1-Mediated Autophagy
Yuzi Cai1,2†, Zhendong Feng3†, Qi Jia4†, Jing Guo1,2, Pingna Zhang1,2, Qihan Zhao1,2,
Yao Xian Wang1,2, Yu Ning Liu5* and Wei Jing Liu2*

1Beijing University of Chinese Medicine, Beijing, China, 2Key Laboratory of Chinese Internal Medicine of Ministry of Education,
Beijing Dongzhimen Hospital Addiliated to Beijing University of Chinese Medicine, Beijing, China, 3Department of Nephropathy,
Beijing Traditional Chinese Medicine Hospital Pinggu Hospital, Beijing, China, 4Department of Nephropathy, Dongfang Hospital,
Beijing University of Chinese Medicine, Beijing, China, 5Department of Endocrinology Nephropathy of Dongzhimen Hospital,
Beijing University of Chinese Medicine, Beijing, China

Hypertensive renal injury is a complication of hypertension. Cordyceps cicadae
(C. cicadae) is a traditional Chinese medicine used to treat chronic kidney diseases
especially renal fibrosis. Autophagy is described as a cell self-renewal process that
requires lysosomal degradation and is utilized for the maintenance of cellular energy
homeostasis. The present study explores the mechanism underlying C. cicadae’s
renoprotection on hypertensive nephropathy (HN). First, HN rat models were
established on spontaneously hypertensive rats (SHRs). The expression of fibrosis-
related protein and autophagy-associated protein was detected in vivo. NRK-52E cells
exposed to AngII were chosen to observe the potential health benefits of C. cicadae on
renal damage. The level of extracellular matrix accumulation was detected using capillary
electrophoresis immunoquantification and immunohistochemistry. After treatment with
lysosomal inhibitors (chloroquine) or an autophagy activator (rapamycin), the expression of
Beclin-1, LC3II, and SQSTM1/p62 was further investigated. The study also investigated
the change in sirtuin1 (SIRT1), fork head box O3a (FOXO3a), and peroxidation (superoxide
dismutase (SOD) and malondialdehyde (MDA)) expression when intervened by resveratrol.
The changes in SIRT1 and FOXO3a were measured in patients and the SHRs. Here, we
observed that C. cicadae significantly decreased damage to renal tubular epithelial cells
and TGFβ1, α-smoothmuscle actin (α-SMA), collagen I (Col-1), and fibronectin expression.
Meanwhile, autophagy defects were observed both in vivo and in vitro. C. cicadae
intervention significantly downregulated Beclin-1 and LC3II and decreased SQSTM1/
p62, showing an inhibition of autophagic vesicles and the alleviation of autophagy stress.
These functions were suppressed by rapamycin, and the results were just as effective as
the resveratrol treatment. HN patients and the SHRs exhibited decreased levels of SIRT1
and FOXO3a. We also observed a positive correlation between SIRT1/FOXO3a and
antifibrotic effects. Similar to the resveratrol group, the expression of SIRT1/FOXO3a and
oxidative stress were elevated byC. cicadae in vivo. Taken together, our findings show that
C. cicadae ameliorates tubulointerstitial fibrosis and delays HN progression.
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Renoprotection was likely attributable to the regulation of autophagic stress mediated by
the SIRT1 pathway and achieved by regulating FOXO3a and oxidative stress.

Keywords: hypertensive renal injury, Cordyceps cicadae, autophagy, SIRT1, fibrosis

INTRODUCTION

Hypertensive renal injury is the primary underlying disease of
renal failure (Aibara et al., 2020). Tubulointerstitial fibrosis is
considered to be the primary pathogenesis for progressive
hypertensive nephropathy (HN) (Liu et al., 2015; Bao et al.,
2018; Tao et al., 2019). Renal function and arterial pressure
are regulated by the renin–angiotensin–aldosterone system
(RAAS) (Francois et al., 2004). Angiotensin II (AngII), the
primary effector of RAAS, can accelerate renal interstitial
fibrosis progression by affecting renal hemodynamics,
regulating the growth of renal tubular epithelial cells (TEC),
promoting the production of inflammatory and cellular
cytokines, and promoting the accumulation and degradation
of the extracellular matrix (ECM) containing TGFβ1, α-SMA,
FN, and Col-1 (Lu et al., 2019; Yoon et al., 2020; Zhang J.-h. et al.,
2021). Recent treatment schemes for HN have primarily focused
on regulating blood pressure (BP) and protecting kidney
function. RAAS inhibitors, such as angiotensin-converting
enzyme (ACE) inhibitors and angiotensin receptor blockers
(ARBs), are considered as first-line treatments for hypertensive
individuals with kidney disease. To some extent, the existing
treatment methods can delay the progression of hypertension but
weakly participate in controlling hypertensive renal damage
(Zhang et al., 2020). The potential health effects of traditional
Chinese medicine (TCM) should be explored and developed.

Autophagy (macrophage) is described as a cell self-renewal
process that relies on lysosomal degradation. Physiologically,
active autophagy recognizes and degrades damaged proteins,
invading pathogens, and aging organelles under dystrophic
and stress stimuli and subsequently releases products that are
degraded for reuse to maintain cell homeostasis (Mizushima and
Komatsu, 2011; Rechter et al., 2016). Autophagy consists of four
phases, namely, induction, nucleation, elongation, and diffusion,
and these phases are tightly regulated by different signaling
pathways, such as 5′ adenosine monophosphate-activated
protein kinase (AMPK), lysosomal enzymes (Chen et al.,
2016), and autophagy proteins (Atgs, including LC3II).
SQSTM1/p62 is an indicator of autophagic flux and acts as an
autophagy receptor involved in the targeting of cargo into
autophagosomes. After the fusion of autophagosomes with
lysosomes, the autophagosome content, including p62, is
degraded (Lim et al., 2015). Pathologically, prolonged
pathogenic factors enhance autophagy induction and disrupt
lysosome function, exceeding the degradative capacity in cells
and contributing toward autophagic stress and possibly
stagnation of autophagy (Zheng et al., 2020). ECM remodeling
is the hallmark of HN. Uncontrolled ECM accumulation due to
an imbalance between formation and degeneration has been
implicated in renovascular fibrosis (Chen et al., 2017). The
central role of autophagy in altering ECM degradation has

been investigated in previous studies (Cinque et al., 2015;
Eckhart et al., 2019). The contribution of autophagy to HN
remains unclear; however, defects in autophagy have been
associated with intracellular aging and protein and organelle
damage (Guo et al., 2020), as well as disorganization of ECM
components and the occurrence of tubulointerstitial fibrosis (Li,
et al., 2020). Autophagy is thus considered a potential therapeutic
target for HN treatment.

Redox homeostasis disorder under pathological conditions
results in excessive production of reactive oxygen species (ROS)
(Ornatowski et al., 2020). Oxidative stress produced by
pathologic and pharmacological factors plays an important
role in controlling hypertension-related diseases under
physiological conditions (Guzik and Touyz, 2017).
Peroxidation dysfunction and inflammation, which are
identified as significant functions underlying kidney diseases,
modulate the autophagy inhibition or activation and lead to
cellular recycling dysfunction (Lin et al., 2019; Li et al., 2021).
Accumulating evidence demonstrates that autophagy is
essential to support redox homeostasis. ROS activates
autophagy, which maintains cellular adaptation and reduces
oxidative damage by degrading and recycling damaged
macromolecules and dysfunctional organelles in cells
(Ornatowski et al., 2020). On the other hand, peroxidation
levels, such those as of H2O2 and AngII, in abnormal
conditions may induce apoptosis via silent information
regulator 2 homolog 1 (SIRT1) and other signaling pathways
(Lakhani et al., 2019; Park et al., 2020; Wu et al., 2020; Huang
et al., 2021). Malondialdehyde (MDA) is a major byproduct in
oxidative stress that affects kidney fibrogenesis related to
hypertension (Chen et al., 2019). Superoxide dismutase
(SOD) is an important antioxidant enzyme that plays an
indispensable role in free-radical scavenging and blocking the
progression of HN (da Silva Cristino Cordeiro et al., 2018). Both
have been recognized as the primary factor related to the
pathogenesis of chronic kidney disease (CKD) and a cause of
renal fibrosis.

SIRT1 is ubiquitously expressed in the human body, including
in kidney cells such as podocytes, glomerular mesangial cells, and
tubular cells. Using deacetylating substrates, SIRT1 plays a role in
regulating autophagy, oxidative stress, energetic homeostasis, and
apoptosis (Zhang et al., 2017; Liu et al., 2018; Xu et al., 2020).
Renal SIRT1 is cytoprotective and is correlated to BP regulation
and sodium balance (Hao and Haase, 2010). Recent studies have
focused on the role of SIRT1 in HN development and
progression, primarily by protecting tubular cells from cellular
stresses (Guclu et al., 2016; Huang X. et al., 2020; Martinez-
Arroyo et al., 2020).

FOXO3a, a major downstream molecule of SIRT1, belongs
to the fork head box O (FOXO) family of transcription factors.
It has been suggested that the FOXO family serves as a SIRT1
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deacetylate member that affects downstream pathways that
control autophagy (Daitoku et al., 2011; Tang, 2016). However,
SIRT1 largely influences FOXO3a-mediated transcription
during oxidative stress and cell survival by controlling
FOXO3a deacetylation (Kobayashi et al., 2005). Resveratrol
(RES), a well-known SIRT1 activator and oxidative stress
inhibitor, ameliorates renal tubular damage in DN by
upregulating FOXO3a transcriptional activity and reinforces
resistance to oxidative damage (Jiang et al., 2020). RES and its
active component also regulate autophagy via the SIRT1/
FOXO3a pathway in many diseases (Shi et al., 2012; Ni
et al., 2013). Emerging evidence indicated that C. cicadae
elevated the SIRT1 expression against kidney injury or renal
interstitial fibrosis (Huang YS. et al., 2020). Additionally, RES
treatment ameliorates renal function and glomerulosclerosis
and increases SIRT1 deacetylase activity, subsequently
decreasing the expression of acetylated FOXO3a and
inhibiting the oxidative stress caused by hyperglycemia both
in vivo and in vitro (Wang et al., 2017). Thus, this study aims to
determine whether C. cicadae imparts a protective effect
against NH via the SIRT1/FOXO3a/ROS pathway.

C. cicadae is a TCM that belongs to the family
Cordycipitaceae, which is parasitic on Cicada flammata larvae.
It has been utilized in the treatment of various diseases and to
relieve exhaustion. Pharmacological studies have shown that the
fungus contains biologically active chemical substances including
nucleosides, cordycepic acid, cordycepin, beauvericin, and
myriocin (Sun et al., 2017). C. cicadae has been historically
utilized for liver and kidney protection, analgesia–antipyresis,
blood fat reduction, and its antitumor activities (Qin et al., 2020).
It is well known that the active ingredients extracted from
C. cicadae are effective in ameliorating CKD induced by
diabetes or hypertension. (Zheng et al., 2018; Huang X. et al.,
2020; Liu et al., 2014). Evidence also suggests that C. cicadae
relieved acute kidney injury through the inhibition of oxidative
stress and inflammation (Deng et al., 2020). Based on our
previous studies, we estimated that C. cicadae might protect
renal functions against kidney fibrosis by alleviating renal
autophagic stress through the regulation of the SIRT1/
FOXO3a/ROS pathway. This hypothesis was assessed in
spontaneously hypertensive rats (SHRs) and in AngII-cultured
primary TECs.

MATERIALS AND METHODS

Human Renal Biopsy Samples
All clinical data derived from 25 patients (age range: 50–60 years)
of the Affiliated Hospital of Guangdong Medical College
(Zhanjiang, Guangdong, China) were de-identified. We
searched for stored former kidney biopsy samples collected
from December 2015 to December 2020. These kidney tissue
specimens were obtained from patients diagnosed with biopsy-
proven hypertensive renal injury (n = 11). The inclusion criteria
of the control group were patients with mild urinary protein
excretion or hematuria only and biopsy-proven minimal
change (n = 14).

Animals
Thirty male SHRs (age: 8 weeks old; weight range: 170–210 g) and
eight Wistar-Kyoto (WKY) rats (age: 8 weeks old; weight range:
170–210 g) were obtained from Beijing Vital River Co., Ltd. (Beijing,
China) and housed under controlled laboratory conditions (25 ± 2°C
temperature, 60 ± 1%humidity, and 07:00–19:00 light and 19:00–07:
00 dark cycle) with ad libitum access to water. The experiments were
conducted according to theGuide for the Care andUse of Laboratory
Animals (eighth edition) (National Academies of Sciences,
Engineering, and Medicine) and approved by the ethics
committee of Beijing University of Chinese Medicine. Four
groups were used: (1) the control WKY rats (n = 8), (2) SHRs
(n = 10), (3) SHRs that received intraperitoneal injection of RES once
a day (40 mg/kg/day, n = 10), and (4) SHRs treated with C. cicadae
once a day (4 g/kg/day, n = 10). After overnight fasting on the 28th
week, the animals were sacrificed, and renal tissue specimens were
isolated for further analysis.

Detection of Urinary and Plasmatic
Parameters
Blood plasma was collected via the abdominal aorta and then
centrifuged at 3,500 rpm for 15 min (4°C). The blood samples were
stored at −80°C until use. Twenty-four-hour urine samples were
collected from the rats that were situated in a metabolic cage on the
14th and 28th weeks. Urinary creatinine levels were measured
using an enzyme-linked immunosorbent assay (ELISA) kit (C011-
2-1, Nanjing Jiancheng Bioengineering Institute, Nanjing, China);
urinary albumin levels were measured using an ELISA kit
(ab108789, Abcam, Cambridge, MA, United States); and levels
of urinary β2-MG were measured using an ELISA kit (RKM100,
R&D Systems, Minneapolis, MN, United States). The urinary
kidney injury molecule-1 (KIM-1) concentration was measured
using an ELISA kit (ab119597). All protocols were performed
following the manufacturers’ instructions.

Renal Histological Examination
The paraffin-embedded kidneys were sliced into 3-μm-thick sections
and dewaxed in a xylene reagent tank, and this was followed by
rehydration across an ethanol gradient. Hematoxylin and eosin
(H&E) staining was conducted to assess the histological changes.
Masson’s trichrome staining (Masson) was used to evaluate fibrosis.
The prepared sectionswere stained using a kit forMasson’s trichrome
staining (Nanjing Jiancheng Biological Reagent Co., Ltd., Nanjing,
China). Images were captured using an Olympus BX60 microscope
(Olympus, Tokyo, Japan) and a Zeiss optical microscope (Germany)
equipped with a ZEN 2.3 (blue edition) image-capture software (Carl
Zeiss Microscopy GmbH, Jena, Germany). Image-Pro Plus (IPP) 6.0
software (Media Cybernetics, United States) was utilized to estimate
the degree of interstitial fibrosis. The above methods are described in
detail in our previous study (Huang YS. et al., 2020).

Preparation of the Reagents and the
C. cicadae-Containing Serum
C. cicadae was obtained from the Zhejiang BioAsia
Pharmaceutical Co., Ltd. (Pinghu, Zhejiang, China). RES,
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chloroquine (CQ), and rapamycin (RAP) were obtained from
Sigma-Aldrich (St. Louis, MO, United States).

Sprague-Dawley rats weighing 250–300 g were randomly
divided into negative control and treatment groups. The
treatment group animals were treated with C. cicadae or
distilled water (2 ml/day) as previously described. After a 1-
week treatment, blood samples were collected from the
abdominal aorta and centrifuged. Serum samples from all
individual animals of each group were pooled and filtered
through a 0.22 μm filter membrane. Medicated serum
containing C. cicadae (CMS) was employed in the cell
experiment.

Cell Culture and Treatment
NRK-52E cell lines were provided by the Institute of Nephrology
of the General Hospital of the Chinese People’s Liberation Army
(Beijing, China). The cells were cultured at Dongzhimen Hospital
of Beijing University of Chinese Medicine (Beijing, China) and
supplemented with 10% fetal bovine serum (FBS, Gibco,
United States) in a humidified 5% CO2 atmosphere at a
temperature of 37°C. The cells were subcultured every 2 to
3 days. In several experiments, the NRK-52E cells were
incubated with AngII (10–7 mM), CMS (10%), and RES
(25 μM). All cells were harvested for further analysis.

Cell Viability Assay
The viability of the NRK-52E cells treated with AngII (Sigma-
Aldrich) was assessed using Cell Counting Kit-8 (CCK-8,
Dojindo Laboratories, Kumamoto, Japan). The cells at a
density of 5 × 103 cells per well were seeded into 96-well plates
and then treated with AngII (10–4, 10–5, 10–6, 10–7, 10–8, and
10−9 M) for various duration (24 and 72 h). Ten microliters of
CCK-8 solution was added into each well and then cultured for
another 1–4 h. Finally, the optical density (OD) value at a
wavelength of 450 nm was measured to determine cell viability
(Thermo Scientific, United States). The assay was repeated thrice.
A CCK-8 assay was used to determine the safe and effective AngII
concentration for the experiment. Different concentrations of
CMS (10, 15, 20%) and RES (10, 25, 50, 100, 150 μM) were
detected as above.

Detection of Cell Injury
There were four groups in the experiment: a control group, an
AngII group, a CMS group, and a RES group. The cells were
cultured as earlier described, and KIM-1 and neutrophil
gelatinase-associated lipocalin (NGAL) abundance in the
supernatant was determined by ELISA kits obtained from
R&D Systems (DLCN20, Minneapolis, MN, United States) and
Abcam (ab119597). All of the operational procedures were
performed in accordance with the manufacturers’ instruction.

MDA and SOD Detection
After treatment, the renal tissues or supernatant were collected,
and MDA and SOD were quantified using an MDA assay kit
(S0131, Beyotime Institute of Biotechnology, Jiangsu, China) and
a SOD assay kit (S0101, Beyotime Institute of Biotechnology,
Jiangsu, China) following the manufacturer’s instruction.

Western Blot and Densitometric Analysis
Total protein from cells of rat kidney tissues was extracted by
centrifugation at 12,000 rpm at 4°C for 20 min. The resulting
supernatant was collected and used to determine total protein
concentration using the BCA assay. Supernatants of various
samples were heated for 10 min at 95°C in a sample loading
buffer and later separated by SDS-PAGE and then transferred to
nitrocellulose membranes. The membranes were blocked for 1 h
with 5% nonfat milk in TBST buffer. To perform
immunodetection, the blots were incubated at 4°C overnight
with the following primary antibodies: anti-LC3II (ab51520),
anti-SQSTM1/p62 (ab109012), beclin-1 (ab62557), anti-α-SMA
(ab32575), anti-TGF-β1 (ab92486), anti-FN (ab2413), anti-Col-1
(ab34710), and anti-GAPDH antibody (10494-1-AP,
ProteinTech, Rosemont, PA, United States). Except for the
anti-GAPDH antibody, all primary antibodies were obtained
from Abcam and employed at a 1:1,000 dilution. The
peroxidase-linked secondary antibody (SA00001-2,
ProteinTech, Rosemont, PA, United States) was diluted at 1:
5,000. Then, the membranes were visualized with an ECL
advanced kit, and quantitation of protein bands was
performed using the ImageJ software (NIH, Bethesda, MD,
United States). The result of absorbance measurements and
the grey values obtained from the densitometric analysis were
expressed as means ± standard deviations (SDs) of the three
determinations for each sample.

Capillary Electrophoresis
Immunoquantification
Whole-cell protein was obtained for quantitative capillary
isoelectric immunoassay. Protein levels were assessed using a
capillary-based automated electrophoresis
immunoquantification instrument (ProteinSimple, San Jose,
CA, United States) following the manufacturer’s standard
instruction. Here, 3 μl of protein extract (final concentration:
1 μg/μl) was loaded with the following antibodies: anti-SIRT1
antibody (sc15404, Santa Cruz Biotechnology, Santa Cruz, CA,
United States), anti-GAPDH antibody (10494-1-AP,
ProteinTech), and anti-FOXO3a antibody (12829, Cell Signal
Technology, Inc., United States). The run conditions were as
recommended previously. Compass software (ProteinSimple ver.
3.1.8) was utilized to calculate and measure the immunoblots.

Immunostaining Analysis
Immunohistochemical and immunofluorescence analyses of
samples were performed as described. Rabbit anti-SIRT1
(sc15404, Santa Cruz Biotechnology, Santa Cruz, CA,
United States), rabbit anti-FOXO3a antibody (12829, Cell
Signaling Technology, CA, United States), rabbit anti-α-SMA
antibody (ab32575, Abcam, Cambridge, MA, United States),
rabbit anti-LC3II antibody (ab51520, Abcam, Cambridge, MA,
United States), rabbit anti-SQSTM1/p62 (ab109012), and
fluorescein isothiocyanate-labeled goat anti-rabbit IgG (sc-
2012, Santa Cruz Biotechnology, Santa Cruz, CA,
United States) were used in the immunostaining assay for
kidney tissues. Rabbit anti-FOXO3a antibody (12829, Cell

Frontiers in Pharmacology | www.frontiersin.org February 2022 | Volume 12 | Article 8010944

Cai et al. Renoprotective Mechanism of Cordyceps cicadae

241

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


FIGURE 1 | C. cicadae alleviated SHR renal injury and fibrosis. (A) H&E staining (bar = 100 μm) and Masson’s trichrome staining (bar = 40 μm). (B) C. cicadae
treatment significantly decreases ACR levels after 14 and 28 weeks. (C)C. cicadae treatment significantly downregulates β2-MG expression after 14 and 28 weeks. (D)
C. cicadae treatment significantly reduced β2-MG level at the 28th week. (E) The representative images and statistical graph of IHC staining for α-SMA (×200).
Bar = 100 μm. Apoptosis in rat renal tubules of various groups was evaluated by TUNEL assay. Scale bar: 40 μm. (F) Effect of C. cicadae and RES on TGFβ1, α-
SMA, FN, and Col-1 expression. (G–J) The relative intensities of fibrosis-related protein in kidneys were calculated after normalization against GAPDH. Data were
presented as mean ± SD, n = 10 rats per group. For the WKY group vs the SHR group, #p < 0.05, ##p < 0.01. For the SHR group vs the C. cicadae group, *p < 0.05,
**p < 0.01. N.S. No significance.
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Signaling Technology, CA, United States), rabbit anti-SIRT1
(2977886, Millipore, Billerica, MA, United States), rabbit anti-
LC3II antibody (ab51520, Abcam, Cambridge, MA,
United States), rabbit anti-SQSTM1/p62 (ab109012), rabbit
anti-α-SMA antibody (ab32575, Abcam, Cambridge, MA,
United States), and Alexa Fluor 488 donkey anti-rabbit IgG
(Invitrogen, Carlsbad, CA, United States) were used for
immunostaining the cells. The nuclei of the cells were stained
with DAPI. Immunopositive signals were detected using a
confocal microscope (Leica Microsystems, Wetzlar, Germany)
or an Olympus BX60 microscope (Olympus, Tokyo, Japan). The
acquired images were analyzed using the IPP 6.0 software.

Statistical Analysis
Statistical analysis was conducted using the GraphPad Prism ver.
9.00 statistical software (SAS Institute, Abacus Concept, Inc.,
Berkeley, CA, United States). Results are shown as means ± SDs.
Differences among groups were examined using one-way
ANOVA, which was then followed by Bonferroni multiple-
comparison test. Comparison among treatment groups was
performed at a significance level of p < 0.05.

RESULTS

C. cicadae Alleviated Renal Injury and
Fibrosis of the SHRs
We determined the impact of C. cicadae on renal damage and
fibrosis after 28 weeks of induction in vivo. No significant
histopathological differences among the four H&E-stained
groups were detected. Masson’s trichrome staining revealed
that the SHR group developed fibrotic changes and severe
renal interstitial fibrosis; in addition, C. cicadae significantly
decreased collagen deposition (Figure 1A). A comparison of
the WKY and SHR groups indicated significant differences in
the albumin/creatinine ratio (ACR), as well as KIM-1 and β2-MG
levels. Treatment with C. cicadae significantly downregulated
ACR, KIM-1, and β2-MG levels by the 28th week, whereas no
marked changes in KIM-1 level were detected on week 14
(Figures 1B–D). We also assessed the number of apoptotic
kidney cells using the terminal transferase-mediated biotin
dUTP nick-end labeling (TUNEL) assay, and
immunohistochemical staining revealed that with prolonged
AngII treatment, the SHR group showed a gradual increase in
collagen fiber (α-SMA) expression and rate of renal intrinsic cell
apoptosis, whereas ECM deposition and apoptotic TEC count
significantly decreased with C. cicadae treatment after 28 weeks
(Figure 1E). Similarly, the ECM accumulation was evaluated
using western blot, and C. cicadae downregulated the TGFβ1, α-
SMA, FN, and Col-1 expression and protected the hypertension-
injured kidney tissue from progressive fibrosis (Figures 1F–J).

C. cicadae Attenuated AngII-Treated
NRK-52E Cell Injury and Fibrosis
AngII was employed to simulate hypertensive renal injury. This
study selected NRK-52E rat renal epithelial cells as the model of

renal damage of hypertension. A dose-related change in cell
activity and viability was observed in the NRK-52E cells
exposed to various concentrations for 24 and 72 h. As shown
in Figure 2A, the cell viability significantly decreased at an AngII
concentration of 10–8 M (p < 0.01), and 10–7 M of AngII was
chosen to be the optimal model concentration. We also detected
the effect and safe concentration of C. cicadae by diluting the
medicated serum. Figure 2B indicates that the NRK-52E cells
remained in a steady growth environment at 10% C. cicadae
serum. Eventually, we selected the 10% concentration in the
following study. By the same method, the concentration of
RES was confirmed to be 25 μM (Figure 2C).

Renal tubular epithelial cell damage was evaluated based on
supernatant KIM-1 and NGAL levels, which were significantly
upregulated in the AngII group relative to the control group
(Figures 2D,E). However, C. cicadae treatment significantly
downregulated KIM-1 and NGAL expression by 46% and
15%, respectively, relative to the model group. These findings
coincided with the changes in kidney tissues obtained in the
SHRs. The ECM accumulation was assessed using capillary
electrophoresis immunoquantification (Figure 2F). α-SMA and
Col-1 were significantly upregulated in the AngII group relative
to the control group, which were reduced with C. cicadae
treatment (Figures 2G,H).

C. cicadae Ameliorated Hypertensive Renal
Fibrosis by Inhibiting Autophagic Stress
Autophagic stress means an increase in the autophagic flow. This
process may be due to the generation of too many autophagic
vesicles that cannot be degraded or a change in the autophagic flux
due to problems with autophagic degradation. We next
investigated whether C. cicadae could reduce fibrosis protein
expression and suppress ECM accumulation by regulating
autophagy. The autophagic markers LC3II and p62 and
autophagosomal formation were employed to evaluate the
condition of autophagy in the SHR kidney tissue using
immunohistochemical staining. LC3II and p62 protein
expression was upregulated in hypertensive renal damage,
which was indicative of autophagic activation (Figures 3A–C).
Similar observations were obtained using western blot (Figure 3D),
whereas C. cicadae downregulated LC3II, beclin-1, and p62
expression (Figures 3E–H). In addition, we observed increased
LC3II expression along with blocked p62 degradation for the 72-h-
treated AngII NRK-52E cells, indicating enhanced autophagosome
synthesis and the defect of LC3II-mediated protein degradation
(Figures 3I–L). As shown in Figures 3M,N, the expression of
LC3II and beclin-1 was suppressed after the C. cicadae treatment,
indicating that C. cicadae inhibited autophagy.

To further investigate the impacts of autophagy on the renal
fibrosis process, we treated the NRK-52E cells with lysosomal
inhibitor CQ. As shown in Figure 4A, the CQ exacerbated
autophagic activation caused by AngII. We also found that the
autophagic inhibition effect of C. cicadae was blocked after being
exposed to CQ for 72 h (Figures 4B,C). Then, the autophagy
activator RAP was used. The immunofluorescence assay showed
that the expression of α-SMA was reversed by the C. cicadae
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treatment, while no reversed effect was achieved due to the RAP
treatment (Figure 4D). In addition, the NRK-52E cells treated
with C. cicadae as well as RAP suppressed the antifibrotic effect of
C. cicadae. These results indicated that C. cicadae ameliorated
hypertension-induced renal fibrosis by suppressing autophagic
induction, reducing autophagy vesicle formation, and
suppressing autophagy stress.

C. cicadae Increased SIRT1/FOXO3a
Expression and Decreased Oxidative Stress
in Hypertensive Renal Damage
To assess clinical relevance, we determined SIRT1/FOXO3a
expression levels in human renal biopsy samples obtained
from normotensive health controls as well as patients with
HN. The result of the immunohistochemistry showed that

FIGURE 2 |CMS attenuated AngII-associated injury and inhibited ECM accumulation in rat renal tubular epithelial cells. (A)NRK-52E cells were exposed to various
concentrations of AngII for 24 and 72 h. (B) Effects of CMS on viability for 72 h. (C) Effects of RES on NRK-52E cell viability for 72 h. (D,E) Effect of CMS on NRK-52E cell
injury. The level of cell injury was examined by KIM-1 and NGAL ELISA kits. (F) Effect of CMS on the expression of Col-1 and α-SMA. (G,H) The relative intensities of
fibrosis-related protein in cells were calculated after normalization against GAPDH. Data are expressed as themean ± SD of three separate experiments. #p < 0.05,
##p < 0.01 compared with control cells. *p < 0.05, **p < 0.01, compared with the model group.
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higher levels of SIRT1 and FOXO3a existed in healthy subjects,
while significant downregulation was seen in the HN patients
(Figure 5A). Furthermore, there was a positive correlation
between SIRT1 and FOXO3a. Thus, SIRT1/FOXO3a might
play an important role in HN.

Then, the SIRT1 and FOXO3a expression was determined
using capillary electrophoresis immunoquantification in the
SHRs and NRK-52E cells. We found that the SIRT1 and
FOXO3a expression was low in all of the model groups, while
C. cicadae upregulated the SIRT1 and FOXO3a levels in
hypertensive renal damage (Figures 5B,C). Similar results
were obtained using in vitro immunofluorescence, in which
C. cicadae induced an increase in the fluorescence intensity of
SIRT1 in NRK-52E cells compared with the AngII group (Figures
5D,F). However, the immunofluorescence images showed that no
significant change existed in the FOXO3a expression (Figures
5E,G). This might have been related to the nuclear translocation
of FOXO3a (Supplementary Figure 1A). MDA and SOD
regulate the production of ROS and are related to oxidative
stress intimately. The trend of the MDA in the SHRs and
AngII-treated NRK-52E cells was significantly stimulated
compared to the control, while it was suppressed by C. cicadae
(Figures 5H,J). In contrast, C. cicadae restored the activity of
SOD in hypertensive renal damage (Figures 5I,K).

C. cicadae Might Contribute to Renal
Fibrosis and Injury via SIRT1/FOXO3a/
ROS-Mediated Autophagy
Previous research revealed that C. cicadae induced fibrosis and
apoptosis in SHRs by inhibiting the SIRT1/p53 pathway. Based
on the fact that SIRT1/FOXO3a signaling also plays a major
role in autophagy regulation, we investigated whether this
pathway is associated with renal fibrosis and hypertension-
induced autophagic stress both in vivo and in vitro. RES, a
natural activator of SIRT1 that releases oxidative stress, has
been reported in many studies. Consistent with our previous
study, we found that RES increased the SIRT1 expression in
vivo and in vitro. In addition, RES treatment upregulated
FOXO3a while SIRT1 was activated. These results indicated
that AngII suppressed the expression of SIRT1 and FOXO3a
on the renal tubular epithelial cells, and the C. cicadae
treatment reversed the downregulation equal to the RES
(Figures 5A–C). Similar results were obtained by in vitro
immunofluorescence, wherein RES or C. cicadae application
increased the fluorescence intensity of SIRT1 in NRK-52E cells
compared with the AngII group (Figures 5D,F). The
immunofluorescence images showed an upward tendency,

FIGURE 3 | C. cicadae and RES regulated autophagic stress in
hypertensive kidney damage. (A) IHC staining result (×400) of LC3II and p62 in
paraffin sections. Bar = 50 μm. (B,C) Statistical results of IHC staining of LC3II
and p62, respectively. The value of mean optical density (IOD) obtained by
IPP software. (D) Expression of beclin-1, LC3II, and p62. The results of
evaluation are shown in (E–G). #p < 0.05, ##p < 0.01: compared with controls.

(Continued )

FIGURE 3 | *p < 0.05, **p < 0.01: relative to the model group. N.S. No
significance. (H) Immunofluorescence images show the levels of LC3II (green
channel) and the levels of p62 (red channel) for 48 and 72 h. Bar = 20 μm.
(I–K) Statistical results of immunofluorescence staining of LC3II and p62. The
value of IOD obtained by IPP software. (L) Expression of beclin-1 and LC3II.
The results of evaluation are shown in (M) and (N). #p < 0.05, ##p < 0.01:
compared with controls, respectively. *p < 0.05, **p < 0.01: relative to the
model group, respectively.
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but no significant change existed in the FOXO3a expression
compared with the AngII group (p > 0.05) (Figures 5E,G).
Moreover, detection of the peroxidation levels indicated that
RES also downregulated the oxidative stress levels (Figures
5H–K). The result indicated that the stimulated SIRT1 and
suppressed peroxidation contributed to renal fibrosis and
injury. The therapeutic effect of C. cicadae was realized
through the SIRT1 pathway.

In the current study, the expression of the renal fibrosis-related
protein was also evaluated. As shown in Figure 1, compared with
C. cicadae, the RES treatment showed a downward regulation of
α-SMA, Col-1, TGFβ1, and FN. Interestingly, western blot and
immunostaining analyses revealed that RES and C. cicadae
significantly disrupted autophagic induction, which is
characterized by downregulated LC3II and beclin-1 expression
(Figure 3) in hypertensive renal injury. Moreover, C. cicadae and
RES exhibited downregulated levels of p62, indicating autophagic
flux restoration (Figure 3). These results indicated that C. cicadae
inhibited fibrosis processing by regulating autophagy in the NRK-
52E cells or SHRs equal to RES. In addition, this stimulated
SIRT1/FOXO3a and suppressed the oxidative stress levels that
contributed to autophagic stress. Therefore, C. cicadae might
enhance the antifibrotic effects in HN and regulate autophagy
by regulating the SIRT1/FOXO3a/ROS signaling pathway.

DISCUSSION

Based on the current findings, our research revealed the
antifibrotic and anti-injury effects of C. cicadae and its
potential mechanisms. The new findings were as follows. (1)
C. cicadae ameliorated renal injury and kidney fibrosis both
in vitro and in vivo. (2) Autophagic stress existed in
hypertensive renal damage. (3) C. cicadae suppressed the
deposition of ECM markers by the inhibition of autophagic
vesicles and the alleviation of autophagy stress. (4) C. cicadae
regulated autophagy via the SIRT1 pathways, which might be
achieved by regulating FOXO3a and oxidative stress. These
results highlight a potential therapeutic strategy against
hypertensive renal fibrosis and injury by natural medicine.

Hypertension is considered a major risk factor in the
development of hypertensive renal injury. RAAS dysregulation
contributes to the pathogenesis of cardiovascular and renal
disorders. The majority of renal disorders result in renal
fibrosis. Previous studies have demonstrated that the
proliferation of epithelial and glomerular mesangial cells is
stimulated by AngII and induces ECM deposition, which
consequently causes additional renal damage (Grace et al.,
2012; Ge et al., 2020; Liu et al., 2021). Here, the expression of
various tubular injury markers, including KIM-1 and NGAL, was
significantly upregulated in the AngII group relative to the
control. In addition, AngII promoted ECM deposition, which
contributes to fibrosis processing. SHRs provide an opportunity
to study essential hypertension, as the natural progression of
hypertension and organ damage in SHRs, including in the
kidneys, is remarkably similar in humans. A previous study
showed that SBP was higher in the SHR group than in the
WKY, which was coupled with changes in BP and kidney
function indicators (24-h urine albumin and ACR) (Huang X.
et al., 2020). These results are supported by the current research
that showed that the expression of TGFβ1, α-SMA, FN, and Col-1
was significantly elevated in the SHR group.

Autophagy is a cellular process involving bulk degradation of
cytoplasmic components; in addition, its persistent activation is
largely involved in renal damage (Bao et al., 2018). Renal fibrosis

FIGURE 4 | CMS attenuated fibrosis via regulating autophagic stress
in vitro. (A) NRK-52E cells were treated with AngII for 72 h, in the presence or
absence of CQ (10 μM). (B) CMS regulated autophagic stress. LC3II protein
expression was assessed by western blotting. (C) Statistical results of
LC3II. (D) Immunofluorescence images show the levels of α-SMA (green
channel) for 72 h. NRK-52E cells were exposed to AngII, with or without CMS
and in the presence or absence of RAP (50 nM) for 72 h. The fluorescence
intensity was detected with a laser confocal microscope, bar = 20 μm.
#p < 0.05: relative to untreated cells. *p < 0.05, **p < 0.01: relative to the
model group.
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pertains to the common pathway associated with end-stage renal
disease. Previous studies have demonstrated that autophagy in
disease pathogenesis is complicated and related to both
physiological and pathological regulation (Livingston et al.,
2016; Wang et al., 2020). The present study observed a higher
number of autophagosomes and autophagic stress existing in cells
and rats, which was coupled with ECM deposition in interstitial
hypertensive renal injury. However, C. cicadae treatment rescued
the tubular epithelial cells from fibrosis processing and
suppressed autophagic stress. Lysosomal-mediated diffusion
systems are a key step of autophagy degradation, and a
lysosomal inhibitor was used to examine the lysosomal
function in vitro. The result suggested that the stability of
lysosome was interrupted when exposed to AngII. Further
elucidation demonstrated that lysosomal degradation also
changed phase in this study. Hence, the activator of autophagy
was used to investigate the potential mechanism. Here, we
observed that C. cicadae downregulates the expression of
LC3II and beclin-1 autophagosomal markers, which are two
key factors that fuel the autophagic process, and it
downregulates the expression of p62. In addition, both
previous (Huang YS. et al., 2020) and current investigations
revealed the inhibitory effect of C. cicadae on α-SMA
expression, whereas RAP suppressed renoprotective activity.
We considered mediated autophagy as a key point for
therapeutic C. cicadae administration to inhibit ECM, thus
blocking renal fibrosis.

FOXO3a regulates autophagy in various biological
characteristics, including inflammation, apoptosis, oxidative
stress, and aging (Liu et al., 2017; Fitzwalter and Thorburn,
2018; Galati et al., 2019; Ali et al., 2020; Xu et al., 2021). This
activity is regulated by posttranslational modifications, including
phosphorylation, acetylation, and ubiquitination (Daitoku et al.,
2011). Various combinatorial drug treatments upregulate
autophagy-related gene expression in rats via FOXO3a
activation (Li et al., 2020; Zhu et al., 2020). Evidence has also
indicated that FOXO3a participates in the regulation of lysosomal
function (Lu et al., 2014; Carrino et al., 2019). SIRT1 activation
also protects against hyperglycemia-induced renal tubular
damage via the deacetylation of FOXO3a and the reduction of
oxidative stress in vivo and in vitro (Wang et al., 2017). Natural
compound (isoliquiritigenin and dioscin) treatment reduces
kidney injury through the SIRT1-dependent mechanism (Song
et al., 2019; Huang X. et al., 2020). Here, we observed that
C. cicadae treatment upregulated SIRT1 and FOXO3a
expression and relieved oxidative stress, which in turn
regulated autophagy stress that was induced by hypertensive
renal injury.

FIGURE 5 | Experimental validation of the SIRT1/FOXO3a/ROS
signaling pathways in vivo and in vitro. (A) Downregulated SIRT1 and FOXO3a
existed in HN patients (bar = 40 μm). (B) Capillary electrophoresis
immunoquantification of SIRT1 and FOXO3a on NRK-52E cells in each
group. (C)Capillary electrophoretic analysis of SIRT1 and FOXO3a expression
in the rat renal cortex of various study groups. (D,E) CMS regulated SIRT1

(Continued )

FIGURE 5 | (green channel) and FOXO3a (red channel) signaling pathways on
NRK-52E cells (bar = 20 μm). (F,G) Statistical results of immunofluorescence
staining of SIRT1 and FOXO3a, respectively. Densitometry was conducted,
and the ratio of SIRT1 or FOXO3a to GAPDH was expressed as fold changes
relative to the control. (H,I) The content of intracellular MDA and SOD in
different treatment rats. (J,K) The activity of MDA and SOD in different
treatment cells. #p < 0.05, ##p < 0.01: relative to the control group.
*p < 0.05, **p < 0.01: relative to the model group. N.S. No significance.
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RES, a SIRT1 activator, increased the relative expression of
beclin-1 and LC3II, while it decreased p62 expression compared
with the untreated control group (Wang et al., 2018; Josifovska
et al., 2020). The evidence also demonstrated that RES postponed
the development of diabetes by inhibiting autophagy, which
included improving cell apoptosis and cellular oxidative stress
(Sha et al., 2021). Similar protective effects of RES, namely,
reduction of autophagy and the restoration of SIRT1 and
FOXO3a levels, were observed in the COPD animal model (Shi
et al., 2012). The difference between these studies might be detected
using different source cells or animal models. We determined that
C. cicadae or RES downregulates p62 and disrupts relative
expression of beclin-1 and LC3II, indicating that C. cicadae
controls hypertension-induced autophagic stress by restoring
SIRT1 levels in order to inhibit the development of renal fibrosis.

The SIRT1–FOXO3a axis plays a central role in autophagy. An
earlier study reported that knocking down SIRT1 enhances cell
viability under oxidative stress conditions, triggers nuclear
translocation of FOXO3a, and drives FOXO3a acetylation
(Han et al., 2016). Moreover, SIRT1 gene silencing disrupts
both gAcrp-induced FOXO3a nuclear translocation and LC3II
expression (Pun et al., 2015). Our observations are concordant
with these viewpoints. For further assessment of the role of
FOXO3a, immunofluorescence analysis revealed that the
nuclear FOXO3a levels significantly increased compared with
cytosolic FOXO3a expression due to its transport from the
cytosol to the nucleus following C. cicadae treatment. In
addition, AngII degraded SIRT1, which in turn increased
nuclear translocation of FOXO3a (Supplementary Figure 1A),
implying that acetylation of FOXO3amight be involved in AngII-
induced fibrosis, and the effect ofC. cicadaemight be mediated by
the SIRT1/FOXO3a/ROS-dependent pathway.

C. cicadae has been historically used in China for the
treatment of CKD. Different biologically active chemical
substances, including ergosterol peroxide (EP), N6-(2-
hydroxyethyl) adenosine, cordycepic acid, polysaccharides, and
effective nucleosides, have been reported (Li et al., 2018). The
active components ofC. cicadaewere illustrated using the GC/MS
analysis (Supplementary Figure 2). C. cicadae also had few sides
effects, low toxicity, and no chemical substances (Supplementary
Figure 3). Different from cordyceps (C. sinensis), C. cicadae
belongs to the kidney meridian. It is cold in nature according
to the theory of TCM, and it is often used to treat CKD without
harming the performance of the kidney. TCM has the advantage
of being multi-targeted. Recently, C. cicadae has been shown to
possess a wide range of pharmacological activities in the kidney,
which include renal interstitial fibrosis, anti-apoptosis, anti-
inflammatory, antiaging, antioxidative stress, and
immunoregulatory effects (Xie et al., 2019; Yang et al., 2020;
Zhang X. et al., 2021; Chyau et al., 2021). In our study, C. cicadae
displayed an advantage for reducing renal fibrosis compared with
RES. C. cicadae inhibited renal fibrosis progression primarily by
decreasing ECM deposition through SIRT1-mediated autophagy.
The mechanisms may involve the regulation of FOXO3a and
oxidative stress. This study provides novel insights into the
correlation between TCM and HN.

CONCLUSION

This study demonstrated the effects of C. cicadae on the
pathogenesis of HN and elucidated the underlying
mechanisms that may be involved in the SIRT1/FOXO3a/
ROS pathway. We revealed that C. cicadae upregulates
SIRT1/FOXO3a expression, suppresses oxidative stress,
decreases ECM accumulation, and controls autophagic
stress, which in turn inhibits renal fibrosis and
ameliorates hypertensive renal injury. Results of our study
provide useful information for the treatment of hypertensive
renal injury using TCM by regulating autophagy via the
SIRT1 pathway.
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Supplementary Figure 2 | Quality control of C. cicadae was evaluated by HPLC
GC/MS analysis.

Supplementary Figure 3 | LC-MS/MS identification of no chemical substances
added into C. cicadae.
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Atorvastatin Restores PPARα
Inhibition of Lipid Metabolism
Disorders by Downregulating miR-21
Expression to Improve Mitochondrial
Function and Alleviate Diabetic
Nephropathy Progression
Jiayi Xiang1,2,3, Huifang Zhang1,2,3, Xingcheng Zhou1,2,3, Dan Wang1,2,3, Rongyu Chen1,2,3,
Wanlin Tan1,2, Luqun Liang1,2,3, Mingjun Shi1,2,3, Fan Zhang1,2,3, Ying Xiao1,2,3, Yuxia Zhou1,2,3,
Yuanyuan Wang1,2,3* and Bing Guo1,2,3*

1State Key Laboratory of Functions and Applications of Medicinal Plants, Guizhou Medical University, Guiyang, China,
2Department of Pathophysiology, Guizhou Medical University, Guizhou, China, 3International Scientific and Technological
Cooperation Base of Pathogenesis and Drug Research on CommonMajor Diseases, Guizhou Medical University, Guizhou, China

Atorvastatin is a classical lipid-lowering drug. It has been reported to have renoprotective
effects, such as reducing urinary protein excretion and extracellular matrix aggregation.
The present study aimed to investigate the specific mechanism of action of Atorvastatin in
type 1 diabetic mice (T1DM) in inhibiting renal tubular epithelial cell injury following
treatment with high glucose and high fat. The anti-injury mechanism of Atorvastatin
involved the inhibition of miR-21 expression and the upregulation of the transcription
and expression of its downstream gene Peroxisome proliferator-activated receptors-
α(PPARα). An increase in blood glucose and lipid levels was noted in the T1DM model,
which was associated with renal fibrosis and inflammation. These changes were
accompanied by increased miR-21 levels, downregulation of PPARα and Mfn1
expressions, and upregulation of Drp1 and IL6 expressions in renal tissues. These
phenomena were reversed following the administration of Atorvastatin. miR-21
targeted PPARα by inhibiting its mRNA translation. Inhibition of miR-21 expression or
Fenofibrate (PPARα agonist) administration prevented the decrease of PPARα in renal
tubular epithelial cells under high glucose (HG) and high fat (Palmitic acid, PA) conditions,
alleviating lipid metabolism disorders and reducing mitochondrial dynamics and
inflammation. Consistent with the in vivo results, the in vitro findings also demonstrated
that mRTECs administered with Atorvastatin in HG + PA increased PPARα expression and
restored the normal expression of Mfn1 and Drp1, and effectively increasing the number of
biologically active mitochondria and ATP content, reducing ROS production, and restoring
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mitochondrial membrane potential following Atorvastatin intervention. In addition, these
effects were noted to the inhibition of FN expression and tubular cell inflammatory
response; however, in the presence of miR-21mimics, the aforementioned effects of
Atorvastatin were significantly diminished. Based on these observations, we conclude that
Atorvastatin inhibits tubular epithelial cell injury in T1DM with concomitant induction of lipid
metabolism disorders by a mechanism involving inhibition of miR-21 expression and
consequent upregulation of PPARα expression. Moreover, Atorvastatin regulated lipid
metabolism homeostasis and PPARα to restore mitochondrial function. The results
emphasize the potential of Atorvastatin to exhibit lipid-regulating functions and non-
lipid effects that balance mitochondrial dynamics.

Keywords: atorvastatin, miR-21, PPARα, fenofibrate, mitochondrial dynamics, diabetic kidney disease, lipid
metabolism disorders

INTRODUCTION

In 2019, the International Diabetes Federation (IDF) predicted
that the global prevalence of diabetes will be 9.3% (463 million
people). This incidence is predicted to rise to 10.2% (578 million
people) by 2030 and to 10.9% (700 million people) by 2045. As
one of the most common microvascular complications of
diabetes, diabetic nephropathy (DN) is a major cause of the
end-stage renal disease (ESRD) (Saeedi et al., 2019). Diabetic
kidney disease (DKD) has been a difficult clinical problem to
treat, and intensive glycemic control can only reduce but not
eradicate the progression of the disease. It has been found that
patients with diabetes mellitus usually have abnormal glucose
metabolism along with abnormal lipid metabolism. Dyslipidemia
is a significant risk factor for the development of DN (Herman-
Edelstein et al., 2014).

As a highly perfused organ, the renal tubules are the main site
of transmembrane transport of substances in the kidney, and
therefore abundant mitochondria are present in the tubular
epithelial cells (Bhargava and Schnellmann, 2017). The
participation of oxygen allows mitochondria to synthesize
large amounts of ATP through oxidative phosphorylation to
ensure the energy supply of the renal tubules. Mitochondrial
dynamics is the process of determining the length, shape, and size
of mitochondria. Mitochondria are dynamic organelles that adapt
to cellular energy demands through morphological changes.
Mitochondria regulate their morphology through fusion and
fission, which is further regulated mainly by the balance
between mitochondrial fission and fusion factors. These factors
are essential for the repair of damaged mitochondrial
components, allowing the exchange of materials between
damaged and undamaged mitochondria through the fusion
process, or the separation of damaged components through
the fission process. This process maintains appropriate
mitochondrial dynamics, which is essential for their normal
function (Chen and Chan, 2004; Jheng et al., 2012).
Mitochondria are also one of the main sources of the
production of cellular ROS. Damaged mitochondria can
substantially increase ROS production, leading to oxidative
stress and tissue damage (Yu et al., 2006; Gerber and Rutter,
2017). Persistent mitochondrial dysfunction plays an important

role in the progression of renal diseases, such as acute kidney
injury (AKI) and diabetic nephropathy. It has been reported that
hyperglycemia increases the production of NADH and FADH2
through the tricarboxylic acid cycle, while it promotes the
mitochondrial electron transport chain (ETC), and releases
ROS, which impairs and blocks the expression of proteins that
affect mitochondrial function (Simon andHertig, 2015; Coughlan
and Sharma, 2016). This ultimately leads to the development of
DKD. Therefore, improving mitochondrial dynamics and
restoring their function has the potential to restore renal function.

Statins are a class of clinical hypolipidemic agents that reduce
cholesterol biosynthesis by inhibiting the activity of 3-hydroxy-3-
methyl-Glu-Daryl (HMG)-CoA reductase 6. This results in
lowering lipid levels (Kogawa et al., 2019). A clinical study
(Athyros et al., 2015) indicated that statin therapy reduced the
rate of proteinuria and renal function loss. Recently, several
studies have shown that statins can regulate the expression of
miRNAs. For example, Atorvastatin treatment reduced the
expression levels of miR-29b, miR-214, and miR-36-3p in
human umbilical vascular endothelial cells after the
establishment of an in vitro atherosclerotic cell model (Jia
et al., 2019). Atorvastatin also downregulated miR-21
expression in a rat model of bile duct ligation (BDL)-induced
liver fibrosis (Nozari et al., 2020). Furthermore, one study
demonstrated that Atorvastatin protected the kidneys of
diabetic rats by inhibiting the expression of inflammatory
factors (Liao et al., 2016). Although accumulating evidence has
demonstrated the potential benefit of statins in diabetic
nephropathy, the exact mechanism has not been fully
elucidated. In the present study, we investigated whether
Atorvastatin was involved in delaying diabetic kidney fibrosis
via inhibition of miR-21 expression.

Peroxisome proliferator-activated receptor-α (PPARα) is a
ligand-dependent nuclear receptor that can be activated by
exogenous compounds, such as fibrates, or by endogenous
ligands, including fatty acids and prostaglandins. It is an
important transcriptional regulator of genes involved in
peroxisome and mitochondrial β-oxidation, FA transport, and
hepatic gluconeogenesis, with important antioxidant, anti-
inflammatory, and antiapoptotic roles (Xu et al., 2002). In
addition, PPARα is involved in the activation of autophagy
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and mitochondrial homeostasis in mice infected with
Mycobacterium avium via nuclear-mitochondrial interactions
(Kim et al., 2019). It has been reported in the literature that
miR-21 was found to inhibit the expression of PPARα in both
cardiac tissue (Chuppa et al., 2018) and Hela cells (Zhou et al.,
2011). The predicted results were analyzed by the bioinformatics
website Targetscan and indicated that the seed sequence of miR-
21 (5′-AGCUUA-’3) was complementary to the 3′UTR sequence
of human PPARα mRNA (5′-UAAGCU-3′). It remains unclear
whether miR-21 acts on PPARα and affects lipid metabolism
disorders and mitochondrial dynamics, which are involved in the
course of DKD.

In the present study, we demonstrated that Atorvastatin could
inhibit DKD fibrosis by inhibiting miR-21 expression. Moreover,
it was able to restore the levels of PPARα, which is a key
transcription factor that regulates lipid metabolism, and
improve mitochondrial dynamics.

MATERIALS AND METHODS

Chemicals and Antibodies
The primary antibodies used against the proteins were as follows:
Anti-actin (1:1,000), obtained from PumeiBiotechnology (Pumei,
China); anti-fibronectin (1:1,000), anti-collagen-I (1:1,000), anti-
α-smooth muscle actin (α-SMA, 1:1000), anti-interleukin 6 (IL-
6,1:1000), anti-PPARα (1:1000 for Western blot, 1:100 for
immunohistochemical staining), anti-CPT1a (1:1,000), anti-
Mfn1 ((1:1,000 for Western blot, 1:100 for
immunohistochemical staining) and anti-Drp1, which were
obtained from ProteintechGroup (Proteintech, China);

Animal Models
The T1DM model was established in C57 black mouse
(4–6weeks, 18–22 g,males) (Liaoning Changsheng
Biotechnology Co. Ltd., Liaoning, China). The animals were
randomly divided into the normal control (NC) group (n = 6)
and the DM group (n = 12). The mice of the DM group were
intraperitoneally injected with 55 mg/kg streptozotocin (STZ,
Sigma); the mice in the NC group were injected with the same
amount of pH 4.5 sterile citric acid-sodium citrate buffer
(lysozyme) for five consecutive days. Fasting blood glucose
levels in mice were assessed at 72 h following treatment, and
values ≥16.7 mmol/l indicated that DM mice were successfully
established. Following 5 weeks of feeding, the diabetic mice were
randomized into the diabetic group (n = 6) and Ato group (DM +
Ato) (n = 6). Atorvastatin was administered at 20 mg/(kgd)
(Pfizer, China) to the Ato group for 4 weeks. The NC and DM
groups were intragastrically administered with carboxymethyl
cellulose for 4 weeks. The mouse kidneys were collected at the
ninth week. Urine samples were obtained and measured in the
24-h period preceding euthanasia. All mice had fasted 6 h prior to
sacrifice. Blood specimens were collected from the femoral artery
and centrifuged for serum preparation. The samples were kept at
−20°C for biochemical assessment. Both kidneys were removed,
of which one was stored at −80°C (RNA and protein
preparations) and the other used for fixation with 4% formalin

and subsequent histological and immunohistochemical
evaluations. All animal studies complied with the regulations
and guidelines of Guizhou Medical University institutional
animal care and followed the AAALAC and IACUC
guidelines. The approval form for Animal Experimentation
Ethics Group of Guizhou Medical University certificate
number (No. 1602230).

Cell Culture and Transfection
Mouse renal tubular epithelial cells (mRTECs) were obtained
from the Cell Bank of the Type Culture Collection, Shanghai
Institute of Cell Biology, Chinese Academy of Sciences. The cells
were maintained in Dulbecco’s modified Eagle’s medium
(DMEM; Gibco, USA) supplemented with 10% fetal bovine
serum (FBS; Gibco) and 5.5 mM glucose, in an incubator
containing 5% CO2 at 37°C.

Cell proliferation was performed in the presence of normal
glucose levels (NG; 5.5 mM), high glucose levels (HG; 30 mM),
palmitic acid (PA; 0.2 mM), and high glucose levels with palmitic
acid (HG 30 mM + PA 0.2 mM), which were supplemented with
2% FBS. mRTECs were transiently transfected with
Lipofectamine 3,000 (Invitrogen, USA) based on the
manufacture’s protocol. The relevant cell groups were treated
with Atorvastatin (Ato; 10 μM; Pfizer, China) or Fenofibrate (a
PPARα agonist; 25μM; APExBIO, USA). Si-PPARα was
purchased from Longqian Biotech (China).

HK-2 cells were purchased from the American Type Culture
Collection (ATCC®, Rockefeller, Maryland, USA) and cultured in
Dulbecco’s modified Eagle medium/nutrient mixture F-12
(DMEM/F-12, Gibco, Grand Island, NY, USA) containing 10%
fetal bovine serum (FBS, Gibco, USA) with 5% CO2 at 37°C. The
cells in the logarithmic phase were used for subsequent
experiments using the Luciferase reporter assay.

Transfection of miR-21 Mimics or Inhibitor
miR-21 mimics, miR-21 inhibitor and their controls (Ribobio,
China) were separately transfected into mRTECs and HK-2 cells.
The procedure of transfection of miRNA mimics or inhibitors
was performed as previously described.

Biochemical Assays
Blood and urine specimens of mice were sent to Guiyang Jinwei
(China) for detection of glucose, cholesterol, urea nitrogen,
triglyceride, creatinine and 24 h urine microalbumin (mg/24 h).
The 24 h urine microalbumin (mg/24 h) was assessed as follows:
Microalbumin (mg/ml) × urine volume (ml)/24 h. The total
Superoxide Dismutase (T-SOD) assay kit and the
Malondialdehyde (MDA) assay kit of the mice were obtained
from Nanjing Jiancheng Bioengineering Institute (Njjcbio, China).
The assay was performed as described by the manufacturer.

Histology and Immunohistochemical
Staining
The paraffin sections of the kidney tissue samples were harvested.
The resulting sections underwent staining with Hematoxylin-
eosin (Solarbio, China), periodic acid-Schiff (Solarbio, China)
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and sirius red staining (BestBio, China) reagents according to
corresponding recommended protocols. Diaminobenzidine
(DAB) color developing kit (ZSGB-BIO, Beijing, China) and
hematoxylin were used for immunohistochemical staining. The
areas of positive staining were quantified by ImageJ in six random
fields (200×) per sample, with three individuals assessed in
each group.

Western Blot Analysis
The kidney tissue and cell samples were lysed with RIPA buffer
(R0020; Solarbio, China) and total protein amounts were
determined with the BCA kit (PC0020; Solarbio). Following
addition of the corresponding loading buffer (P1040 or P1019;
Solarbio), the mixture was incubated for 10 min in boiling water.
Equal amounts of total protein were resolved by SDS-PAGE and
electro-transferred onto PVDF compound membranes
(Millipore, USA) treated with methanol. Following blocking
with 5% nonfat milk for 1 h at room temperature, the
membranes were incubated with a primary antibody overnight
at 4°C, and subsequently with horseradish peroxidase-conjugated
secondary antibody for 1 h at room temperature. Finally, the ECL
solution was added, and a Bio-Rad gel imaging system (Bio-Rad,
USA) was employed for analysis.

Real Time-Quantitative PCR
Total RNAwas purified from kidneys and cells with TRIzol reagent
(Invitrogen, USA) as described by the manufacturer. The Bulge-
Loop™miRNA qRT-PCR primer kit (Ribobio, China) was used to
assess miR-21 expression levels. In addition, qPCR was carried out
with SuperReal PreMix (SYBR Green) (Tiangen, China) and iQ
SYBR Green SuperMix (Bio-Rad). The gene expression levels were
normalized to those of GADPH or U6. The Bulge-Loop™ RT
primer and qPCR primers specific for miR-21 and U6 genes were
designed and synthesized by RiboBio (RiboBio, China). The
2−ΔΔCt method was employed for quantification. The
sequences of the other primers used are described in Table 1.

The PPARα-promoter luciferase reporter was constructed by
Longqian Biotech (China). Actively proliferating HK-2 cells were
trypsinized and seeded in plates at a suitable density for routine
culture. Following 24 h of incubation, transfection was carried out
with Lipofectamine 3,000 (Invitrogen) as directed by the
manufacturer for 48 h. This was followed by cell lysis and
sample analysis with a Dual-Luciferase Reporter Assay System
(E1960; Promega, USA). Renilla and Firefly luciferase activities
were measured, and the ratio of Renilla luciferase activity to that

of Firefly luciferase was derived. Triplicate experiments were
independently repeated 3 times.

Measurement of ATP Levels, ROS
Production, Mitochondrial Membrane
Potential, and Active Mitochondria
ATP was measured using an ATP Assay kit (Beyotime
Biotechnology, China) as determined by the manufacturer’s
instructions. The luminescence produced was measured with a
luminometer counter (perkin-elmer, Waltham, MA and
United States), and the concentration of ATP was calculated
using an ATP standard curve.

Mitochondrial membrane and intracellular ROS were
measured using the relevant assay kit (MedChemExpress,USA)
as determined by the manufacturer’s instructions. Flow
cytometry was performed on the NovoCyte Flow Cytometer
(3,130; ACEA, China) and the data were analyzed by FlowJo
software (Treestar, Ashland, OR, USA).

The active mitochondria in the primary cardiomyocytes were
labeled with MitoTracker Red CMXRos probe (Beyotime
Biotechnology, China) and imaged using a confocal laser-
scanning microscope (Olympus + Confocal Microscope).

Statistical Analysis
The assays were performed at least 3 times independently, and the
animal experiments exhibited six samples per group. The data are
indicative of mean ± standard deviation (SD). The unpaired
Student t-test and the one-way analysis of variance (ANOVA)
were carried out for group pair and multiple group comparisons,
respectively. Spearman (nonparametric) correlation analysis was
performed to evaluate the association of PPARα expression with
miR-21. SPSS 22 was used for data analysis. p < 0.05 was
considered to indicate statistical significant differences.

RESULTS

Atorvastatin Improves Renal Fibrosis and
Restores Renal Function in Diabetic Mice
Diabetic mice indicated a significant increase in blood glucose
levels and were characterized by a significant increase in renal
function-related parameters (urea nitrogen, creatinine, and
microalbuminuria) compared with age-matched non-diabetic
control mice. The mice treated with Atorvastatin [20 mg/(kg-
d)] for 4 weeks indicated no significant change in blood glucose
levels (Figure 1A), whereas a significant decrease was noted in
urea nitrogen and creatinine levels, as well as in the incidence of
microalbuminuria (Figures 1B–D). H&E, PAS, and Sirius red
staining indicated lymphocyte infiltration, thylakoid zone
expansion, glomerular hypertrophy, tubular vacuole formation,
and periglomerular fibrosis. In the Atorvastatin group, the
lymphocyte infiltration was reduced, the thylakoid expansion
fraction was decreased, and the fibrosis was significantly reduced
(Figures 1E–J). The levels of fibronectin, collagen-I, α-SMA, and
IL-6 were increased in the kidneys of DM mice compared with
those of the control group. In contrast to these findings, the

TABLE 1 | Primers used in qRT-PCR.

Gene Sequence

PPARα-mouse Forward: 5′-AAAAGAATCCCCAGCTTATCCA-3′
Reverse: 5′-TTGGTGACTTCCCCTAGGTATA-3′

GAPDH-mouse Forward: 5′-GAACGGGAAGCTCACTGG-3′
Reverse: 5′-GCCTGCTTCACCACCTTCT-3′

ACOX1-mouse Forward: 5′-GGCTTTGGTGGATGCCTTTG-3′
Reverse: 5′-GGACTTCTTGCCCACTCAA-3′

CPT1a-mouse Forward: 5′-CGGCAGACCTATTTTGCACG-3′
Reverse: 5′-TAGATGCCTCAGGGTCCTCC-3′
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FIGURE 1 | Atorvastatin improves renal fibrosis and restores renal function in diabetic mice. Effects of Atorvastatin on blood glucose, renal function, and fibrotic
lesions in diabetic mice. (A) The blood glucose levels in the DM group were significantly higher than those in the control group, while no statistically significant difference
was noted in the Atorvastatin group. The renal urea nitrogen (B), serum creatinine (C), and 24-h total urine microalbumin (D) levels were measured. H&E staining (E)was
performed to observe the renal pathological changes in mice and to assess the tubular injury index (F). PAS staining (G) was performed to assess the thylakoid
expansion index (H). Sirius red staining (I), collagen deposition fraction (J). Black arrows indicate the site of lymphocyte infiltration; white arrows indicate the glomerular
basement membrane. Immunoblotting bands (K) and quantitative data (L–O) of FN, PPARα, Mfn1, Drp1, and IL-6 in each group of mice. All images are magnified ×200.
NC: normal diet-fed rats; DM: type 1 diabetic mice; ATO: type 1 diabetic mice treated with Atorvastatin. All data are presented as mean ± SD from three independent
experiments. n = 6; *p < 0.05 vs. NC group. #p < 0.05, compared with the DM group.
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FIGURE 2 | Atorvastatin restores PPARα expression and improves lipid metabolism and mitochondrial dysfunction in diabetic mice. Atorvastatin improves renal
fibrosis and restores renal function in diabetic mice. The effects of Atorvastatin in blood. The experiments aimed to detect the changes in lipid metabolism and
mitochondria-related indicators in each group. (A, B)Quantification of triglycerides (A) and total cholesterol (B) in three groups of kidney tissues. (C–E) Transfection of si-
PPARα and its control sequence into mRTECs cells. qPCR was performed to detect the expression levels of PPARα (C), and its downstream target genes
ACOX1 (D) and CPT1a (E). (F–G) Immunoblot analysis of PPARα, CPT1a in the three groups of kidney tissues, presenting quantitative data (G, H). (I–J)
Immunohistochemical staining (I), and quantitative analysis (J) of PPARα. (K–M). Immunoblotting for the detection of Mfn1 and Drp1 expression (K) and quantitative

(Continued )
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expression levels of the aforementioned proteins were decreased
in the Atorvastatin group (Figures 1K–O).

Atorvastatin Restores PPARα Expression
and Improves Lipid Metabolism and
Mitochondrial Dysfunction in Diabetic Mice
The data indicated that plasma triglycerides and total cholesterol
levels were significantly increased in DM mice, while the levels of
these markers were significantly decreased in the ATO group. The
kidney is a metabolically active tissue that uses fatty acids (FA) as a
major energy source, PPARα, a key transcription factor of the fatty
acid oxidation (FAO) pathway, can ameliorate the development of
renal fibrosis (Wang, 2010; Su et al., 2020). The data indicated that
the mRNA levels of carnitine palmitoyltransferase 1a (CPT1a) and
acyl-coenzyme A oxidase 1 (ACOX1), which are genes related to
lipid metabolism and play an important role in FA synthesis and TG
accumulation, were significantly reduced following in vitro
knockdown of PPARα expression (Figures 2C–E). In vivo
experiments indicated that the levels of PPARα and CPT1a
proteins were significantly reduced in the kidneys of DM mice.
IHC further confirmed the decrease in PPARα levels, which was
mainly expressed in the nucleus of renal tubular epithelial cells. Its
expression was restored following administration of Atorvastatin
(Figures 2I,J). These data combined with the results of the
biochemical indices demonstrated that DM mice had developed
lipid metabolism disorders, and that Atorvastatin could effectively
improve these lipid metabolism disorders caused by insulin
deficiency.

Mfn1 promotes mitochondrial fusion and maintains ATP
production, while Drp1 mediates mitochondrial separation
(Galvan et al., 2017). Both of the proteins are regulated by
PPARα (Zolezzi et al., 2013). In the DM group, Mfn1 expression
was decreased and Drp1 was increased. Following administration of
Atorvastatin, the expression levels of Mfn1 were increased and those
of Drp1 were decreased (Figures 2K–M). IHC results further
indicated that Mfn1 expression in each group was mainly located
in the cytoplasm of renal tubular epithelial cells (Figures 2N,O).
These findings suggested that Atorvastatin could balance
mitochondrial dynamics. The changes in mitochondrial dynamic
can directly affect mitochondrial function, while ROS and total
antioxidant capacity can reflect mitochondrial function to a certain
extent. The levels of malondialdehyde (MDA) and total superoxide
dismutase (T-SOD) represent the degree of lipid peroxidation and
the antioxidant capacity of the cell under free radical attack,
respectively. An increase in MDA levels and a decrease in
antioxidant capacity was noted in the kidney tissues of DM mice
(Figures 2P,Q), while MDA levels were decreased and the
antioxidant capacity was increased in the ATO group. It was
suggested that Atorvastatin could improve mitochondrial function
and reduce the production of ROS and its peroxidative effects.

PPARα is a Downstream Target Gene of
miR-21, and Their Expression Levels are
Negatively Correlated With the Progression
of DKD
Bioinformatic analysis predicted that the seed sequence ofmiR-21 was
complementary to the 3′ UTR sequence of PPARα mRNA
(Figure 3C). In our previous study, it was shown that miR-21
expression was significantly increased in the DKD process and
promoted fibrotic lesions in the renal tubular interstitium (Liu
et al., 2019). In the present study, we detected a significant
decrease in the protein (Figure 2F) and mRNA expression levels
(Figure 3B) of PPARα. These changes were accompanied by a
significant upregulation of miR-21 (Figure 3A) in the kidney
tissues of DM mice, while Atorvastatin intervention significantly
upregulated the protein and mRNA expression of PPARα and
downregulated its miR-21 expression. The experiments further
verified that PPARα was the target gene of miR-21 by the dual-
luciferase reporter assay, and the results indicated that miR-21 could
regulate PPARα mRNA levels. When the cells were transfected with
wild-type vector WT-PPARα in HK-2 cells, the luciferase activity in
the miR-21 group was significantly lower than that in the miR-NC
group. However, when the cells were transfected with mutant vector
MUT-PPARα, the luciferase activity in the miR-21 group was not
statistically significant compared with that of the miR-NC group
(Figure 3D). In addition, transfection of miR-21 mimics into HK-2
cells resulted in a significant decrease in PPARα protein levels (Figures
3E,F). Correlation analysis indicated that miR-21 expression
demonstrated a negative correlation with PPARα protein
expression (Figure 3G). This is consistent with the findings noted
in human liver and diabetic eye disease mice [32], indicating that
PPARα is a target gene of miR-21.

The miR-21 Inhibitor and Fenofibrate, an
Exogenous Ligand of PPARα, Inhibit
High-Glucose, High-Fat, and High-Glucose
High-Fat-Mediated Renal Tubular Epithelial
Cell Injury
mRTEC cells were cultured with high glucose (HG) medium to
assess the effects of the DM-induced high glucose environment
on renal tubular cells. RTEC cells were cultured with high
concentrations of palmitate (PA) to investigate the effects of
DM-induced high fat environment on renal tubular cells. The
cells were treated with transfected miR-21 inhibitor and the
PPARα-specific agonist Fenofibrate, respectively. The results
indicated that the protein levels of FN, IL-6, and Drp1 were
increased in the cells cultured under HG and PA conditions,
while the protein levels of PPARα and Mfn1 were decreased
compared with those of the control group. However, following
inhibition of miR-21 expression, the expression levels of FN, IL-6,

FIGURE 2 | analysis of the results (L, M). (N–O) Immunohistochemical staining (N), and quantitative analysis (O) of Mfn1. (P, Q) Detection of malondialdehyde (MDA)
content (P) and total superoxide dismutase (T-SOD) content (Q) in the three groups of kidney tissues. The in vivo experiments included the following groups: NC: normal
diet-fed rats; DM: type 1 diabetic mice; ATO: type 1 diabetic mice treated with Atorvastatin. All data are indicative of mean ± SD from three independent experiments. n =
6; *p < 0.05 vs NC group. #p < 0.05, compared with the DM group.
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and Drp1 proteins were decreased in cells cultured in the
presence of either HG or PA, while the expression levels of
PPARα and Mfn1 were increased (Figures 4A– B).
Fenofibrate, which is a ligand of PPARα, is often used
clinically as a PPARα-specific agonist. This compound
exhibited similar effects to those of miR-21 inhibitors under
different conditions of HG, PA, and HG + PA (Figures
4C–E). These findings suggest that both high-glucose or high-
fat environments cause downregulation of PPARα expression,
impair mitochondrial function, and promote the expression of
inflammatory factors and fibronectin to mediate renal tubular
injury. In contrast to these findings, miR-21 inhibitor and
Fenofibrate both upregulated PPARα expression, which in turn
restored the expression levels of proteins affecting mitochondrial
function and reversed the inflammatory response and fibrosis

progression in renal tubular epithelial cells induced by
hyperglycemia and hyperlipidemia. These results suggested
that miR-21 may contribute to high glucose or high fat-
induced renal tubular epithelial cell injury by downregulating
PPARα expression leading to impaired mitochondrial function
and lipid metabolism disorders.

Atorvastatin Restores PPARα Expression by
Inhibiting miR-21 Expression and Improves
Mitochondrial Function Impairment in Renal
Tubular Epithelial Cells Induced by High
Glucose and High Fat
Subsequent experiments were performed to clarify whether
Atorvastatin restores the transcription and protein expression

FIGURE 3 |miR-21 directly targets and inhibits PPARα expression. The effects of Atorvastatin on specific blood parameters. The experiments aimed to detect the
changes in lipid metabolism and mitochondria-related indicators in each group. miR-21 directly targets and inhibits PPARα expression. (A, B) The expression levels of
miR-21 (A) and PPARαmRNA (B)were detected in the kidney tissues of mice in each group. n = 6; *p < 0.05 vs NC group. #p < 0.05, compared with the DM group. (C)
Predicted binding sequences and mutation sites between miR-21 and PPARα 3′UTR seed sites. (D) Cotransfection of HK-2 cells with 50 nMmiR-21 mimic or NC
mimic and 100 ng of WT or MUT plasmid containing PPARα 3′UTR and 5 ng of Renilla plasmid. The dual-luciferase reporter assay was used to detect luciferase activity
of WT and MUT plasmids. The data represent mean ± SEM, n = 3, *p < 0.05. (E. F) The expression levels of PPARαwere detected by western blot analysis 24 h following
transfection with miR-22 or NC mimics (E). ImageJ optical density analysis of protein levels (F). (G) Correlation analysis between miR-21 expression and PPARα protein
expression. All data represent mean ± SD from three independent experiments. n = 3; *p < 0.05 vs NC group. #p < 0.05, compared with the DM group.
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of PPARα, which is a key factor in lipid metabolism. It was
hypothesized that Atorvastatin could downregulate miR-21
expression, thereby improving mitochondrial function and
inhibiting the damage to renal tubular epithelial cells caused
by high glucose and high fat. In order to confirm this hypothesis,
we transfected miR-21 mimics into RTEC cells following
treatment of the cells with high glucose and high fat in the

presence of Atorvastatin. The expression levels of PPARα were
evaluated, in combination with mitochondrial kinetics and
function, and the induction of the inflammatory response was
assessed. The high glucose and high-fat environment led to a
decrease in PPARα levels, a decrease in the protein expression
levels of Mfn1, which is an important protein in mitochondrial
dynamics, and an increase in Drp1 levels, which were

FIGURE 4 | Both miR-21 inhibitors and Fenofibrate slow down renal tubular injury caused by high glucose or high fat. mRTEC cells were incubated with NG
(5.5 mM) and HG (25 mM) medium, respectively, and transfected with miR-21 inhibitor and its control agent as (HG + Veh group, HG + miR-21 inhibitor group) in HG-
treated cells for 48 h. (A) Immunoblotting bands corresponding to FN, PPARα, Mfn1, Drp1, and IL-6 expressions in RTEC cells of each group. mRTEC cells were treated
with palmitic acid solvent. 95% anhydrous ethanol (0.02 ml) was added in the NC group and palmitic acid PA (0.2 mM) in the PA group (PA-treated). RTEC cells
were transfected with miR-21 inhibitor and its control agent (PA + Veh group, PA +miR-21 inhibitor group) following 48 h of incubation. Subsequently, the samples were
analyzed. (B) Immunoblotting bands corresponding to FN, PPARα, Mfn1, Drp1, and IL-6 expressions in RTEC cells of each group. (C–E) The expression levels of FN,
PPARα, Mfn1, Drp1, and IL-6 in RTEC cells treated with HG, PA, and HG + PA, respectively, and subsequently incubated with Fenofibrate (0.05 mM) for 48 h. The
expression levels of FN, PPARα, Mfn1, Drp1, and IL-6 proteins were analyzed under HG (F), PA (G), and HG + PA(H) conditions, respectively. All data are indicative of
mean ± SD from three independent experiments. n = 3.
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FIGURE 5 | Atorvastatin restores PPARα expression by inhibiting miR-21 expression and improves mitochondrial function impairment in renal tubular epithelial cells
induced by high glucose and high fat. The mRTEC cells were cultured with NG and HG + PA medium, and Atorvastatin and its solvent DMSO were added to the HG +
PA-treated cells as the treatment group and treatment control group, respectively. The cells were also transfected with miR-21 mimics and treated with HG + PA + ATO.
(A-F)They were subsequently cultured for 48 h. Immunoblot bands (A) and quantitative data (B–F) of FN, PPARα, Mfn1, Drp1, and IL-6 in each cell group. (G)

(Continued )
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accompanied by fibrotic damage and inflammatory response
(Figure 5A); it also led to reduced the number of biologically
active mitochondria and ATP content, mitochondrial
depolarization, and a significant increase in ROS production
(Figures 5H–M). In contrast to these observations,
Atorvastatin caused an upregulation in the protein expression
levels of PPARα and Mfn1, a reduction in the expression levels of
Drp1, FN, and IL6, and in the levels of ROS and led to restoration
of the ATP content, mitochondrial activity, and polarization
response. Following transfection of the cells with miR-21
mimics and treatment of Atorvastatin, the aforementioned
effects of this compound were significantly inhibited. This
suggested that miR-21 significantly inhibited the restoration of
PPARα expression by Atorvastatin, improved HG- and PA-
induced mitochondrial dysfunction, and reversed the
inflammatory response and fibrosis progression effects in renal
tubular epithelial cells cultured under hyperglycemic and
hyperlipidemic conditions. Therefore, it is suggested that
Atorvastatin exhibits a protective effect on mitochondrial
dysfunction in renal tubular epithelial cells treated with high
glucose and lipids by inhibiting miR-21 expression and restoring
PPARα expression.

DISCUSSION

The kidneys require large amounts of mitochondria to remove
waste products from the blood and to regulate fluid and
electrolyte balance. Following mitochondrial dysfunction, a
reduction in the ATP production is noted, in combination
with altered cell function and structure, and loss of kidney
function. These changes eventually lead to the progression of
the chronic kidney disease (CKD). Restoring mitochondrial
function may subsequently reverse cellular damage and restore
renal function. In recent years, studies on mitochondrial
dysfunction in diabetic nephropathy have focused on
hyperglycemia-induced ATP depletion, which triggers changes
in mitochondrial morphology. However, type 1 diabetes mellitus
(T1DM) can also lead to dyslipidemia and proteinuria (Vergès,
2020). Therefore, in type 1 diabetes, the disorders in glucose
metabolism caused by islet damage are the only factors
responsible for the progression of the disease. Specific
conditions, such as alterations in lipid transport, lipid storage,
and membrane lipids can affect mitochondrial function (Ducasa
et al., 2019). For example, the accumulation of FA in acute kidney
injury and diabetic nephropathy leads to decreased β-oxidation in
mitochondria and increased formation of intracellular lipid
droplets, which inhibit ATP production (Bhargava and
Schnellmann, 2017)and exacerbate kidney damage. Therefore,

improving mitochondrial function plays a major role in
combating acute and chronic injury.

Statins, also known as hydroxymethylglutaryl coenzyme A
(HMG-CoA) reductase inhibitors, demonstrate a competitive
mechanism to inhibit endogenous HMG-CoA reductase,
lowering cholesterol and triglyceride and exerting a lipid-
regulating effect (Xu and Wu, 2020). Atorvastatin, is a highly
effective statin lipid-lowering drug that has been widely used in
clinical practice. The current research on Atorvastatin is mainly
focused on its cardiovascular protective effects, in addition to its
significant lipid-lowering efficacy. It has been reported that
statins can exert renoprotective effects, such as anti-
inflammatory and antifibrotic effects through the activation of
various pathways (Pose et al., 2019). However, the renoprotective
mechanism of Atorvastatin in diabetic nephropathy, which is
caused via hypolipidemic effects has not been previously clarified.
In the present study, the data indicated that T1DMmice exhibited
significant disorders in glucolipid metabolism, whereas their
kidney morphology exhibited apparent pathological changes,
such as widening of the thylakoid zone, collagen deposition,
and lymphocyte infiltration. The expression levels of the
fibrosis-related proteins fenonectin, collagen-I, a-SMA, and
inflammatory factor IL-6 were significantly increased in the
kidney tissues of DM mice. The triglyceride and total
cholesterol levels were reduced in the ATO group of mice
following administration of Atorvastatin in DM mice.
Although the blood glucose levels of DM mice did not change
significantly following drug administration, the expression levels
of fibrotic proteins and inflammatory factors were significantly
reduced. Moreover, the renal function was restored. Their
pathological morphology was significantly improved and the
area of collagen deposition was reduced. Our results clearly
indicated that Atorvastatin was effective in slowing down the
progression of T1DMmice, which prompted us to investigate the
mechanism by which inhibition of lipid metabolism disorder can
alleviate the progression of DKD.

Recently, the role of the impaired fatty acid oxidation (FAO)
pathway in the development of renal interstitial fibrosis has been
reported in the literature (Kang et al., 2015). It has been shown
that renal tubular epithelial cells were heavily dependent on FAO,
which was their main energy source. Moreover, diminished FAO
was associated with intracellular lipid accumulation. PPARα is a
key transcription factor of FAO and it is involved in oxidative
metabolism noted in the majority of the tissues, since it activates
numerous genes involved in the following pathways: Carnitine
palmitoyltransferase 1 a (CPT1a), acyl-coenzyme A oxidase 1
(ACOX1), acyl-coenzyme A dehydrogenase (ADH), and
mitochondrial thioesterase 1 (MTE1) (Grabacka et al., 2013).
Our results also validated that downregulation of PPARα

FIGURE 5 | Representative confocal microscope images of mitochondrial morphology stained by MitoTracker Red. Original magnification ×600. (H) Quantification of
mitochondrial number per cell. White arrows represent high fluorescence intensity. (I–J) Flow cytometry analysis of mitochondrial membrane potential changes in each
group of cells (I), quantitative data (J). (K–L) Flow cytometry analysis of ROS production (K), quantitative data (L) for each group of cells. (M) Assessment of the ATP
content in the cells of each group. All data are mean ± SD from three independent experiments. n = 3; *p < 0.05 vs NC group. #p < 0.05, compared with the HG + PA
group. p < 0.05, compared with the HG + PA + ATO group; **p < 0.01 vs NC group. ##p < 0.01, compared with the HG + PA group. p < 0.01, compared with the HG +
PA + ATO group.
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expression suppressed the expression levels of CPT1a with
ACOX1. Increasing evidence supports a link between PPARα
and the incidence of metabolic diseases including diabetes,
obesity, dyslipidemia and fatty liver. Therefore, the role of
PPARα in the development of renal diseases has recently been
extensively studied (Wang, 2010), such as inmouse kidney tissues
with hyperlipidemia (Chung et al., 2018)and renal stone disease
(Su et al., 2020). Low expression of PPARα leads to lipid
accumulation in renal tubular cells, which causes lipotoxicity
and can manifest as mitochondrial dysfunction associated with
increased reactive oxygen species production and decreased ATP
production, apoptosis, and elevated inflammatory cytokine
dysfunction (Jao et al., 2019). Therefore, we examined the
changes in PPARα transcription and protein expression in
mouse kidney tissues. In addition, we examined the role of the
FAO-rate-limiting enzyme CPT1, whose protein levels were
downregulated in DM mice compared with those of the
control mice. These changes also reduced PPARα transcripts
and protein expression levels. Following administration of
Atorvastatin, PPARα and CPT1 expression were significantly
increased. Recent studies have highlighted the importance of
mitochondrial fusion and fission in cell function and animal
physiology (Detmer and Chan, 2007). For example, fibroblasts
lacking Mfn1 completely did not indicate mitochondrial fusion
and exhibited severe cellular defects, including poor growth and
heterogeneity of mitochondrial membrane potential (Chen et al.,
2005). In contrast to these findings, downregulation of Drp1
expression reversed palmitate-induced mitochondrial damage
and ROS production in skeletal muscle cells (Jheng et al.,
2012). It has also been reported that the PPARα agonist (WY
14.643) was able to protect neurons by regulating mitochondrial
fusion and fission in the brain of a transgenic mouse model of
Alzheimer’s disease (Zolezzi et al., 2013). Therefore, balanced
mitochondrial dynamics are essential to maintain mitochondrial
function and energy production. In the present study, we
examined the expression levels of these two important
proteins, Mfn1 and Drp1, which directly affected
mitochondrial function. The expression levels of Mfn1 were
decreased and those of Drp1 were increased in DM mice,
whereas the expression levels of both of these proteins were
reversed following administration of Atorvastatin. This implies
that Atorvastatin exhibits antilipidemic effects that directly or
indirectly balance mitochondrial dynamics and protect its
function, in addition to its regulatory effects on lipid
metabolism disorders.

MicroRNAs (miRNAs) are single-stranded, non-coding
small RNA molecules that negatively regulate gene
expression by binding to the 3′ untranslated region (UTR)
of the target mRNA. This in turn regulates a variety of
biological and pathological processes (Filipowicz et al.,
2008). The results of the bioinformatics analysis suggested
that miR-21 exhibited specific binding sites for PPARα. We
observed elevated miR-21 expression and decreased PPARα
expression in T1DM mice. Increased miR-21 expression
significantly decreased PPARα protein levels. The luciferase
reporter gene assay confirmed that PPARα was a downstream
target gene of miR-21, which was consistent with the findings

of Su B in a mouse model of renal stones with renal calcium
oxalate deposition (Su et al., 2020). To simulate the damaging
effects of high glucose and high-fat environments on renal
tubular epithelial cells in vivo, renal tubular epithelial cells
were treated with high glucose and palmitate, a saturated fatty
acid commonly used as a diabetic stressor. The results
indicated induction of oxidative stress leading to cellular
dysfunction and apoptosis in various cell types (Cacicedo
et al., 2005; Staiger et al., 2006). Moreover, it was shown
that high sugar and palmitate levels contributed to
decreased PPARα expression, whereas inhibition of miR-21
expression increased PPARα expression and protected
mitochondrial dynamics leading to reduction of fibrosis and
the inflammatory response.

Fenofibrate is a specific agonist of PPARα and is used
clinically to reduce lipid levels in patients with dyslipidemia
and cardiovascular disease (McKeage et al., 2011). Fenofibrate
was administered to mRTECs subjected to high glucose, high
fat, and high glucose combined with high fat conditions,
respectively. The data indicated similar effects with those of
the miR-21 inhibitors. These results described for the first time
the relationship between the PPARα agonist Fenofibrate and
mitochondrial dynamics and confirmed that by regulating
PPARα expression, which is the key factor of lipid
metabolism, mitochondrial dynamics and the corresponding
protein expressions are affected. Concomitantly, the
inflammatory response and fibrous deposition were inhibited,
exerting a protective effect against DKD.

To further explore the association and role of Atorvastatin, the
expression levels of miR-21, PPARα, and the mitochondrial
function were assessed in DKD. Following administration of
Atorvastatin in RTECS treated under high fat and high
glucose conditions, the cells were transfected with miR-21
mimics. We found that administration of Atorvastatin
significantly reduced the effects of high glucose conditions,
whereas the combination with high fat conditions increased
PPARα expression and altered the expression levels of two
important proteins involved in mitochondrial dynamics.
Specifically, Mfn1 levels were increased and Drp1 levels were
decreased. Following transfection of the cells with miR-21 mimics
and Atorvastatin administration, the protective effect of this drug
was significantly inhibited and mitochondrial function was again
impaired. This further confirmed our previous hypothesis that
Atorvastatin improves mitochondrial function by
downregulating miR-21-mediated-inhibition of lipid
metabolism disorders to alleviate the progression of diabetic
nephropathy.

In conclusion, Atorvastatin plays a protective role in the
pathogenesis of DKD by promoting the expression of PPARα,
a key transcription factor regulating lipid metabolism. In
addition, it improved mitochondrial function and
inflammatory response to counteract renal tubulointerstitial
fibrosis. The specific mechanism involved the ability of
Atorvastatin to promote PPARα transcription and expression
by downregulation miR-21 expression, while restoring
mitochondrial function to maintain the structure and function
of renal tubular epithelial cells.
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Roxadustat (FG-4592) Facilitates
Recovery From Renal Damage by
Ameliorating Mitochondrial
Dysfunction Induced by Folic Acid
Xue Li1,2†, Bo Jiang3†, Yu Zou1, Jie Zhang1, Yuan-Yuan Fu1 and Xiao-Yue Zhai1,4*
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Incomplete recovery from acute kidney injury induced by folic acid is a major risk factor for
progression to chronic kidney disease. Mitochondrial dysfunction has been considered a
crucial contributor to maladaptive repair in acute kidney injury. Treatment with FG-4592, an
inhibitor of hypoxia inducible factor prolyl-hydroxylase, is emerging as a new approach to
attenuate renal damage; however, the underlying mechanism has not been fully
elucidated. The current research demonstrated the protective effect of FG-4592
against renal dysfunction and histopathological damage on the 7th day after FA
administration. FG-4592 accelerated tubular repair by promoting tubular cell
regeneration, as indicated by increased proliferation of cell nuclear antigen-positive
tubular cells, and facilitated structural integrity, as reflected by up-regulation of the
epithelial inter-cellular tight junction molecule occludin-1 and the adherens junction
molecule E-cadherin. Furthermore, FG-4592 ameliorated tubular functional recovery by
restoring the function-related proteins aquaporin1, aquaporin2, and sodium chloride
cotransporter. Specifically, FG-4592 pretreatment inhibited hypoxia inducible factor-1α
activation on the 7th day after folic acid injection, which ameliorated ultrastructural
abnormalities, promoted ATP production, and attenuated excessive reactive oxygen
species production both in renal tissue and mitochondria. This was mainly mediated
by balancing of mitochondrial dynamics, as indicated by down-regulation of mitochondrial
fission 1 and dynamin-related protein 1 as well as up-regulation of mitofusin 1 and optic
atrophy 1. Moreover, FG-4592 pretreatment attenuated renal tubular epithelial cell death,
kidney inflammation, and subsequent interstitial fibrosis. In vitro, TNF-α-induced HK-2 cells
injury could be ameliorated by FG-4592 pretreatment. In summary, our findings support
the protective effect of FG-4592 against folic acid-induced mitochondrial dysfunction;
therefore, FG-4592 treatment can be used as a useful strategy to facilitate tubular repair
and mitigate acute kidney injury progression.
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INTRODUCTION

Acute kidney injury (AKI), characterized by renal dysfunction, is
involved in failure to maintain important physiological
parameters such as volume and electrolyte balance (Kellum
et al., 2017). AKI is associated with increased rates of
mortality and morbidity (Chan et al., 2020). Ischemia and
toxicity are common causes of AKI, which are the major
contributors to chronic kidney disease (CKD) and are closely
associated with aberrant repair (Humphreys et al., 2016). This
relationship highlights how renal recovery from AKI may
determine long-term outcomes; however, no effective
interventions are currently available to alter the natural course
(Bao et al., 2018). Therefore, it is essential to explore the possible
mechanisms and seek novel therapeutic options involving
maximization of kidney repair to ameliorate AKI prognosis
(Lin and Hsu 2020). The regenerative capacity of tubules is
limited; in comparison, tubular cells have more regenerative
capacity after injury, although the mechanisms are unknown
(Soofi et al., 2020). Moreover, maladaptive repair could lead to
CKD, which is closely related to cell death and continuous
inflammation, eventually leading to increased extracellular
matrix accumulation (Gibbs et al., 2018).

Folic acid (FA)-induced AKI is mainly caused by tubular
crystal formation and oxidative stress, which leads to epithelial
necrosis and inflammation (Gupta et al., 2012). This further
exacerbates persistent tissue hypoxia, and the tissue usually
cannot fully recover; the condition may easily progress to
CKD. Thus, FA-induced AKI model is becoming a valuable
tool to explore the mechanisms of maladaptive repair of AKI
(Basile et al., 2012; Aparicio-Trejo et al., 2019). In addition, AKI
can trigger the degradation of cell-cell tight junction (TJ) and
adherens junction (AJ) proteins, including the major
transmembrane proteins E-cadherin and zonular occludin-1
(ZO-1). Furthermore, the potential of tubular cells to
regenerate is pivotal for reestablishment of tubule integrity
(Zhou et al., 2012; Jiang et al., 2016a). Moreover, structural
integrity is indispensable for restoration of tubular barrier
function, especially the regulation of body fluid volume.
Aquaporins (AQPs), which are water channel proteins, are
expressed in different segments of the tubule that maintain the
normal urine concentration and volume (He and Yang 2019).
Moreover, the kidneys play an important role in regulating the
balance of electrolytes. For example, sodium chloride
cotransporter (NCC), which plays an essential role in ion
transport, is mostly expressed in the distal convoluted tubule
and drives water reabsorption through active sodium transport
(Gamba 2012).

Furthermore, tubular recovery from AKI is associated with a
high metabolic demand to perform intense reabsorption
processes. Mitochondria are the central energy sources in
tubular epithelial cells, and mitochondrial dysfunction has
been identified as a critical contributor to abnormal kidney
repair (Cheng et al., 2020). Moreover, mitochondria are
dynamic organelles that undergo constant fusion and fission,
which are balanced tomaintain mitochondrial homeostasis under
physiological conditions. Excessive mitochondrial fission results

in mitochondrial fragmentation, which is found in different
models of AKI (Sun et al., 2019). Mitochondrial dysfunction
could further impair ATP production and enhance the release of
oxides that induce iron-dependent cell death (Battaglia et al.,
2020). Moreover, ferroptosis has been reported to be the major
cause in FA-induce renal damage, which could be a driver of
other pathways of cell death (Diego, Martin-Sanchez et al., 2016;
Li et al., 2020). While specific expression of GPX4 can play an
important role in anti-oxidative stress, and further inhibit cell
ferroptosis (Reichert et al., 2020).

Mitochondrial dysfunction has been found to be the main
pathogenic factor in FA-induced renal damage. Restoring the
generation of functional mitochondria is essential for cell survival
and measures that ameliorate mitochondrial dynamics that could
accelerate endogenous regeneration processes, further facilitating
recovery from AKI (Reichert et al., 2020). Mitochondrial fusion,
primarily driven by mitochondrial fusion proteins such as optic
atrophy type 1 (Opa1) on the inner mitochondrial membrane
(IMM) and mitofusin 1 (Mfn1) and mitofusin 2 (Mfn2) on the
outer mitochondrial membrane (OMM), has been demonstrated
to be able to protect against renal damage (Zhan et al., 2013).
Mitochondrial fission is mainly regulated by dynamin-related
protein 1 (Drp1), a dynamin-related GTPase, which is regulated
by anchor protein fission protein 1 (Fis1) (Zhan et al., 2013).
Studies have shown that both Opa1 and Mfn2 can maintain the
stability of mitochondrial cristae and promote mitochondrial
fusion. However, persistent upregulation of Drp1 contributes
to mitochondrial fragmentation, which has been found to
occur in FA-induced AKI (Aparicio-Trejo et al., 2019).
Hypoxia inducible factor-1α (HIF-1α), the transcriptional
regulator that responds to hypoxia, has been reported to
negatively modulate mitochondrial dynamics by promoting the
expression of Drp1 (Chen et al., 2019). In addition, HIF-1α has
been reported to inhibit the expression of Mfn2, which directly or
indirectly influences mitochondrial function (Martin et al., 2014;
Dabrowska et al., 2015).

FG-4592, an inhibitor of prolyl-4-hydroxylases (PHDs), can
stabilize the level of HIF-1α through inhibition of PHDs under
physiological conditions (Wu et al., 2016). Pretreatment with FG-
4592 has been reported to protect against AKI through
antiapoptotic effects (Yang et al., 2018). Additionally, in our
previous study, FG-4592 pretreatment exerted potential
protective effects against FA-induced tubular injury at the
acute phase through anti-ferroptosis with up-regulation of
HIF-1α, but a decreased level of HIF-1α mRNA was observed,
which was probably related to negative feedback (Li et al., 2020).
To date, the effect of FG-4952 on FA-induced tubular damage at
the repair phase has not been well studied, and the underlying
mechanism is still unknown. It has been reported that kidney
recovery occurs from the 6th day after FA overdose injection. In
this regard, we speculate that the protein level of HIF-1α is down-
regulated with time because of the short half-life of the protein
and the inhibition of HIF-1α mRNA expression with FG-4592
pretreatment, which may ameliorate mitochondrial dysfunction
induced by FA injection. These findings are important because
suppressing mitochondrial fission and promoting mitochondrial
fusion are promising therapeutic approaches to restore the
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balance between fission and fusion, which is an attractive strategy
for tubular repair and amelioration of AKI prognosis.

MATERIALS AND METHODS

Animals
The protocols were abided by the NIH Policy on Animal Care and
Use, and complied with the ethics committee of the China
Medical University on Laboratory Animals (protocol no.
2011037). Six- to eight-week-old C57BL/6 male mice were
obtained from China Medical University and housed in a
specific pathogen-free facility. They were allocated to four
groups (six mice for each group): (1) Control group, the mice
were intraperitoneally administrated with 0.5 ml of 300 mM
NaHCO3; (2) Folic acid (FA) group, the mice were
intraperitoneally injected with one dose of FA (250 mg/kg)
diluted in 300 mM NaHCO3; (3) FG-4592 group, the mice
were intraperitoneally injected with FG-4592 (10 mg/kg)
diluted in DMSO and then PBS to 1 mg/ml; (4) FA + FG-
4592 group, the mice were injected with one dose of FG-4592
2 days before FA injection. At day 7 after FA injection, tissue and
blood samples were obtained for further test.

Cell Culture and Treatment
Human proximal tubule epithelial cells (HK-2 cells), purchased
from American Type Culture Collection, were cultured in
DMEM/F-12 medium supplemented with 10% bovine serum
albumin, 100 μg/ml streptomycin, and 100 U/ml penicillin
(Invitrogen, Carlsbad CA, United States). Cells were grown to
the confluence of 50% and stimulated with TNF-α (50 ng/ml) for
24 h in the presence or not of FG-4592 pretreatment for 24 h.

Reagents and Antibodies
Rabbit anti-Mfn1 (14739s), rabbit anti-Opa1 (67589s), rabbit
anti-Fis1 (86668s), rabbit anti-Drp1 (8570s), rabbit anti-IL-1β
(12703s), rabbit anti-CD3 (26582s), rabbit anti-Myeloperoxidase
(MPO+) (14569T), rabbit anti-F4/80 (30325s), and rabbit anti-
collagen I (72026T) antibodies were taken from CST; mouse anti-
β-actin (ab8226), rabbit anti-HIF-1α (ab216842), mouse anti-
PCNA (ab29), rabbit anti-E-cadherin (ab76319), rabbit anti-NCC
(ab203674), rabbit anti-α-SMA (ab5694), mouse anti-vimentin
(ab92547), rabbit anti-GPX-4 (ab125066), and rabbit anti-
fibronectin (Fn) (ab2413) antibodies were obtained from
Abcam; rabbit anti-TNF-α (7B8A11) antibody was purchased
from Proteintech; rabbit anti-ZO-1 (PA524716), rabbit anti-
AQP1 (101AP), and rabbit anti-AQP2 (201AP) antibodies
were obtained from Invitrogen; anti-IL-33 (AF3626) antibody
was acquired from R&D Systems. FG-4592 was obtained from
Selleck and FA was acquired from Dalian Meilun Biotechnology
Co. of China.

Cell Counting Kit-8 Assay
Cell viability was assayed with the CCK-8 kit (Beyotime, China,
C0038). In brief, HK-2 cells were treated with FG-4592
(5–80 µM) for 24 h, or HK-2 cells were treated with TNF-α
(50 ng/ml; abs00847, absin, China) for 24 h with and without

24 h pretreatment with FG-4592 (20 µM), then 10 µl CCK-8
solution was added to incubate for 2 h. The absorbance was
measured at 450 nm.

Assays for Renal Function and ROS
In brief, blood was collected from the retro-orbital vein of the
mice and serum was acquired by centrifugation at 600 X g for
10 min. BUN was assessed with a BUN test kit (C013-2) and
Creatinine was assessed with the Creatinine determination kit
(C011-2) from Jiancheng, China, by enzymatic colorimetric
methods according to the manufacturer’s instructions. Then
the levels of ROS in kidneys were assessed by DCFH-D test
kit according to the manufacturer’s instructions (Beyotime,
China, S0033) (Shen et al., 2020).

Tissue ATP Levels
ATP levels were measured using the ATP test kit (Beyotime,
China, S0026). Renal tissue was lysed in the lysis solution, then
centrifuged at 16,000g for 5 min. Then the ATP levels were
assessed by mixing the equal volume of the supernatant and
luciferase reagent, and the chemiluminescence was measured.

Histology
Kidney samples were fixed in 4% paraformaldehyde overnight,
dehydrated in an ethanol gradient, cleared in xylene, and
embedded in paraffin. Then 3-μm slides were used for
hematoxylin and eosin (H&E) staining (Shen et al., 2021),
periodic acid-schiff (PAS) staining (Chen et al., 2018), and
Masson’s trichrome staining (Fan et al., 2017) to evaluate
histopathologic injury. At last, the slides were viewed using
Nikon 90i microscope. The H&E sections were used to access
degrees of tubular damage from 10 fields in each kidney slide
(Brooks et al., 2009).

Immunofluorescence Staining
The slides were prepared according to the routine procedure, and
IF staining was performed as described previously (Li et al., 2020).
Kidney samples were antigen retrieved in 10mM sodium citrate
buffer, washed with PBS, and blocked with goat serum. Then, they
are incultured with primary monoclonal antibody anti-CD3 (1:
200), anti-MPO+ (1:200), and anti-collagen I (1:200) antibodies
overnight. Subsequently, the slides were incubated with TRITC-
conjugated or FITC-conjugated secondary antibodies.

Immunohistochemical Staining
The sections were performed in accordance with the previous
protocals (Li et al., 2020). Briefly, kidney slides were incubated in
antigen retrieval buffers, boiled with high power, and then rinsed
in PBS, followed by incubation with 3% H2O2 and goat serum.
They were stained with anti-PCNA (1:200), anti-E-cadherin (1:
200), anti-ZO-1 (1:200), anti-AQP1 (1:250), anti-AQP2 (1:250),
anti-NCC (1:250), anti-F4/80 (1:250), anti-TNF-α (1:250), anti-
IL-1β (1:250), and anti-fibronectin (1:200) antibodies. Next day,
they were washed and incubated with biotinylated goat anti-
mouse/rabbit IgG for 1 h. The reaction results were visualized
with DAB (1809270031, MXB-BIO, Fuzhou, China) and the
slides were counterstained with hematoxylin.
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MitoSOX Fluorescence
Freshly kidneys were cut and 10-μm-thick slides were obtained to
incubate in PBS containing 10 µM MitoSOX Red reagent
(Invitrogen, M36008) for 40 min. Then the sections were
rinsed in PBS and mounted onto microscope slides.

Electron Microscopy
Renal cortex was fixed with 2.5% glutaraldehyde in 150 mM
cacodylate solution, post-fixed with 1% osmium tetroxide.
Subsequent ultrathin sections (50–80 nm) were contrasted by
uranyl acetate and lead citrate, and observed with electron
microscope (Hitachi H-7650, Japan).

Western Blot
Kidney sample were lysed with the lysis buffer and protein
concentration was measured with BCA Protein Assay Kit
(Beyotime). Samples were separated by 10% SDS-PAGE,
transferred to PVDF membranes and then blocked in 5% milk
for 1 h. The primary antibodies were detected, including anti-
HIF-1α (1:500), anti-E-cadherin (1:1,000), anti-ZO-1 (1:1,000),
anti-AQP1 (1:1,000), anti-AQP2 (1:1,000), anti-Mfn1 (1:1,000),
anti-Opa1(1:1,000), anti-Fis1 (1:1,000), anti-Drp1 (1:1,000), anti-
TNF-α (1:1,500), anti-IL-1β (1:1,500), anti-vimentin (1:1,000),
anti-α-SMA (1:1,000), and anti-β-actin (1:3,000) antibodies.
Then the blots were incubated with the corresponding
secondary antibodies (1:10,000, Dako).

Quantitative Real-Time PCR
RNA extraction and real-time PCR were performed in accordance
with the previous procedure (Zhang et al., 2017). In brief, RNA from
kidneys was isolated using Trizol reagent (Vazyme) according to
manufacturer, skit, and then the RNA was reverse-transcribed to
cDNA following the PrimeScript RT reagent kit. At last, amplification
of RT-PCR was following the protocols with a SYBR Green Mix
(Vazyme) (Li et al., 2020). The primers were as follows:

HIF-1α forward: 5′-TCATCGGAAACTCCAAAGCCA-3′and
reverse:
5′-GGCTGGGAAAAGTTAGGAGTG-3′; collagen I forward:
5′-GGCGGTGCACAGTCAGACCAT -3′ and reverse:
5′-CCAGTTGGTAATGCCATGT-3′; Fn forward:
5′-ATGTGGACCCCTCCTGATAGT -3′ and reverse:
5′-GCCCAGTGATTTCAGCAAAGG-3 ′; TNF-α forward:
5′-CCCTCACACTCAGATCATCTTCT-3′ and reverse:
5′-GCTACGACGTGGGCTACAG-3’; IL-6 forward:
5′-GAGGATACCACTCCCAACAGACC-3′and reverse:
5′-AAGTGCATCATCGTTGTTCATACA-3’; α-SMA forward:
5′-CTTCGCTGGTGATGATGCTC-3′and reverse:
5′-GTTGGTGATGATGCCGTGTT-3’; β-actin forward:
5′-GGCTGTATTCCCCTCCATCG-3′ and reverse:
5′-CCAGTTGGTAATGCCATGT-3′;

The relative mRNA levels were analyzed using the 2−ΔΔCt method.

Statistical Analysis
The values presented were expressed as means ± standard
deviations. Statistical comparisons were determined by one-

way ANOVA test using SPSS software v.21.0, followed by the
Bonferroni test. Values of p < 0.05 were considered statistically
significant.

RESULTS

FG-4592 Pretreatment Ameliorated
FA-Induced Kidney Injury and Facilitated
Tubular Recovery
We conducted pathological staining to confirm whether FG-4592
pretreatment could alleviate kidney injury induced by FA overdose
injection and promote tubular recovery on the 7th day.
Histopathological examination of HE (Figure 1A) and PAS
(Figure 1B) staining showed that FA induced severe lesions in the
tubules with obvious maladaptive repair, including tubular dilation,
tubular epithelial cell edema or loss, and inflammatory cell infiltration
into the interstitium. In contrast, FG-4592 pretreatment dramatically
alleviated the lesions and facilitated recovery, as indicated by an
improved tubular structure and decreased tubular injury score
(Figure 1C). Consistent with the histological changes, the FA
group showed deteriorated renal function, as indicated by
increased levels of BUN (Figure 1D) and creatinine (Figure 1E),
but the levels were decreased with FG-4592 pretreatment.

FG-4592 Pretreatment Promoted Structural
Regeneration of Tubules on the 7th Day
After FA Injection
Regeneration of tubular epithelial cells can accelerate kidney repair
after AKI (Jiang et al., 2015). To substantiate the regenerative effect,
we examined tubular cell repopulation by staining for PCNA. As
shown in Figure 2A, IHC analysis indicated that the number of
PCNA-positive tubular cells was slightly increased on the 7th day
in FA-injected mice compared with mice without FA
administration; in contrast, the mice with FG-4592 pretreatment
exhibited greater increases in the numbers of PCNA-positive
tubular cells. Consistent with the results of IHC, Western blot
analysis (Figures 2B,C) demonstrated that the level of PCNA was
up-regulated after FA insult, and this up-regulation was further
promoted with FG-4592 pretreatment, suggesting that FG-4592
pretreatment can facilitate tubular cell proliferation.

In addition, recovery of the integrity of epithelial cell-cell
junctions is essential for renal tubule repair. IHC analysis
(Figure 3A) showed that E-cadherin, an adherens junction
molecule, was highly expressed at the basolateral junction sites
between neighboring cells in normal tubules. In comparison, the
expression of E-cadherin was significantly reduced on the 7th day
after FA injection but was restored with FG-4592 pretreatment.
In addition, ZO-1 (a marker of tight junctions) was normally
localized at the apical and basolateral junction sites between
neighboring cells in the tubules but was significantly down-
regulated after FA injection; however, its expression was partly
restored with FG-4592 pretreatment. As described for IHC, these
changes were further confirmed through Western blot analysis,
and significantly decreased expression of E-cadherin and ZO-1
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was found in FA-injured kidneys, whereas FG-4592 pretreatment
reversed these effects, as depicted in Figures 3B–D.

FG-4592 Pretreatment Facilitated
Functional Recovery of Tubules on the 7th
Day After FA Injection
The recovery of epithelial structural integrity plays a fundamental
role in the restoration of tubular functions, such as absorption of
fluid and solutes (Wang et al., 2008). We further detected
functional recovery in different tubular segments with FG-4592
pretreatment on the 7th day after FA injection. IHC analysis
(Figure 4A) demonstrated that AQP1 was widely expressed in
the normal proximal tubules but down-regulated with dilation of
the tubules after FA injection. However, FG-4592 pretreatment
caused AQP1 to be re-expressed. Moreover, NCC, one of the
essential sodium transporters, was highly expressed in normal

distal tubules, but FA administration caused down-regulation of
NCC. NCC expression was restored with FG-4592 pretreatment.
Moreover, the level of AQP2 in the collecting ducts was
significantly reduced after FA injection, while it was partially
restored with FG-4592 pretreatment. Consistently, Western blot
analysis indicated that compared with that in the FA group, the
expression of AQP1 and AQP2 in the FA + FG-4592 group was
significantly higher, as shown in Figures 4B–D.

FG-4592 Pretreatment Alleviated
Ferroptosis and Inflammation, and Further
Inhibited Interstitial Fibrosis on the 7th Day
After FA Injection
Ferroptosis was evidenced to be the major cause in FA-induced
AKI, which has been reported to be a driver of other pathways of
cell death (Martin-Sanchez et al., 2017) To better evaluate the effect

FIGURE 1 | FG-4592 pretreatment ameliorated FA-induced renal damage and facilitated tubular recovery. (A) Renal histological assessment by HE staining. The
asterisks indicate dilated tubules, the arrows indicate swollen epithelial cells, the arrowheads indicate tubules with cellular debris, the triangles indicate the normal tubule. (B)
Renal histological assessment by PAS staining. The asterisks indicate tubular ectasia, the arrows indicate loss of tubular cells, and the arrowheads indicate the brush border.
(C) Tissue injury scores relying on HE staining. (D) Serum BUN. (E) Serum creatinine. The data are expressed as the mean ± SE. Scale = 50 μm, *p < 0.05, **p < 0.01.
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of FG-4592 on the ferroptosis, the expressions of IL-33 and GPX4
were assessed by Western blot analysis. As depicted in Figures
5A–C, FA induced up-regulation of cleaved IL-33, while this effect
could be partly inhibited with FG-4592 pretreatment. In addition,
we observed that FG-4592 pretreatment was able to prevent the
down-regulation of GPX4. Then we further explore whether FG-
4592 pretreatment could inhibit inflammatory responses during
the repair phase in FA-induced AKI. As described in Figures
5D–F, Western blot analysis indicated that FA induced up-
regulation of the inflammatory cytokines TNF-α and IL-1β,
which could be inhibited by FG-4592 pretreatment. Also, IHC
analysis showed that TNF-α- and IL-1β-positive tubular cells were
rarely expressed in non-FA-injected kidneys, but an abundance of
these cells were observed after FA injection. However, these effects
were prevented with FG-4592 pretreatment (Figure 5G).
Furthermore, we assessed the levels of inflammatory cells,
including macrophages, lymphocytes, and neutrophils on the
7th day after FA insult. As depicted in Figure 5G, few F4/80-
positive cells were detectable in the kidneys of control or FG-4592-
treated mice in kidney specimens by IHC staining. In contrast,
following folic acid injury, abundant F4/80-positive cells were
found in the renal interstitium, while pretreatment with FG-
4592 markedly reduced the number of F4/80 + macrophages in
the FA-injured kidneys. Consistently, FA-injured kidneys
exhibited significant infiltrations of lymphocytes and
neutrophils, as indicated by up-regulation of CD3- and MPO-
positive cells, compared to that in the kidneys of control or FG-
4592-treated mice, as shown by IF staining in Figure 5H, the
numbers of these positive inflammatory cells in the kidneys were
reduced by FG-4592 pretreatment, denoting anti-inflammatory
activity. Furthermore, maladaptive repair after AKI aggravates

inflammation, which may further drive CKD progression (Jiang
et al., 2016a). To investigate the impact of FG-4592 pretreatment
on interstitial fibrosis, Masson staining was performed. The results
(Figure 6A) showed that FA injection induced severe tubular
atrophy and collagen deposition in the interstitial space at Day
7 after FA injection, while FG-4592 pretreatment ameliorated these
alterations. Moreover, we assessed some matrix proteins, such as
collagen I and fibronectin. As depicted in Figures 6B,C, increased
accumulation of fibronectin (Fn) and collagen I in the renal
tubulointerstitium was observed in FA-injected mice at Day 7.
The morphologic findings were further confirmed by RT-PCR,
which showed that the gene levels of fibronectin and collagen I
were upregulated after FA injection and were reduced by FG-4592
pretreatment (Figures 6D,E). In accordance with this findings,
increased protein expression of α-SMA and vimentin in FA-
injected kidneys was observed by Western blot analysis, while
this effect was remarkably abrogated by FG-4592 pretreatment,
indicating less epithelial-to-mesenchymal transition (EMT) and
better recovery, as noted in Figures 6F–H.

FG-4592 Pretreatment Suppressed the
Activation of HIF-1α and Ameliorated
Mitochondrial Dysfunction on the 7th Day
After FA Injection
To determine the role of FG-4592 pretreatment in the alterations in
HIF-1α on the 7th day after FA administration, the protein and
gene expression levels of HIF-1α were evaluated. Western blot
analysis (Figures 7A,B) showed that the level of HIF-1α was
increased after FA injection, whereas this increase was inhibited
with FG-4592 pretreatment. A similar pattern was observed in the

FIGURE 2 | FG-4592 pretreatment promoted tubular cell proliferation in FA-induced renal damage. (A) Renal micrographs by IHC for PCNA. (B) Western blot
analysis of PCNA in kidney lysates. (C) Relative abundance of PCNA. The data are expressed as the mean ± SE. Scale = 50 μm, *p < 0.05, **p < 0.01.
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RT-PCR results (Figure 7C), in which FG-4592 pretreatment
suppressed the up-regulation of HIF-1α mRNA levels induced
by FA administration.

Furthermore, hypoxia-induced HIF-1α activation has been
reported to be related to mitochondrial fragmentation (Zhang
et al., 2018), which is one of the major factors that causes kidney
injury and subsequent incomplete repair (Chung et al., 2019). Next,
we assessed the ultrastructure of mitochondria (Figure 7D) and
found that a large number of long filamentous mitochondria were
present at the basolateral side in normal proximal tubular cells, while
mitochondria in the perinuclear position showed cross-sectioning
and appeared fragmented. In contrast, mitochondria were destroyed
to a great extent and completely fragmented into swollen and short
mitochondria with effacement of cristae after FA injection;
moreover, this phenotype was accompanied by remarkably
decreased ATP levels. While FG-4592 pretreatment could
alleviate these alterations and promote ATP production, as
shown in Figure 7E. In addition, mitochondrial dysfunction was
characterized by excessive ROS production, which could be inhibited
by FG-4592 pretreatment (Figure 7F). Moreover, the dynamic
imbalance of mitochondria could induce increased level of

mitochondrial ROS, which was further confirmed by analysis of
the fluorescence intensity of MitoSOX, as shown in Figure 7G.

Moreover, we evaluated the effect of FG-4592 pretreatment on
mitochondrial dynamics, which are mainly regulated by
mitochondrial fusion and fission proteins. Western blot analysis
showed increased expression of mitochondrial fission proteins
(Fis1 and Drp1) (Figures 8A–C) and reduced expression of
mitochondrial fusion proteins (Opa1 and Mfn1) (Figures 8D–F)
after FA injection, indicating a shift in mitochondrial dynamics
toward the fission process. On the other hand, FG-4592
pretreatment improved all these alterations, supporting the idea
that FG-4592 pretreatment promoted the transition from
mitochondrial fission to fusion. The dynamic alterations in
mitochondrial activity indicated that mitochondrial damage
induced by FA could be partially attenuated by FG-4592 pretreatment.

FG-4592 Pretreatment Alleviated HK-2 Cells
Injury Induced by TNF-α
We evaluated the impact of FG-4592 on cell viability in the HK-2
cells at concentrations of 5–80 μM by CCK-8 assay. As shown in

FIGURE 3 | FG-4592 pretreatment promoted the restoration of tubular structural integrity in FA-induced renal damage. (A) Renal micrographs of IHC for
E-cadherin and ZO-1. (B)Western blot analysis of E-cadherin and ZO-1. (C)Relative abundance of E-cadherin. (D)Relative abundance of ZO-1. The data are expressed
as the mean ± SE. Scale = 50 μm, *p < 0.05, **p < 0.01.
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Figure 9A, FG-4592 had no cellular toxicity at concentrations of
5–20 μM, while FG-4592 at concentrations of 40 and 80 μM
decreased cell viability. Moreover, we explored the effect of FG-
4592 treatment on TNF-α-treated HK-2 cells and found that FG-
4592 pretreatment could attenuate the reduced cell viability
induced by TNF-α (Figure 9B). In addition, we measured the
level of inflammation and found that FG-4592 at concentrations of
20 μM could down-regulate the gene levels of the inflammatory
cytokines TNF-α and IL-6 induced by TNF-α (Figures 9C,D). In
addition, we accessed the impact of FG-4592 on the expression of
E-cadherin in HK-2 cells with or without FG-4592 pretreatment.
As shown in Figures 9E,F, the Western blot results showed that
E-cadherin was highly expressed in normal HK-2 cells but that the
expression was significantly reduced after TNF-α stimulation,

while the levels of E-cadherin were restored with FG-4592
pretreatment. Moreover, pretreatment with FG-4592 could
markedly reduce the increased gene of α-SMA caused by TNF-
α (Figure 9G, Supplementary Figure S1).

DISCUSSION

Mitochondrial dysfunction is a central factor to maladaptive
repair after AKI (Stallons et al., 2014), and promoting the
balance of mitochondrial dynamics is closely associated with
the recovery of tubular cells that undergo sublethal injury
(Wills et al., 2012). Thus, drugs that can ameliorate
mitochondrial dysfunction may accelerate the recovery of

FIGURE 4 | FG-4592 pretreatment promoted tubular functional recovery in FA-induced renal damage. (A) Renal micrographs of IHC for AQP1, AQP2, and NCC.
(B) Western blot analysis of AQP1 and AQP2. (C) Relative abundance of AQP1. (D) Relative abundance of AQP2. The data are expressed as the mean ± SE. Scale =
50 μm, *p < 0.05, **p < 0.01.
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FIGURE 5 | FG-4592 pretreatment alleviated ferroptosis and inflammation on the 7th day after FA injection. (A) Western blot analysis of IL-33 and GPX-4. (B)
Relative abundance of cleaved-IL-33. (C) Relative abundance of GPX-4. (D) Western blot analysis of TNF-α and IL-1β. (E) Relative abundance of TNF-α. (F) Relative
abundance of IL-1β. (G) Renal micrographs of IHC for TNF-α, IL-1β and F4/80-positive macrophages. (H) Renal micrographs of IF for CD3-positive lymphocytes and
MPO-positive neutrophils. The data are expressed as the mean ± SE. Scale = 50 μm, *p < 0.05, **p < 0.01.
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FIGURE 6 | FG-4592 pretreatment inhibited renal fibrosis on the 7th day after FA injection. (A) Renal histological assessment by Masson trichrome staining. The
triangles indicate the tubular atrophy and the arrows indicate collagen deposition. (B) Renal micrographs of IHC for Fibronectin. (C)Renal micrographs of IF for collagen I.
(D) Relative mRNA level of Fibronectin. (E) Relative mRNA level of collagen I. (F) Western blot analysis of α-SMA and vimentin. (G) Relative abundance of α-SMA. (H)
Relative abundance of vimentin. The data are expressed as the mean ± SE. Scale = 50 μm, *p < 0.05, **p < 0.01.
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FIGURE 7 | FG-4592 pretreatment suppressed HIF-1α activation and restored the alterations in mitochondrial morphology and function induced by FA injection.
(A) Western blot analysis of HIF-1α. (B) Relative abundance of HIF-1α. (C) Relative mRNA level of HIF-1α. (D) Representative transmission electron microscopy for
mitochondrial morphology at 20,000× magnification, Scale = 1 μm. Black and White Arrows indicate mitochondrial fragmentation; Black Arrows indicate elongated
(>2 μm) mitochondria.). (E) ATP level in the kidney. (F) The level of ROS in the kidney. (G)Mitochondrial superoxide was detected by MitoSOX Red fluorogenic dye.
The data are expressed as the mean ± SE. Scale = 50 μm, *p < 0.05, **p < 0.01.
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renal tubules in AKI. Hypoxia and mitochondrial dynamics have
been reported to be closely connected, while continuous hypoxia
can induce the activation of HIF-1α, which negatively regulates
mitochondrial function (LaGory et al., 2015; Jun et al., 2017).

FG-4592, a kind of prolyl hydroxylase inhibitor, has been used
as a pretreatment to attenuate AKI through anti-oxidative stress
in our previous study by increasing the levels of HIF-1α at the
acute phase (Li et al., 2020); however, inhibition of HIF-1α
mRNA was observed (data not shown) at the same time,
which may be related to negative feedback. Here, we
investigated the role of FG-4592 pretreatment in HIF-1α
activity and renal damage in the repair phase. Tubular repair
caused by FA overdose injection has been reported to commence
from the 6th day, and maladaptive recovery occurs due to severe
damage (Stallons et al., 2014). In view of this, we performed HE
and PAS staining and observed the partial restoration of normal
kidney architecture on the 7th day after FA administration, which
was characterized by repopulation of some of the tubular
epithelial cells. FG-4592 pretreatment facilitated recovery and
alleviated tubular damage induced by FA. Furthermore, in
contrast to the increases in HIF-1α protein levels observed on
the 2nd day in FA-injected kidneys with FG-4592 pretreatment,
inhibition of HIF-1α protein expression was observed on the 7th
day. This was in line with the suppression of HIF-1α mRNA
levels, indicating that the protein expression of HIF-1α is time-
dependent with FG-4592 pretreatment and that the role of this
protein may differ in different phases of AKI. In this regard, we
speculate that FG-4592 pretreatment may be a powerful strategy

to prevent the activation of HIF-1α induced by constant hypoxia
during the recovery phase of AKI, thereby promoting tubular
repair and improving its prognosis. Our study supports previous
findings that suppression of HIF-1α activation induced by
consistent hypoxia can alleviate tubular damage (Takiyama
et al., 2011).

In addition, adaptive tubular repair is an important process to
delay AKI progression, and tubular cell regeneration is a key
event (Basile et al., 2016). It has been reported that fully
differentiated tubular cells have equal chances of proliferation
after injury (Humphreys et al., 2016; Soofi et al., 2020). In our
study, increased cell proliferation was observed in the FG-4592-
treated mice, indicating the stimulation of tubular repair.
Furthermore, tubular cell proliferation drives restoration of
tubular epithelial integrity, which is critical to the repair of
AKI (Nony and Schnellmann 2003). E-cadherin, a major
component of cell-cell AJs, plays an important role in tubular
integrity and polarity (Gao et al., 2018). It has been demonstrated
that the E-cadherin levels in tubular cells are significantly reduced
in response to cisplatin, but tubular damage can be alleviated with
restoration of E-cadherin expression (Ni et al., 2019). Another
study has demonstrated that decreased expression of E-cadherin
is part of the phenotype of epithelial-to-mesenchymal transition
and is closely associated with renal fibrosis (Fragiadaki and
Mason 2011). Moreover, the assembly of AJs is associated
with that of TJs, and destruction of E-cadherin-mediated AJs
also delays TJ assembly (Capaldo and Macara 2007). ZO-1, the
critical TJ protein, is essential for tubular barrier formation.

FIGURE 8 | FG-4592 pretreatment attenuated FA-induced imbalance of mitochondrial dynamics. (A) Western blot analysis of Drp1 and Fis1. (B) Relative
abundance of Drp1. (C) Relative abundance of Fis1. (D)Western blot analysis of Opa1 and Mfn1. (E) Relative abundance of Opa1. (F) Relative abundance of Mfn1. The
data are expressed as the mean ± SE. Scale = 50 μm, *p < 0.05, **p < 0.01.
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Eadon and colleagues observed decreased expression of ZO-1 in
LPS-mediated AKI (Eadon et al., 2012). Our findings are
consistent with these observations that FA injury induces
disruption of tubular AJs and TJs, as reflected by down-
regulation of E-cadherin and ZO-1 levels. However, FG-4592
pretreatment retained the expression of these molecules in
tubular cells, indicating the ability to maintain the structural
integrity of tubular cells. Along with the protective effects shown
in vivo, FG-4592 pretreatment could also protect renal tubular
cells against TNF-α induced down-regulation of E-cadherin
in vitro.

Moreover, restoration of the tubular epithelial barrier is
indispensable for maintaining tubular function and is mainly

involved in reabsorption capacity and ion transport, which
contribute to body fluid volume regulation and electrolyte
handling (Pozzi and Zent 2010; Fattah and Vallon 2018).
AQPs, especially AQP1 and AQP2, account for the regulation
of water transport and urinary concentration (Agre et al., 2002).
Previous studies have shown that AQP1, which is widely
expressed in the proximal tubules as well as descending thin
limbs, is downregulated by I/R injury, which contributes to
urinary concentration defects (Ma et al., 1998). Moreover,
endotoxemia can induce more severe tubular injury in AQP1-
null mice than in wild-type mice, which is characterized by
polyuria (Hua et al., 2019). In contrast, AQP1 overexpression
can alleviate aristolochic acid-induced nephropathy (Anger et al.,

FIGURE 9 | Effect of FG-4592 pretreatment on HK-2 cell induced by TNF-α. (A) CCK8 assay of the viability in HK-2 cells treated with FG-4592. (B) CCK8 assay of
the viability in HK-2 cells treated by TNF-α with or without FG-4592 pretreatment. (C) Relative mRNA level of TNF-α. (D) Relative mRNA level of IL-6. (E) Western blot
analysis of E-cadherin. (F) Relative abundance of E-cadherin. (G) Relative mRNA level of α-SMA. The data are expressed as the mean ± SE. *p < 0.05, **p < 0.01.
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2020). In addition, it has been reported that AQP1 levels in the
proximal tubule together with AQP2 levels in the collecting duct
are decreased in I/R-induced kidney injury, which results in
impaired urinary osmolality (Kwon et al., 1998; Kortenoeven
and Fenton 2014). Down-regulation of the sodium cotransporter,
NCC, is also associated with dysfunction of sodium excretion and
impaired urinary concentration ability in AKI (Bae et al., 2008;
Yang et al., 2013). Furthermore, restoration of urinary
concentration capacity may inhibit the transition from AKI to
CKD (Asvapromtada et al., 2018). Our observations are in line
with these reports. Specifically, we found that FA injury decreased
the expression of AQP1, NCC, and AQP2 but that the expression
of these molecules was restored with FG-4592 pretreatment,
facilitating tubular functional recovery.

In addition, AKI is often accompanied by tubular epithelial
necrosis, which could further inhibit the repair of injured
kidneys. While ferroptosis was reported to act as an
important mechanism that contributes to FA-induced acute
renal damage, the protective effect of FA-induced AKI might be
achieved by inhibiting ferroptosis (Hu et al., 2019). Similarly, we
observed that FG-4592 pretreatment reversed the elevation in
IL-33 and decrease in GPX4 induced by FA injection, suggesting
that anti-ferroptosis may be the main pathway involved in the
protection against FA-induced AKI. Moreover, maladaptive
repair of tubules can further activate proinflammatory and
profibrotic effects (Jiang et al., 2016b). Disruption of
E-cadherin has been shown to promote inflammation in
cisplatin-induced tubular injury (Gao et al., 2018).
Restoration of AQP1 has been reported alleviate
inflammation in LPS-induced renal damage (Li et al., 2019).
Consistently, our discoveries indicate that FG-4592
pretreatment can reduce the recruitment of numerous
macrophages, lymphocytes, and neutrophils, as well as the
release of the inflammatory factors TNF-α and IL-1β induced
by FA insult, thereby reducing renal damage of function and
structure. Although we did not differentiate the subtypes of
macrophages, a previous study has indicated that the majority of
macrophages that infiltrate the interstitium on the 7th day after
FA injection are M1 macrophages, which exhibit
proinflammatory activities (Jiang et al., 2016b). In
consistency, we observed that inflammatory factors were
increased by stimulating HK-2 cells with TNF-α, while FG-
4592 pretreatment could attenuate these alterations. Meanwhile,
FG-4592 pretreatment could reduce α-SMA level, indicating the
amelioration of EMT in vitro. What is more, down-regulation of
HIF-1α along with mitochondrial stress modulation strategy
was demonstrated to curtail inflammation in mammary gland
chemoprevention (Roy et al., 2017).

Mitochondria are the main energy sources in tubular cells,
but mitochondrial dysfunction can lead to maladaptive
progression of AKI and further accelerate fibrosis
development (Yu and Bonventre 2020). It has been reported
that mitochondrial fragmentation is significantly increased in
tubular epithelial cells treated with cisplatin or glycerol
(Brooks et al., 2009). Moreover, maladaptive repair from
FA-induced AKI is recognized as a complex multifactorial
process in which mitochondrial impairments play important

roles (Sun et al., 2019). Through subcellular structure analysis,
we found that mitochondrial fragmentation or mitochondrial
shrinkage induced by FA injection increased under hypoxia,
leading to a reduction in intracellular ATP, while FG-4592
pretreatment improved the situation. Moreover,
mitochondrial damage not only contributes to decreases in
ATP levels but also results in excessive production of ROS,
which adversely affects cell survival and recovery (Apostolova
and Victor 2015). Consistently, a marked elevation in
mitochondrial ROS after FA injection was observed in our
study, and this elevation was attenuated by FG-4592
pretreatment. In addition, up-regulation of HIF-1α level was
found to be closely associated with dysfunction of
mitochondria, which can induce mammary gland carcinoma
progression (Singh et al., 2021b). Polyl hydroxylase (PHD-2)
activation was considered as a novel strategy to control HIF-1α
to modulate mitochondrial stress in mammary gland
pathophysiology of ER + subtype (Singh et al., 2021a).
Meanwhile, down-regulation of HIF-1α/fatty acid synthase
co-axis was shown to combat tumor growth in mammary
gland carcinoma by activating PHD-2 (Gautam et al., 2018)
(Manral et al., 2016).

Furthermore, inactivation of HIF-1α induced by consistent
hypoxia can ameliorate mitochondrial dysfunction and
alleviate tubular damage (Takiyama et al., 2011). During
AKI, mitochondria experience dynamic imbalance, which
depletes cellular ATP and further induces the loss of tight
junctions and adherens junctions (Molitoris 2004). The
balance of mitochondrial fusion and fission is important for
appropriate mitochondrial morphology and function to meet
the energy needs of tubular cells and restore ATP production.
Targeted treatment with drugs that ameliorate mitochondrial
function by inhibiting the expression of Drp1 and restoring the
expression of Mfn2 have been reported to ameliorate AKI
(Ishimoto and Inagi 2016). Drp1, a GTPase, regulates
mitochondrial fission processes, but its upregulation is
detrimental because it enhances mitochondrial
fragmentation (Tang et al., 2013). Perry et al. showed that
suppression of Drp1 expression in proximal tubular cells
accelerated recovery, therefore attenuating fibrosis following
renal IR (Perry et al., 2018). Consistent with these
mechanisms, we found that FA induced mitochondrial
fragmentation through increased expression of fission
proteins (Drp1 and Fis1) and decreased expression of fusion
proteins (Opa1 and Mfn1). In contrast, FG-4592 pretreatment
recovered the balance of mitochondrial dynamics by reversing
these changes, therefore promoting mitochondrial elongation.
Moreover, mitochondrial hyperfission is critical for promoting
cellular necrosis, which is characterized by a reduced number
of mitochondrial cristae and the change of mitochondrial
membrane potential, resulting in cell volume shrinkage
(Spurlock et al., 2020). Specifically, GPX4 is partially
located in the intermembrane spaces of mitochondria to
maintain mitochondrial membrane potential, which can
counteract ferroptotic cell death. GPX4-ablated cells contain
swollen mitochondria with disappearance of cristae and a
lamellar architecture (Baseler et al., 2013).
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In summary, our findings indicate that mitochondrial
dysfunction may be pathogenic in the maladaptive repair of
FA-induced AKI. Moreover, we show the beneficial effects of
FG-4592 pretreatment against renal damage associated with FA
overdose injection. FG-4592 decreases tubular structural and
functional injury, inhibits tubular ferroptosis and
inflammation, and specifically accelerates recovery from
tubular injury. As a result of these actions, FG-4592
pretreatment decreases interstitial fibrosis. Finally, we
identified facilitation of the homeostasis of mitochondrial
dynamics as a key pathway involved in the protective effects
of FG-4592 pretreatment. FG-4592 improves the balance of
mitochondrial dynamics by inhibiting mitochondrial fission
and promoting mitochondrial fusion. The mechanism
underlying this phenomenon involves downregulation of the
primary mediator proteins of mitochondrial fission (Drp1 and
Fis1) and upregulation of fusion proteins (Opa1 and Mfn1).
Overall, the major consequence of FG-4592-mediated
balancing of mitochondrial dynamics is recovery of functional
mitochondria; therefore, FG-4592 is a potential therapeutic agent
for nephrotoxic AKI.
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Natural Products Against Renal
Fibrosis via Modulation of
SUMOylation
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Renal fibrosis is the common and final pathological process of kidney diseases. As a
dynamic and reversible post-translational modification, SUMOylation and deSUMOylation
of transcriptional factors and key mediators significantly affect the development of renal
fibrosis. Recent advances suggest that SUMOylation functions as the promising
intervening target against renal fibrosis, and natural products prevent renal fibrosis via
modulating SUMOylation. Here, we introduce the mechanism of SUMOylation in renal
fibrosis and therapeutic effects of natural products. This process starts by summarizing the
key mediators and enzymes during SUMOylation and deSUMOylation and its regulation
role in transcriptional factors and key mediators in renal fibrosis, then linking the
mechanism findings of SUMOylation and natural products to develop novel therapeutic
candidates for treating renal fibrosis, and concludes by commenting on promising
therapeutic targets and candidate natural products in renal fibrosis via modulating
SUMOylation, which highlights modulating SUMOylation as a promising strategy for
natural products against renal fibrosis.

Keywords: renal fibrosis, sumoylation, SUMO-specific protease, natural products, NF-κB

1 INTRODUCTION

Epigenetic modification is dynamic and responses to environmental influences, including
chromatin remodeling proteins and histone post-translational modifications (PTM).
SUMOylation is a PTM process. SUMOylation shares similar reaction scheme and enzyme
classes, but the conjugation involves in small ubiquitin-like modifiers (SUMOs) rather than
ubiquitin. Emerging evidences support SUMOylation as a promising therapeutic target for renal
fibrosis through modulating transcription factor and key mediator. NR5A2 is a key mediator on
the transcriptional regulation of the calreticulin gene, and its SUMOylation exacerbates renal
fibrosis in the unilateral ureteric obstruction model (Arvaniti et al., 2016). In addition,
SUMOylation of Samd4 by SUMO2/3 activates TGF-β/Smad signaling and then upregulates
the expression of fibronectin in high glucose induced renal mesangial cells (Zhou et al., 2014).
Here, we introduce the mechanism of SUMOylation in renal fibrosis and therapeutic effects of
natural products. This process starts by summarizing the key mediators and enzymes during
SUMOylation and deSUMOylation and its regulation role in transcriptional factors and key
mediators in renal fibrosis, then linking the mechanism findings of SUMOylation and natural
products to develop novel therapeutic candidates for treating renal fibrosis, and concludes by
commenting on promising therapeutic targets and candidate natural products in renal fibrosis
via modulating SUMOylation.
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2 SUMOYLATION

2.1 SUMO Proteins
SUMO proteins are small acidic proteins with distant homology
to ubiquitin. At primary amino acid sequence, they are 10–20%
identical to ubiquitin. On a structural level, and their relatedness
is much more pronounced. As shown in Figure 1, ubiquitin and
SUMO share the classical ubiquitin superfold. Characteristic for
all members of the SUMO family and absent from ubiquitin or
other ubiquitin-related proteins, is the N-terminal flexible
extension of 10–30 amino acids. The function of this extension
remains however currently unknown.

As a type of PTMs, SUMOylation are widely existed in
eukaryotes. SUMOs modification mediates the protein–protein
interactions of target substrates, and affects their enzymatic
function, subcellular localization, and stability (Kukkula et al.,
2021). SUMO proteins covalently bind to their target proteins at
lysine (k) residues. To date, five SUMO proteins (SUMO1–5)
have been found in human genome harbors genes (Enserink,
2015). Due to the sequence of SUMO2 and SUMO3 is very
similar, they are commonly known as SUMO2/3 (Saitoh and
Hinchey, 2000). Although SUMO2/3 and SUMO1 share 50%
sequence homology, significant differences have been shown in
function and location. Interestingly, SUMO1 knockout mice are

survivable because SUMO2/3 can compensate for most functions
of SUMO1 (Zhang et al., 2008; Wang et al., 2014a). SUMO1 and
SUMO2/3 are common, while SUMO4 is only expressed in few
organs, such as spleen and kidney (Du et al., 2021). SUMO4 is
associated with the pathogenesis of type I diabetes mellitus.
SUMO5 is first discovered in promyelocytic leukemia, which
mediates the growth and disruption of promyelocytic leukemia
nuclear bodies (Liang et al., 2016). However, whether SUMO5 is
expressed at the protein level remains controversial.

2.2 SUMOylation and deSUMOylation
Process
The SUMOylation starts from precursor synthesis, hydrolytic
activation to covalent binding to the substrate protein that relies
on the synergistic effect of three enzymes: E1 (SUMO-activating
enzyme); E2 (SUMO- transferring enzyme); and E3 (SUMO
ligase) (Yeh, 2009). First, SUMOs are activated by E1, and the
C-terminal glycine is connected to the cysteine residue of E1
through a thiolipid bond. Thus, its group is adenylated to provide
ATP energy and completes the activation of SUMOs. Then,
SUMOs are transferred to the cysteine residues of E2, which
can directly recognize the substrate, and finally couple SUMO to
the lysine of the substrate protein through an isopeptide bond

FIGURE 1 | Mechanisms of SUMOylation and deSUMOylation by transcription factors in renal fibrosis and therapeutic targets of natural products against renal
fibrosis via SUMOylation. Mechanisms of SUMOylation and deSUMOylation by transcription factors in renal fibrosis are including TGF-β/Smad signaling, HIF-1α
signaling, p53 pathway, ER/ERK pathway, NF-κB signaling, and β-catenin pathway. Smad4 is SUMOylated by SUMO1 and SUMO2/3. HIF-1α is SUMOylated by
SUMO1. P53 is SUMOylated by SUMO1 and SUMO2/3, and also is upregulate by HDAC2 and COX-2 SUMOylated by SUMO1. ER/ERK is SUMOylated by
SUMO2/3. NF-κBp65 is SUMOylated by SUMO1, SUMO2/3 and SUMO4, and also is upregulate by NEMO SUMOylated by SUMO2/3. PPARγ activated by SUMO
ligase E3 could inhibit NF-κB signaling. β-catenin is SUMOylated by SUMO1. SNEP1 deSUMOylates HIF-1α and p53. Additionally, SNEP6 deSUMOylates NEMO.
Ginkgolic acid promotes the expression of Smad4 by upregulating SUMO1, while inhibits the expression of p53 by downregulating SUMO2/3. Astragaloside IV
promotes the expression of HIF-1α by upregulating SUMO1 and downregulating SENP1. Gallic acid also promotes the expression of HIF-1α by downregulating SENP1.
Resveratrol induces SUMOylated COX-2 by SUMO1, thus enhancing the expression of p53. In addition, Resveratrol inhibits the expression of β-catenin by
downregulating SUMO1. Puerarin activates ER/ERK pathway by upregulating SUMO2/3. Ginsenoside Rg3 inhibits NF-κB by upregulating PPARγ via activating E3.
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residues. There are three main types of E3: activated STAT
protein inhibits protein inhibitor of activated STAT (PIAS)
family members, Pc2 and Ran BP2. It can enhance the
efficiency and specificity of E2 transferring SUMOs to
substrate proteins (K et al., 2021).

As a highly regulated and reversible process, SUMOylation is
regulated by a series of proteases (Wilkinson and Henley, 2010).
As one of the key proteases, SUMO-specific proteases (SENPs)
contain seven types (SENP1–3 and SENP5–8). SENP1/2 prefers
SUMO1–3 as the substrate (Wilkinson and Henley, 2010), while
SENP3/5 and SENP6/7 have broad specificity for SUMO2/3
(Mukhopadhyay and Dasso, 2007), and SENP8 does not act
on SUMO protein (Kunz et al., 2018). Under the action of
SENPs, SUMOs are cleaved from the substrate protein, and
the SUMOs precursor is processed into mature SUMOs re-
enter the new SUMO cycle.

The abnormal SUMOylation usually leads to disorders of
function of target proteins, and causes the damage of
important physiological processes (Bertke et al., 2019). The
balance of SUMOylation and deSUMOylation is crucial for
embryonic development, since knockout of SENP1, SENP2, or
SENP3 leads to embryonic lethality in mice (Chiu et al., 2008; Lao
et al., 2018).

3 SUMOYLATION IN RENAL FIBROSIS

SUMOs involve in many cellular processes including DNA
damage repair, protein stability regulation, cell cycle
progression and regulation of signal transduction (Eifler and
Vertegaal, 2015; Zeng et al., 2020). Consequently, abnormal
SUMO modification can also results in many diseases such as
cancers, diabetes, liver diseases, and kidney diseases (Bettermann

et al., 2012; Li et al., 2019; Yang et al., 2019; Xie et al., 2020; Zeng
et al., 2020). Especially, SUMOylation is activated by some
factors, such as hypoxia, metabolic stress, oxidation,
genotoxicity, and osmosis (Sun et al., 2018; Appelman et al.,
2021; Ma et al., 2021).

Notably, recent studies indicate that SUMOylation
functions as a critical role in maintaining renal fibrosis
process. As the final pathological process of kidney diseases,
renal fibrosis is caused by a decrease in matrix degradation,
inflammatory cell infiltration, dysregulation of cell-matrix
interaction, and the accumulation of extracellular matrix
(ECM) proteins, which mainly involves fibronectin, various
collagen and laminin. Although many researches have
described the pathogenesis of renal fibrosis, few studies have
investigated the role and mechanism of protein SUMOylation
during renal fibrosis. Under certain pathological conditions,
the signal pathway regulated by SUMOylation is associated
with the pathophysiological changes of renal fibrosis. The
regulation of renal fibrosis processes involves multiple
signaling pathways, therefore we will elaborate on the
SUMOylation of transcriptional factors and key mediators
in renal fibrosis (Table 1). The molecular mechanisms
involved in SUMOs and renal fibrosis are present in
Figure 1 and Figure 2.

3.1 The SUMOylation of Transcription
Factors in Renal Fibrosis
3.1.1 Smads
TGF-β/Smad signaling pathways play a critical role in renal
fibrosis through Smad and non-Smad pathways (Meng et al.,
2015; Frangogiannis, 2020). Sumoylation of type I TGF-β
receptor increases its ligand recruitment ability by

TABLE 1 | The SUMOylation of transcription factors and key mediators in renal fibrosis.

Model SUMO
proteins or enzymes

Target genes References

Modulating transcription factors
High glucose induced renal mesangial cells SUMO2/3 Smad4 Zhou et al. (2014)
Senp1(−/−) mice SENP1 HIF-1α Xu et al. (2010)
Co-culture models of glomerular endothelial cells with podocytes SENP1 HIF-1α Wang et al. (2015)
Puromycin aminonucleoside-induced podocyte SENP1 p53 Wang et al. (2014)
Renal mesangial cells SUMO1 p53 Wu et al. (2021)
Rat kidney proximal tubular cells SUMO2/3 p53 Guo et al. (2015)
HEK 293T, HCT- 116 p53−/− and all RKO cells SUMO1 p53 Wagner et al. (2015)
High glucose stimulated rat glomerular mesangial cells SUMO1 and SUMO2/3 NF-κB p65 Huang et al. (2013)
High glucose stimulated rat glomerular mesangial cells E3 NF-κB p65 Huang et al. (2017)
Lipopolysaccharide (LPS)-induced human renal proximal tubular cells E3 PPARγ Lu et al. (2013)
diabetic GK rats SUMO4 NF-κB p65 Chen et al. (2014)
C57BL/6 mice, HEK293T, MEF and RAW264.7 cells SUMO2/3 NEMO/IKKγ Liu et al. (2013)
C57BL/6 mice, HEK293T, MEF and RAW264.7 cells SENP6 NEMO Liu et al. (2013)

Modulating key mediators
C57/Bl6 mice and podocytes HEK-293T SUMO1 and SUMO2/3 Nephrin Tossidou et al. (2014)
Podocytes SUMO1 and SUMO2/3 CIN85 Tossidou et al. (2012)
HEK293 and HeLa cells SENP3 Drp1 Guo et al. (2017)
COS-7 fibroblasts SENP2 OAT3 Wang and You, (2019)
COS-7 fibroblasts SUMO2/3 OAT3 Wang et al. (2019)
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phosphorylation of Smad3 (Kang et al., 2008). Smad3 is involved
in TGF-β-mediated signaling pathway. E3 ligase PIASy
suppresses TGF-β signaling through SUMOylating Smad3 and
Smad4 (Imoto et al., 2008; Lee et al., 2014). SUMOylated Smad4
increases the activation of TGF-β1/Smad signaling (Lee et al.,
2003; Long et al., 2004; Wang Z. et al., 2018). In high glucose
induced renal mesangial cells, SUMOylation of Samd4 by
SUMO2/3 activates TGF-β/Smad signaling and then
upregulates the expression of fibronectin (Zhou et al., 2014).
In addition, some studies reveal that SUMO1 also enhances
Smad4 SUMOylation (Ohshima and Shimotohno, 2003; Wang
Z. et al., 2018; Liu et al., 2020). Ski and SnoN can inhibit TGF-β
pathway through blocking its interaction with Smads. Arkadia (a
RING domain E3 ubiquitin ligase) mediates noncovalent
interaction with poly-SUMO2, and activates TGF-β/Smad
signaling via degradation of Ski and SnoN (Erker et al., 2013).
Taken together, targeting SUMOylation of TGF-β/Smad
signaling might function as a promising therapeutic approach
against renal fibrosis.

3.1.2 HIF-1α Pathways
Decreased oxygen significantly affects gene expression, metabolic
changes and regeneration processes, including angiogenesis and
stimulation of stem cell proliferation, differentiation, and
migration (Hadanny and Efrati, 2020). Glomerular damage
leads to a decrease in oxygen supply, and recent studies have
emphasized the key role of hypoxia in the development of renal
fibrosis (Bessho et al., 2019; Ishiuchi et al., 2020;Wakashima et al.,
2020). The expression of SUMO proteins is increased under
conditions of hypoxia in vivo and in vitro (Comerford et al.,
2003; Shao et al., 2004).

The expression of hypoxia-inducible factor-1α (HIF-1α) in
kidney is upregulated under conditions of hypoxia (Bessho et al.,
2019). Meanwhile, the upregulation of HIF-1α expression can
improve the viability and angiogenesis of bone marrow
mesenchymal stem cells (Luo et al., 2019). Evidences show
that vascular endothelial growth factor A (VEGFA) promotes
the survival of bone marrow mesenchymal stem cells and
angiogenesis, while HIF-1α can upregulate the expression of
VEGFA (Utispan and Koontongkaew, 2021; Wang B. et al.,
2021). Hypoxia enhances the SUMOylation of HIF-1α by
SUMO1 and SUMO2/3 (Carbia-Nagashima et al., 2007);
whereas SENP1 could deconjugate SUMOylated HIF-1α and
reduce HIF-1α degradation during hypoxia (Cheng et al.,
2007). SENP1 enhances HIF-1α deSUMOylation and increases
VEGF production in endothelial cells following exposure to
hypoxia (Xu et al., 2010; Cui et al., 2017). In SENP1(−/−)
mice, the vascular endothelial cells in embryonic renal
glomeruli and the VEGF production were significantly reduced
(Xu et al., 2010). In co-culture models of glomerular endothelial
cells with podocytes, the expression of SENP1 in podocytes
increases under conditions of hypoxia, which induces
endothelial cells survival via deSUMOylation of HIF-1α
signaling (Wang et al., 2015). Therefore, SUMOylation of
HIF-1α has the potential to be clinically developed as an
antifibrotic target.

3.1.3 p53 Pathways
Podocyte apoptosis is a main cause of the decrease in the number
of podocytes, which can lead to proteinuria, glomerulosclerosis
and renal fibrosis. Recent studies found that the p53 protein
participates in the pathogenesis of podocyte apoptosis (Choy

FIGURE 2 |Mechanisms of SUMOylation and deSUMOylation by keymediators in renal fibrosis and therapeutic targets of natural products against renal fibrosis via
SUMOylation. Mechanisms of SUMOylation and deSUMOylation by key mediators in renal fibrosis are including podocyte apoptosis, and OAT3-mediated transfer
channels. As one of component of the slit diaphragm, nephrin is SUMOylated by SUMO1 and SUMO2/3. CD2AP promotes the expression of nephrin by inhibiting the
SUMOylation of CIN85. Drp1 is SUMOylated by SUMO1 and SUMO2/3. OAT3 is SUMOylated by SUMO2/3. SNEP3 deSUMOylates Drp1, and SNEP2
deSUMOylates OAT3. Ginkgolic acid inhibits the expression of nephrin by downregulating SUMO1 and SUMO2/3.
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et al., 2021; Liang et al., 2021; Yang et al., 2021). As a tumor
suppressor, p53 could safeguard the genome and prevent
malignant transformation by halting the cell cycle and
promoting apoptosis (Jiang et al., 2021; Thoms and Stark,
2021). p53 is increased under stimulation, and then
upregulates the expression of pro-apoptotic genes (Eliaš and
Macnamara, 2021). SUMOylated p53 could bind to the anti-
apoptotic factor Bax and Bcl-2, and lead to apoptosis
(Nowakowski et al., 2021). SENP1 deficiency significantly
increases podocyte apoptosis by increasing expression of the
p53 target pro-apoptotic genes (Noxa, PUMA and BAX) and
aggravating accumulation of SUMOylated p53 protein in
puromycin aminonucleoside-induced podocyte injury (Wang
et al., 2014b). Mesangial cell proliferation is a core
pathological feature of many kidney diseases. In renal
mesangial cells, Krϋppel-like factor 15 (KLF15) targeted
SUMO1 to inhibit cell proliferation via enhancing the stability
of p53 (Wu et al., 2021). However, ginkgolic acid (a
pharmacological inhibitor of SUMOylation) suppresses p53
SUMOylation by SUMO2/3 and enhances apoptosis in rat
kidney proximal tubular cells (Guo et al., 2015). SUMOylation
of histone deacetylase 2 (HDAC2) by SUMO1 reduced DNA
damage-induced apoptosis via deacetylation of p53 (Wagner
et al., 2015).

3.1.4 NF-κB Signaling
As a nuclear transcription factor, nuclear factor κB (NF-κB)
regulates the accumulation and release of cytokines and
adhesion molecules by leukocytes (Wenzl et al., 2021). During
the resting state, NF-κB binds to the inhibitor of κB (IκB) in the
cytoplasm (Lee et al., 2021). SUMOylation of NF-κB plays a core
role in the regulation of renal inflammation and fibrosis (Al
Za’abi et al., 2021; You et al., 2021). With the modification by
SUMO2/3, IκBα is separated from NF-κB, and enhance the
activation of NF-κB (Chang and Abe, 2016). In high glucose
stimulated rat glomerular mesangial cells, IκBα SUMOylation
reduces the expression of monocyte chemotactic protein 1 (MCP-
1), and ameliorates cellular inflammatory response through
inhibiting NF-κB signaling (Huang et al., 2013). As one of E3
ligases, PIAS promotes SUMOylation of NF-κB via enhancing the
expression of SUMO1 and SUMO2/3, and leads to the release of
MCP-1 and IL-6 from glomerular mesangial cells (Huang et al.,
2017).

The utilization of renal energy is partially determined by
peroxisome proliferator activated receptors (PPARs) mediated
fatty acid oxidation (Aranda-Rivera et al., 2021). PPARγ plays a
key role in physiological and pathological processes of renal
fibrosis. The reduction of PPARγ SUMOylation suppresses the
activation of anti-apoptotic and anti-inflammatory cytokines
through inhibiting the NF-κB activity (Xie et al., 2018; Zhao
et al., 2021b). In lipopolysaccharide (LPS)-induced human renal
proximal tubular cells, rosiglitazone (an agonist of PPARγ)
decreases chemokines expression via inhibiting NF-κB
activation by activating PPARγ SUMOylation (Lu et al., 2013).
SUMO4 also plays a key role in regulating NF-κB signaling in
glomerular cells (Chen et al., 2014). SUMOylation NEMO/IKKγ
(NF-κB essential modifier) by SUMO2/3 enhanced the activity of

NF-κB pathway, whereas SENP6 reverses this process by
catalyzing the deSUMOylation of NEMO (Liu et al., 2013).
These results indicate that the regulation of NF-κB
SUMOylation has become a potential therapeutic strategy for
renal fibrosis.

3.2 The SUMOylation of Key Mediators in
Renal Fibrosis
3.2.1 Podocyte Apoptosis Pathway
Podocyte injury is the basic pathological feature of many kidney
diseases, including decreased expression of the fissure membrane
components and ultrastructural changes. Recently, SUMOylation
has also been implicated in podocyte injury. As one of
components of the slit diaphragm, nephrin is a target protein
for SUMOylation by SUMO1 and SUMO2/3 (Tossidou et al.,
2014). In podocytes, SUMOylation plays a key role in the tight
orchestration of nephrin turnover at the slit diaphragm. The
SUMOylation inhibitor ginkgolic acid decreases PI3K/AKT
signaling and reduces membrane expression of nephrin
(Tossidou et al., 2014). Besides nephrin, CD2-associated
protein (CD2AP) also plays a crucial role in slit diaphragm
(Chung et al., 2020; Basgen et al., 2021). Due to high sequence
and structural similarities with CD2AP, Cbl-interacting protein
of 85 kDa (CIN85) is a binding partner of nephrin and then
increases endocytosis of nephrin (Tossidou et al., 2010). CD2AP
reduces the binding of CIN85 to nephrin via CIN85
SUMOylation (Tossidou et al., 2012).

Mitochondrial dysfunction caused excessive mitochondrial
fission, and then promoted podocyte apoptosis through the
overproduction of reactive oxygen species (Su et al., 2021; Zhu
et al., 2021). Moreover, mitochondrial dysfunction in damaged
podocytes causes the development of marked glomerulosclerosis
and albuminuria (Zhou et al., 2019). SUMOylation of dynamin-
related protein (Drp) 1 activates mitochondrial autophagy and
inhibits ROS production via regulating mitochondrial
morphology and division (Din et al., 2013). SUMO1
SUMOylates Drp1, and then prevents the mitochondrial
translocation (Jin et al., 2021). On the other hand, SENP2
deSUMOylates Drp1 by removing SUMO1, whereas SENP3
and SENP5 removes SUMO2/3 from deSUMOylation of Drp1
(Fu et al., 2014; Shimizu et al., 2016). DeSUMOylation of Drp1 by
SENP3 promotes cell death by enhancing Drp1 partitioning to
the mitochondrial outer membrane and improving cytochrome c
release and apoptosis (Guo et al., 2017).

3.2.2 OAT3-Mediated Transfer Channels
Organic anion transporter 3 (OAT3) is an important transporter
that located in the basolateral membrane of proximal renal
tubules. OAT3 plays vital parts in removing a variety of drugs
from the kidney, so as to avoid their possibly toxic side effects in
the body (Fu et al., 2021). Activated OAT3 attenuates renal lipid
accumulation and alleviates renal injury associated with renal
inflammation and fibrosis in high-fat diet-induced obese rats
(Pengrattanachot et al., 2020). In COS-7 fibroblasts, the
downregulation of Senp2 results in an increased OAT3
SUMOylation via enhancing OAT3 expression and transport
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activity (Wang and You, 2019). In addition, protein kinase A
(PKA) accelerates the OAT3 SUMOylation by SUMO2/3 (Wang
et al., 2019).

4 NATURAL PRODUCTS AGAINST RENAL
FIBROSIS VIA REGULATING
SUMOYLATION

4.1 Natural Products Against Renal Fibrosis
via Regulating the SUMOylation of
Transcription Factors
Numerous natural products have been widely applied to the
treatment of fibrosis via inhibition of SUMOylation (Table 2).
However, few studies have investigated the role and mechanism
of natural products against renal fibrosis via modulating
SUMOylation. Recent studies reveal that ginkgolic acid, a
natural product from ginkgo, could regulate the SUMOylation
of p53 to attenuate renal fibrosis (Tossidou et al., 2014; Guo et al.,
2015).

Astragaloside IV, isolated from Astragalus membranaceus,
plays a key role in antioxidant, antifibrosis, antitumor and
anti-diabetic effects (Zhang et al., 2020). Astragaloside IV
improves angiogenesis in adverse hypoxic conditions through
stabilizing the presence of HIF-1α protein via enhancing SUMO1
expression (Wang B. et al., 2021).

Additionally, natural products also play protective effects via
SUMOylation in extrarenal tissue. Wnt/β-catenin signaling
pathway plays a key role in promoting fibrosis (Li. S. S. et al.,
2021). Resveratrol, a natural active antioxidant, alleviates
inflammatory response and fibrosis by modulating SUMO1
through Wnt/β-catenin pathway in dextran sodium sulfate-
induced inflammatory bowel disease mice (Wang et al., 2020).
Resveratrol also induces SUMOylated cyclooxygenase (COX)-2
by SUMO1, thus enhancing the expression of pro-apoptotic genes
via activating p53 in human prostate cancer LNCaP cells and
human ovarian carcinoma (OVCAR-3) cells (Lin et al., 2011;
Cheng et al., 2018). In heart failure mice, astragaloside IV reduces
the levels of reactive oxygen species (ROS), and improves cardiac

function by inhibiting the overexpression of SENP1 (Liu et al.,
2021). Meanwhile, astragaloside IV promotes the proliferation
and migration of vascular endothelial cells and antagonizes the
adverse microenvironment of hypoxia and high glucose by
enhancing SUMO1 expression in human umbilical vein
endothelial cells (Wang B. S. et al., 2021). In cardiomyocytes,
puerarin attenuates cellular inflammatory response and fibrosis
through activating ER/ERK pathway by increasing the expression
of SUMO2 (Zhao et al., 2021a). In oral squamous cell carcinoma
cells, ginkgolic acid suppresses tumorigenicity and tumor
progression through inhibition of the enhancement of
SUMOylation of Smad4 (Liu et al., 2020). Ginsenoside Rg3,
extracted from Panax ginseng, inhibits NF-κB signaling
through increasing the phosphorylation of RanBP2
(E3 SUMO-protein ligase) in breast cancer cells (Zou et al., 2018).

Numerous studies have demonstrated that SENP1 could bind
to HIF-1α for deSUMOylation (Bai et al., 2021; Taghvaei et al.,
2021). Gallic acid plays an essential role in antioxidant, anti-
inflammatory, antimutagenic and anticancer through reducing
deSUMOylation via inhibiting SENP1 expression (Taghvaei et al.,
2021). Natural products against renal fibrosis via regulating the
SUMOylation of transcription factors are present in Figure 1.

4.2 Natural Products Against Renal Fibrosis
via Regulating the SUMOylation of Key
Mediators
Ginkgolic acid, extracted from Ginkgo biloba leaves and seed
coat, have beneficial effects including anti-inflammatory (Li et al.,
2018), antitumor (Zhao Q. et al., 2021), and anti-bacterial effects
(Bhutta et al., 2021). Unfortunately, ginkgolic acid could
aggravate kidney damage by enhancing apoptosis and
downregulating the expression of nephrin. Ginkgolic acid
enhances apoptosis through suppressing SUMOylation by
SUMO2/3 and sensitizes renal tubular cells to apoptosis
during cisplatin treatment of rat kidney proximal tubular cells
(Guo et al., 2015). Additionally, ginkgolic acid reduces membrane
expression of nephrin via suppressing SUMOylation by SUMO1
and SUMO2/3, leading to a significant proteinuria in mice
(Tossidou et al., 2014). Natural products against renal fibrosis

TABLE 2 | Natural products and therapeutic targets against renal fibrosis via SUMOylation.

Compounds Resource SUMO
proteins or enzymes

Therapeutic target References

Modulating transcription factors
Ginkgolic acid Ginkgo SUMO2/3 p53 Guo et al. (2015)

SUMO1 Smad4 Liu et al. (2020)
Astragaloside IV Astragalus membranaceus SUMO1 HIF-1α Wang et al. (2021)

SENP1 — Liu et al. (2021)
SUMO1 — Wang et al. (2021a)

Resveratrol Vitis L., Veratrum L., Arachis, Polygonum SUMO1 β-catenin Wang et al. (2020)
SUMO1 COX-2 Cheng et al. (2018); Lin et al. (2011)

Puerarin Radix Puerariae SUMO2 ER/ERK Zhao et al. (2021)
Gallic acid gallnut, sumac, tea leaves, and oak bark SENP1 HIF-1α Taghvaei et al. (2021)
Ginsenoside Rg3 Panax ginseng E3 NF-κB Zou et al. (2018)
Modulating key mediators
Ginkgolic acid Ginkgo SUMO1 and SUMO2/3 nephrin Tossidou et al. (2014)
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via regulating the SUMOylation of key mediators are present in
Figure 2.

5 DISCUSSION AND CONCLUSION

In summary, the present study provides a systemic review of
the role of SUMOylation in renal fibrosis, and the therapeutic
effects of natural products through modulating transcription
factors and key mediators. The pathological processes of renal
fibrosis are regulated by complex signal pathways and factors,
thus leading to a series of stress responses. The imbalance of
protein SUMOylation is involved signal pathways and factors
in renal fibrosis. SUMOylation significantly affects renal
fibrosis through modulating transcription factors and key
mediators, including Smads, HIF-1α, p53, NF-κB, podocyte
apoptosis pathway, OAT3-mediated transfer channels, and
Wnt/β-catenin pathway.

However, the effective treatment via SUMOylation remains a
formidable challenge. The lack of effective treatment for renal
fibrosis indicates that a deep understanding of the molecular
mechanisms contributing to renal fibrosis remain urgent.
Fortunately, researches of natural products in modulating
SUMOylation have been carried out recently, which probably
reveals the role of SUMOylation in the progression of renal
fibrosis soon, including astragaloside IV, resveratrol, puerarin,
gallic acid, and ginsenoside Rg3.

Additionally, the techniques that help to high-throughput
screening of effective natural products targeting SUMOylation
also facilitate to discover the candidate drug for treating renal
fibrosis via modulating SUMOylation. It is worth noting that
natural products mentioned above still needs more attention
since the lack of underlying mechanism are far not enough for a
candidate drug clinically. The detailed and in-depth basic
research are urgent to investigate the underlying mechanisms
of natural products against renal fibrosis, and the finding in
reveal novel signaling pathways and treatment targets are
necessary.
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Fucoidan Alleviates Renal Fibrosis in
Diabetic Kidney Disease via Inhibition
of NLRP3 Inflammasome-Mediated
Podocyte Pyroptosis
Mei-Zi Wang1,2,3†, Jie Wang1,2†, Dong-Wei Cao4†, Yue Tu5, Bu-Hui Liu1, Can-Can Yuan1,
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Social Sciences, Faculty of Social Sciences, Hitotsubashi University, Tokyo, Japan, 7Jilin Province Huinan Chonglong Bio-
Pharmacy Co., Ltd., Huinan, China

Background: Fucoidan (FPS) has been widely used to treat renal fibrosis (RF) in patients
with diabetic kidney disease (DKD); however, the precise therapeutic mechanisms remain
unclear. Recently, research focusing on inflammation-derived podocyte pyroptosis in DKD
has attracted increasing attention. This phenomenon is mediated by the activation of the
nucleotide-binding oligomerization domain (Nod)-like receptor family pyrin domain-
containing 3 (NLRP3) inflammasome, leading to RF during DKD progression.
Therefore, we designed a series of experiments to investigate the ameliorative effects
of FPS on RF in DKD and the mechanisms that are responsible for its effect on
NLRP3 inflammasome-mediated podocyte pyroptosis in the diabetic kidney.

Methods: The modified DKD rat models were subjected to uninephrectomy, intraperitoneal
injection of streptozotocin, and a high-fat diet. Following induction of renal injury, the animals
received either FPS, rapamycin (RAP), or a vehicle for 4weeks. For in vitro research, we
exposed murine podocytes to high glucose and MCC950, an NLRP3 inflammasome inhibitor,
with or without FPS or RAP. Changes in the parameters related to RF and inflammatory
podocyte injury were analyzed in vivo. Changes in podocyte pyroptosis, NLRP3 inflammasome
activation, and activation of the adenosine monophosphate-activated protein kinase (AMPK)/
mammalian target of rapamycin complex 1 (mTORC1)/NLRP3 signaling axis involved in these
changes were analyzed in vivo and in vitro.

Results: FPS and RAP ameliorated RF and inflammatory podocyte injury in the DKD
model rats. Moreover, FPS and RAP attenuated podocyte pyroptosis, inhibited NLRP3
inflammasome activation, and regulated the AMPK/mTORC1/NLRP3 signaling axis in vivo
and in vitro. Notably, our data showed that the regulative effects of FPS, both in vivo and
in vitro, on the key signaling molecules, such as p-AMPK and p-raptor, in the AMPK/
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mTORC1/NLRP3 signaling axis were superior to those of RAP, but similar to those of
metformin, an AMPK agonist, in vitro.

Conclusion:We confirmed that FPS, similar to RAP, can alleviate RF in DKD by inhibiting
NLRP3 inflammasome-mediated podocyte pyroptosis via regulation of the AMPK/
mTORC1/NLRP3 signaling axis in the diabetic kidney. Our findings provide an in-depth
understanding of the pathogenesis of RF, which will aid in identifying precise targets that
can be used for DKD treatment.

Keywords: fucoidan, diabetic kidney disease, renal fibrosis, podocyte pyroptosis, NLRP3 inflammasome

INTRODUCTION

An increasing body of evidence in both clinical and experimental
animal models has shown that inflammation is an important
contributor to renal fibrosis (RF) in the progression of diabetic
kidney disease (DKD) (Cooper andWarren, 2019). Inflammatory
podocyte injury is the key pathogenic factor that triggers and
sustains RF, which is closely associated with renal dysfunction
and renal failure (Dai et al., 2017). Therefore, precision therapies
that protect against podocyte inflammation are considered to
have great significance in treatment of RF in DKD. Inflammation-
derived podocyte pyroptosis is a newly discovered cell death
pathway that plays a critical role in podocyte injury in DKD (Lin
et al., 2020). Pyroptosis is mediated by the nucleotide-binding
oligomerization domain (Nod)-like receptor family pyrin
domain-containing 3 (NLRP3) inflammasome activation,
caspase activation, cell membrane pore formation
characterized by gasdermin D (GSDMD), and release of
interleukin (IL)-1β and IL-18. NLRP3 inflammasome
activation plays a central role in pyroptosis (He et al., 2015;
Shi et al., 2015; Liu et al., 2016). It has been demonstrated that
podocytes, as a group of renal residential cells, express all the
necessary components of NLRP3 inflammasome, which is
activated and contributes to inflammatory damage induced by
high glucose (HG) (Xiong et al., 2020). In addition, Birnbaum
et al. (2018) report a combination of sodium-dependent glucose
transporters-2 inhibitor and dipeptidyl peptidase-4 (DPP-4)
inhibitors can delay DKD progression, and that their
therapeutic actions are closely related to the inhibition of
NLRP3 inflammasome activation. Therefore, it is possible to
alleviate inflammatory podocyte injury in glomeruli of kidneys
affected by DKD by targeting NLRP3 inflammasome activation.

NLRP3 inflammasome can be activated by diverse stimuli and
involves multiple signaling pathways, including the reactive
oxygen species/thioredoxin-interacting protein, nuclear factor
(NF)-κB, nuclear factor erythroid-related factor 2, long non-
coding RNA, and mitogen-activated protein kinases (Paik
et al., 2021). In addition, some studies demonstrated the
NLRP3 inflammasome’s crucial role in pyroptosis initiation
and pro-inflammatory cytokine production in DKD (Xiong
et al., 2021). For instance, NLRP3 deficiency in diabetic mice
significantly blocks Caspases-1 mediated IL-1β secretion and
protects against renal injury in vivo (Yu et al., 2020). A strong
upregulation of pyroptosis-related proteins, including NLRP3
and Caspase-1, in diabetic tissue has been observed (Lin et al.,

2020). Additional research showed that many signaling
mechanisms of NLRP3 inflammasome activation are involved
in diabetic complications. Zhang et al. (2017) found that
autophagy can downregulate NLRP3 inflammasome via
mammalian target of rapamycin (mTOR) signaling.
Accordingly, Yang et al. (2019) reported that NLRP3
inflammasome can be inhibited by metformin and rapamycin
(RAP, an mTOR inhibitor) by targeting the adenosine
monophosphate-activated protein kinase (AMPK)/mTOR
complex 1 (mTORC1)-dependent effects in diabetic
cardiomyopathy. Thus, we suggest that regulating the AMPK/
mTORC1-related signaling axis is of great importance in the
inhibition of NLRP3 inflammasome activation.

Fucoidan (FPS) is a class of fucose-rich sulfated carbohydrates
found in brown marine algae and echinoderms, and it was
recently identified in Laminaria japonica, a traditional Chinese
herbal medicine (vanWeelden et al., 2019). Previous studies have
indicated that FPS has an attractive array of bioactivities and
potential applications, including anti-inflammation and anti-
cancer activities as well as the inhibition of the immune
response and of pathogens (Fitton et al., 2015). Over the last
few years, research into FPS has continued to gained pace and
suggests potential therapeutic or beneficial roles in DKD (Wang
et al., 2019). Chen et al. (2015) reported that lowmolecular weight
FPS ameliorates DKD by inhibiting epithelial-mesenchymal
transition (EMT) and RF. Despite this, the pharmacological
mechanistic link between anti-RF actions and protection
against podocyte inflammation correlated with diabetic kidney
remains poorly understood.

In this study, we used a modified DKD rat model and murine
podocytes to assess the ameliorative effects of FPS on RF and
inflammatory podocyte injury in vivo and in vitro and to clarify
the anti-RF mechanisms of FPS via targeting
NLRP3 inflammasome-mediated podocyte pyroptosis in the
diabetic kidney. These results may provide a precise
therapeutic strategy for RF in patients with DKD.

MATERIALS AND METHODS

Animals, Drug, and Reagents
All experiments were performed using male Sprague-Dawley rats
weighing 200–220 g, purchased from the Experimental Animal
Centre of Nanjing University (Nanjing, China) (License No:
SCXK [Shanghai] 2012-0006). All rats were housed (six rats/
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cage) at 22 ± 3°C and 50 ± 10% humidity using a 12 h light/dark
cycle, fed a specific pathogen-free grade standard rat chow (catalogue
number 1010008) fromXietong Pharmaceutical Bio-engineering Co.,
Ltd. (Nanjing, China), and provided tap water ad libitum in the
Experimental Animal Centre of Nanjing Drum Tower Hospital, the
AffiliatedHospital of Nanjing UniversityMedical School. The animal
ethics committee of Nanjing UniversityMedical School approved the
surgical procedures and protocols. FPS (C6H10O7S, CAS: 9072-19-9)
was obtained from Jilin Province Huinan Chonglong Bio-Pharmacy
Co., Ltd. (Huinan, China), and dissolved in 10% dimethyl sulfoxide at
a concentration of 1 g/L. RAP and lipopolysaccharide (LPS) were
purchased from Gene Operations (Shanghai, China). Novolin N was
obtained from Novo Nordisk Company (Tianjin, China). STZ was
purchased from Sigma-Aldrich (St. Louis, MO, United States). The
total protein extraction kit and bicinchoninic acid protein assay kit
were provided by Key-Gentec (Nanjing, China). Antibodies against
fibronectin (FN), collagen type I (collagen I), transforming growth
factor-β1 (TGF-β1), Smad2/3, IL-6, toll-like receptor 4 (TLR4),
phosphorylated AMPK (p-AMPK), raptor, phosphorylated raptor
(p-raptor), mTORC1, phosphorylated mTORC1 (p-mTORC1),
CD2-associated protein (CD2AP), and glyceraldehydes-3-
phosphate dehydrogenase (GAPDH) were obtained from Cell
Signalling Technology (Danvers, MA, United States). Antibodies
against nephrin, podocin, neph1(KIRREL), NLRP3, C-terminal
caspase recruitment domain (ASC), pro IL-18, pro IL-1β, IL-1β,
IL-18, and β-actin were obtained from Abcam (Cambridge,
United Kingdom). Antibodies against Caspase-1, pro-Caspase-1,
and cleaved-Caspase-1 were obtained from Absin (Shanghai,
China). Antibodies against GSDMD and GSDMD-N were
obtained from Proteintech (Wuhan, China).

Animal Experimental Design
Twenty-six rats were divided into four groups using a random
number table, with five, seven, seven, and seven rats in the sham-
operated group, the DKD model group, the FPS-treated group,
and the RAP-treated group, respectively. In particular, the left
kidney was exposed during surgery for the rats in the sham-
operated group. The rats were then given distilled water and a
standard diet for 18 weeks. In contrast, the rats in the other three
groups were given a 40% high-fat diet containing 19.8% fat, 22.3%
crude protein, and 44.6% carbohydrates, for 4 weeks. The rats in
these three groups were then subjected to left nephrectomy and
received two intraperitoneal injections (3 days apart) of STZ at a
dosage of 35 mg/kg. This process lasted for 10 weeks, finally
establishing a modified rat model of DKD, as described in detail
in our previous studies (Mao et al., 2015; Wu et al., 2017; Wu
et al., 2018; Han et al., 2019). Once the DKD rat models had been
established, we used gastric gavage to administer appropriate
daily treatments: FPS was administered to rats in the FPS-treated
group (abbreviated as the FPS group), while the rats of the sham-
operated group, the DKD model group, and the RAP-treated
group (abbreviated as the Sham, the Vehicle, and the RAP
groups) were treated with 2 ml of distilled water (vehicle) or
RAP, respectively. After 4 weeks of treatment with the different
interventions, all rats were anesthetized and sacrificed by cardiac
puncture. Blood, urine, liver, and kidneys were collected for the
detection of various indicators. The in vivo experimental process

is shown in Supplementary Figure S1. In the clinic, 600 mg/day
of FPS is normally used to treat a 60 kg patient with CKD. Based
on the standard animal conversion formula, the effective amount
of FPS in a rat weighing 200 g was determined to be 120 mg/kg/
day. The RAP dose used in this experiment (1 mg/kg/day) was
used previously by Wu et al. (2018). Two rats died in the Vehicle,
FPS, and RAP groups, respectively, due to severe diabetes and its
associated complications during the experiment. Therefore, at the
end of the experiment, only five rats were included in each group.

Biochemical Parameters
Body weight (BW) and blood glucose (BG) were tested before
modeling and every 2 weeks thereafter. The left kidneys of rats in
the experimental groups were removed and weighed after cardiac
puncture. After 4 weeks of drug intervention, the rats were
anesthetized, and blood samples (5 ml) were drawn from the
heart. A range of biochemical parameters were tested, including
serum alanine transaminase (ALT), serum aspartate transaminase
(AST), serum creatinine (Scr), and blood urea nitrogen (BUN) levels.
Prior to sacrifice, we collected urinary samples from the four groups
and used these samples to detect 24 h urinary albumin (UAlb) levels.
Chromatometry was used to determine these parameters, as
previously described (Liu et al., 2019).

Foot Process Form and Glomerular
Basement Membrane Thickness
Tissue samples from renal cortex for electron microscopy (EM)
assessment were fixed in 2.5% glutaraldehyde in 0.1 mol/L
phosphate buffer (PB) for several days at 4°C. After washing
in PB and post-fixing in 1% osmium tetroxide (OsO4) for 2 h, the
fixed material was dehydrated through an ethanol propylene
oxide series and embedded in Araldite M. Ultrathin sections
were prepared and stained with uranyl acetate and lead citrate,
and foot process form and GBM thickness were observed and
photographed under a JEM-1011 transmission electron
microscope (JEOL, Tokyo, Japan). Five glomeruli were
randomly selected from each section. According to the method
described by Haas (2009), GBM thickness was directly measured
and calculated using Image-Pro Plus (IPP) 6.0 software (Media
Cybernetic). The results were confirmed by a professional
pathologist.

Immunohistochemistry and Histological
Assay
Kidney samples were fixed in 4% paraformaldehyde and
embedded in paraffin. Sections of 3 μm thickness were cut
perpendicularly to the long axis of the kidney for
immunohistochemistry (IHC) and morphometric analyses. For
IHC analysis, the paraffin-embedded kidney sections were
deparaffinized in xylene, hydrated in graded alcohol and
water, and subsequently placed in 3% hydrogen peroxide
(H2O2) to eliminate endogenous peroxidase activity. Then, the
sections were blocked with normal goat serum, followed by
incubation with anti-podocin, anti-CD2AP, anti-FN, anti-
collagen I, anti-NLRP3, anti-ASC, and anti-Caspase-1
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antibodies overnight at 4°C, and then with goat anti-rabbit IgG
for 30 min at 37°C. The sections were stained with
diaminobenzidine, counterstained with hematoxylin,
dehydrated with gradient ethanol, purified with xylene, and
fixed with neutral balsam. The proportion (%) of positively
stained glomerular area across five fields of view was analyzed
using IPP. For histological analysis, the sections were stained
with periodic acid-Schiff (PAS) staining, Masson’s trichrome
staining, and hematoxylin-eosin (H&E) staining. The kidney
and liver sections were examined using light microscopy (LM).
Five sections (PAS staining) from each group were randomly
selected to calculate glomerular cell population (GCP) per
glomerulus by IPP. Analogously, five sections (Masson
staining) from each group were randomly selected to
calculate the area of extracellular matrix (ECM) and the area
of collagen per glomerulus by IPP. Liver sections were stained

with H&E. These results were confirmed by a professional
pathologist.

Immunofluorescence in Vivo Assay
Paraffin-embedded kidney sections were used to assess the co-
localization of zonula occludens-1 (ZO-1) and GSDMD-N. First,
the sections were subjected to microwave-based antigen retrieval
using ethylene diamine tetraacetic acid antigen retrieval solution
(pH 8.0), followed by tyramide signal amplification (TSA).
Briefly, the following steps were performed: 1) incubation of
sections with anti-GSDMD-N (1:200; Abcam; EPR20829-408) at
4°C overnight, 2) incubation with horseradish peroxidase (HRP)
(1:500; Servicebio)-conjugated secondary antibody for 50 min at
room temperature, 3) reaction with CY3-TSA (Servicebio, China)
for 10 min in the dark, 4) removal of nonspecific binding
antibodies by microwave treatment, 5) incubation with anti-

FIGURE 1 | Effects of FPS and RAP on GS and renal function in vivo. (A) The staining of PAS and Masson stains in the diabetic kidneys (×400). Scale bar = 50 μm.
(B) The number of GCP. (C) The rate of ECM area/glomerular area. (D) The rate of collagen area/glomerular area. (E,F) The levels of Scr and BUN. (G) The dynamic
changes in BG after drug intervention during 4 weeks. The data are expressed as the mean ± SD.
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ZO-1 (1:200; Servicebio) at 4°C overnight, 6) incubation with
HRP (1:500; Servicebio)-conjugated secondary antibody for
50 min in the dark, 7) reaction with fluorescein
isothiocyanate-TSA (Servicebio; China) for 10 min in the dark,
and 8) staining with diamidine phenyl indole solution for 10 min.
The images were captured by fluorescence microscopy using
excitation wavelengths of 330–380 nm (blue), 510–560 nm
(red) and 515–555 nm (green). The proportion (%) of

positively stained glomerular area across three fields of view
was analyzed using IPP. The results were confirmed by a
professional pathologist.

Western Blotting in Vivo Analysis
Western blotting (WB) analysis was performed as previously
described (Wang et al., 2021). The protein expression levels of
FN, collagen I, TGF-β1, Smad2/3, podocin, CD2AP, nephrin,

FIGURE 2 | Effects of FPS and RAP on the expression levels of FN and collagen I in vivo. (A) The immunostaining of FN and collagen I in glomeruli (×400). Scale bar
= 50 μm. (B,C) The positive area of FN and collagen I in glomeruli. (D) The WB analysis of FN and collagen I in the diabetic kidneys. (E,F) The rate of FN and collagen I to
GAPDH, respectively. The data are expressed as the mean ± SD.
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neph1, IL-6, TLR4, GSDMD, GSDMD-N, NLRP3, ASC, pro-
Caspase-1, cleaved-Caspase-1, p-AMPK, p-raptor, raptor,
p-mTORC1, mTORC1, GAPDH, and β-actin were examined,
respectively. WB analysis was then performed on kidney samples
from each group. We used the protocol described in our previous
publications (Tu et al., 2020; Liu et al., 2021b).

Cell Culture Treatment
An immortalized mouse podocyte cell-5 line (MPC-5 cells)
was kindly provided by Dr. Jian Yao (University of
Yamanashi, Chuo, Japan) and cultured as described
previously (Liu et al., 2021b). In brief, MPC-5 cells were
cultured at a permissive temperature (33°C) in 5% carbon
dioxide (CO2) in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% fetal bovine serum (FBS; Gibco,
Grand Island, NY, United States) and recombinant interferon
(IFN)-γ (10 U/ml, Cambridge, United Kingdom). Following
passage, MPC-5 cells were cultured at 37°C in 5% CO2 for
14 days in DMEM without IFN-γ to induce differentiation.
The cells were then exposed to HG (30 mmol/L D-glucose)
and MCC950 (10 μmol/L, an NLRP3 inhibitor), with or

without FPS, at a dose of 20 μg/ml or RAP at a dose of
20 nmol/L for 24 h. For this experiment, the doses of FPS,
RAP, and MCC950 were described by Liu et al. (2021a), Wu
et al. (2018), and Liu et al. (2021b), respectively.

Cell Viability Assessment
The viability of MPC-5 cells was assessed using the cell
counting kit (CCK-8) (Beyotime, Shanghai, China). The
cells were seeded into 96-well plates, with three replicate
wells for each group, at a density of 1 × 104 cells per well,
in 100 μl medium. After the cells were incubated for the
indicated time period, 10 μl of CCK-8 solution was added to
each well, followed by incubation for 2 h. The optical density
was determined at an absorbance of 450 nm, and cell viability
was calculated.

Immunofluorescence in Vitro Assay
First differentiated podocytes grown on glass coverslips were
fixed with paraformaldehyde (4% in PBS) and permeabilised
with Triton ×-100 (0.25%). Then the cells were incubated
with primary antibody directed against GSDMD-N (1:200) at

FIGURE 3 | Effects of FPS and RAP on the TGF-β1/Smad2/3 pathway in vivo. (A) TheWB analysis of TGF-β1 and Smad2/3 I in the diabetic kidneys. (B,C) The rate
of TGF-β1 and Smad2/3 to GAPDH or β-actin, respectively. The data are expressed as the mean ± SD.
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4°C overnight. Next, the coverslips were incubated with Alexa
Fluor 488 goat anti-rabbit IgG (1:200) as a secondary
antibody for 1 h at room temperature. Finally, the
coverslips were mounted with Fluoroshield™ and 4′,6-
diamidine-2′-phenylindole dihydrochloride (DAPI; F6057,
Sigma-Aldrich, blue fluorescent dye) for 10 min in the
dark. The images were acquired using an epifluorescence
inverted microscope (IX81, Olympus, Tokyo, Japan)
equipped with a cell imaging software (Soft Imaging
System GmbH, Munster, Germany). The results were
confirmed by a professional pathologist.

WB In Vitro Analysis
MPC-5 cells were treated with appropriate treatments for
24 h. Following treatment, the cell lysates were separated
by gel electrophoresis and blotted with antibodies against
GSDMD, GSDMD-N, NLRP3, ASC, pro-Caspase-1,

cleaved-Caspase-1, pro IL-18, IL-18, pro IL-1β, IL-1β,
p-AMPK, p-raptor, raptor, p-mTORC1, mTORC1, GAPDH
and β-actin, respectively. HRP-conjugated anti-rabbit IgG
antibody was used as the secondary antibody. WB analysis
was then performed on the samples of cells from each group.
We used the protocol described in our previous publications
(Tu et al., 2020; Liu et al., 2021b).

Statistical Analysis
The WB assessment was repeated at least three independent
times, and the individual data were subjected to densitometric
analysis. The data are expressed as the mean ± standard deviation
(SD). Statistical analysis was performed by one-way analysis of
variance (ANOVA) on normally distributed data, with least
significant difference (LSD) post-hoc test, or non-parametric
Kruskal–Wallis test if not. A p-value < 0.05 or <0.01 indicated
a statistically significant difference.

FIGURE 4 | Effects of FPS and RAP on foot process form, GBM thickness, and the expression characteristics of podocin and CD2AP in vivo. (A) The ultra-
microstructure of foot process form and GBM (×11,500). Scale bar = 500 nm. (B) The GBM thickness. (C) The immunostaining of podocyte and CD2AP in glomeruli
(×400). Scale bar = 50 μm. (D,E) The positive area of podocin and CD2AP in glomeruli. The data are expressed as the mean ± SD.
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RESULTS

FPS and RAP Ameliorate Renal Fibrosis In
Vivo
As is widely known, the pathomorphological changes of RF in
DKD are mainly characterized by glomerular sclerosis (GS)
(Alicic et al., 2017). Thus, we first studied the effects of FPS
and RAP on GS in these DKDmodel rats. In Figure 1A, we found
that, compared with the Sham group rats, after modeling, the
obvious pathological changes in the Vehicle group rats, including
glomerular mild hypertrophy, capillary loop area reduction,
glomerular cell proliferation, ECM expansion, and collagen
deposition were detected. After treatment with FPS or RAP,
the degree of pathological changes in GS in these DKD model
rats, including GCP, and the rates of ECM and collagen area to
glomerular area were improved significantly when compared to
the Vehicle group rats (Figures 1B–D). In addition, after

treatment with FPS or RAP, the decreasing tendency of BUN
and Scr in the FPS and RAP group rats was also observed at
different degrees when compared to the Vehicle group rats
(Figures 1E,F). Here, notably, in Figure 1G, we found that
FPS and RAP did not affect hyperglycemia in these modified
DKD model rats.

We then examined the effects of FPS and RAP on the
expression levels of FN and collagen I as the markers of RF in
the kidneys of these DKD model rats by PAS staining and WB
analysis. In Figures 2A,D, we found that, compared with the
Sham group rats, after modeling, the altered immunostaining
extent of FN and collagen I in glomeruli and the higher protein
expression levels of FN and collagen I in the kidneys of these
DKD model rats were detected, respectively, and significantly
improved in the FPS and RAP group rats after treatment with FPS
or RAP when compared to the Vehicle group rats (Figures
2B,C,E,F).

FIGURE 5 | Effects of FPS and RAP on the expression levels of podocin, CD2AP, nephrin, and neph1 in vivo, as well as UAlb in the DKD model rats. (A) The WB
analysis of podocin, CD2AP, nephrin, and neph1 in the diabetic kidneys. (B–E) The rate of podocin, CD2AP, neph1, and nephrin to GAPDH, respectively. (F) The
dynamic change of UAlb after drug intervention during 4 weeks. The data are expressed as the mean ± SD.
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Further, using WB analysis, we investigated the effects of FPS
and RAP on the TGF-β1/Smad2/3 pathway as a given signaling
mechanism inducing RF in the kidneys of these DKD model rats.
In Figure 3A, after modeling, the increased protein expression
levels of TGF-β1 and Smad2/3 in the kidneys of these DKDmodel
rats were appeared, respectively, and significantly decreased in
the FPS and RAP group rats when compared to the Vehicle group
rats (Figures 3B,C).

In brief, the above results showed that FPS and RAP
significantly ameliorated RF in the DKD model rats.

FPS and RAP Alleviate Inflammatory
Podocyte Injury In Vivo
During the progression of DKD, inflammatory podocyte injury is
an important mechanism by which hyperglycemia contributes to
GS (Alicic et al., 2017). We first investigated the effects of FPS and
RAP on foot process form and GBM thickness by EM in these
DKDmodel rats. In Figure 4A, we found that, compared with the
Sham group rats, widened, shortened, and fused foot processes
were clearly evident in the Vehicle group rats. After treatment
with FPS or RAP, foot process effacement in these DKD model
rats was significantly improved in the FPS and RAP group rats
when compared to the Vehicle group rats. However, no
significant difference in GBM thickness was detected among
the four groups (Figure 4B).

We then examined the effects of FPS and RAP on the
expression levels of the injurious and inflammatory markers in
podocytes, including podocin, CD2AP, nephrin, and neph1, as

well as IL-6 and TLR4 in glomeruli and in the kidneys of these
DKDmodel rats by IHC staining andWB analysis. In Figures 4C,
5A, 6A, we found that, compared with the Sham group rats, after
modeling, the changed immunostaining extent of podocin and
CD2AP in glomeruli, and the altered protein expression levels of
podocin, CD2AP, neph1, IL-6, and TLR4 in the kidneys of these
DKD model rats were detected, respectively, and significantly
improved in the FPS and RAP group rats after treatment with FPS
or RAP when compared to the Vehicle group rats. Notably, the
expression characteristic of CD2AP in glomeruli and the protein
expression level of CD2AP in the kidneys of the FPS group rats
were better than those of the RAP group rats (Figures 4E, 5C).
However, no significant difference in the protein expression level
of nephrin was found among the four groups (Figure 5D). In
addition, after treatment with FPS or RAP for 4 weeks, the
increased level of UAlb in these DKD model rats was
significantly decreased in the FPS and RAP group rats when
compared to the Vehicle group rats (Figure 5F).

Taken together, the above results showed that FPS and RAP
could significantly reduce inflammatory podocyte injury in the
DKD model rats.

FPS and RAP Attenuate Podocyte
Pyroptosis In Vivo and In Vitro
GSDMD is a universal substrate for inflammatory caspases that play a
specific role in inflammatory caspase-initiated pyroptosis
(Humphries et al., 2020). As a downstream effector of multiple
inflammasomes, GSDMD is hydrolyzed by activated inflammatory

FIGURE 6 | Effects of FPS and RAP on the expression levels of IL-6 and TLR4 in vivo. (A) TheWB analysis of IL-6 and TLR4 in the diabetic kidneys. (B,C) The rate of
IL-6 and TLR4 to GAPDH, respectively. The data are expressed as the mean ± SD.
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caspases, and the released N-terminus of GSDMD (GSDMD-N)
translocates to the cell membrane (Xie et al., 2019; Zhu et al., 2020).
On the other hand, ZO-1 is a specific scaffoldingmarker of podocytes
(Rincon-Choles et al., 2006). Therefore, we used
immunofluorescence co-localization and semi-quantitative
analysis to observe whether pyroptosis could occur in
podocytes treated with FPS and RAP in glomeruli. In
Figure 7A, GSDMD-N mainly co-localized with ZO-1 in
glomeruli, indicating that pyroptosis occurred in podocytes.
Compared with the Sham group rats, the relative fluorescence
intensity of GSDMD-N in podocytes in the Vehicle group rats

was significantly stronger. After treatment with FPS or RAP, the
increased fluorescence intensity of GSDMD-N in glomeruli of
these DKD model rats was significantly decreased in the FPS
and RAP group rats, respectively (Figure 7B). On the contrary,
the fluorescence intensity of ZO-1 at the same position in
glomeruli of the Vehicle, FPS, and RAP group rats appeared
the inverse changes, respectively. Accordingly, as shown in
Figure 7C, we also found that, after treatment with FPS or
RAP, the increased protein expression level of GSDMD-N in the
kidneys of these DKD model rats was significantly decreased in
the FPS and RAP group rats compared to the Vehicle group rats

FIGURE 7 | Effects of FPS and RAP on podocyte pyroptosis in vivo. (A) The immunofluorescent co-localization of ZO-1 and GSDMD-N in glomeruli. Nuclei
counterstained with DAPI. Scale bar = 20 and 100 μm. (B) The relative fluorescence intensity of GSDMD-N/ZO-1. (C) TheWB analysis of GSDMD and GSDMD-N in the
diabetic kidneys. (D) The rate of GSDMD-N to GSDMD. The data are expressed as the mean ± SD.
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(Figure 7D). Here, there was no significant changes in the
protein expression level of GSDMD in the kidneys among the
four groups.

To investigate whether FPS or RAP could reduce podocyte
pyroptosis in vitro, we examined immunofluorescence staining of
GSDMD-N and the protein expression levels of GSDMD and
GSDMD-N in podocytes exposed to HG with or without FPS or
RAP for 24 h. Prior to the formal cellular experiments, we
determined the cytotoxicity of FPS or RAP on podocytes using
a CCK-8 kit. As shown in Supplementary Figure S2, we found
that the cellular viability of podocytes was significantly
reduced when treated with higher concentrations of FPS
(25 μg/ml) and RAP (25 nmol/L) when compared to a
20 μg/ml dose of FPS and a 20 nmol/L dose of RAP.

According to these results, we selected the safe and effective
doses for both FPS (20 μg/ml) and RAP (20 nmol/L).
Figure 8A shows that GSDMD-N staining positive
podocytes were tagged with the most powerful fluorescence
at the cell membrane of the HG-treated alone group when
compared to the other groups including the HG + FPS-treated
group, the HG + RAP-treated group, and the HG + MCC950
(an NLRP3 inhibitor)-treated group. In addition, the protein
expression level of GSDMD-N was significantly higher in the
podocytes exposed to HG than in the control cells (Figure 8B).
FPS or RAP treatment significantly ameliorated these changes
in the podocytes exposed to HG compared to HG treatment
alone. Moreover, we also found an improvement in the protein
expression level of GSDMD-N in the podocytes exposed to HG

FIGURE 8 | Effects of FPS and RAP on podocyte pyroptosis in vitro. (A) Immunofluorescent labeling with GSDMD-N. Nuclei counterstained with DAPI. In the locally
enlarged lower panel, the arrow shows that GSDMD-N relocated to the cell membrane (×400). Scale bar = 50 μm. (B) The WB analysis of GSDMD and GSDMD-N in
MPC-5 cells exposed to HG with or without FPS or RAP for 24 h; (C) The rate of GSDMD-N to GSDMD. (D) The WB analysis of GSDMD and GSDMD-N in MPC-5 cells
exposed to LPS with or without FPS or RAP or MCC950 for 24 h; (E) The rate of GSDMD-N to GSDMD. The data are expressed as the mean ± SD.
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and MCC950 when compared to those treated with HG alone
(Figure 8C). Here, the inhibitory effects of FPS and MCC950
on the protein expression levels of GSDMD-N in podocytes
were very similar. Further, to confirm the effects in vitro of FPS
or RAP on podocyte pyroptosis under a state of inflammation,
we also tested the protein expression levels of GSDMD and
GSDMD-N in the podocytes exposed to LPS, an inflammatory
inducer, with or without FPS or RAP for 24 h. Interestingly,
when compared with the podocytes exposed to HG, we got
similar results (Figures 8D,E).

In short, the above results showed that FPS and RAP could
significantly attenuate podocyte pyroptosis in vivo and in vitro.

FPS and RAP Inhibit NLRP3 Inflammasome
Activation In Vivo and In Vitro
NLRP3 inflammasome activation is an important factor that
acts upstream of pyroptosis (Xiong et al., 2020). Thus, we
evaluated the expression of NLRP3, ASC, and Caspase-1 as
the markers of NLRP3 inflammasome activation in glomeruli
and in the kidneys of these DKDmodel rats by IHC staining and

WB analysis. In Figure 9A, IHC staining showed that, after
treatment with FPS or RAP, the immunostaining of NLRP3,
ASC, and Caspase-1 in glomeruli in these DKD model rats were
significantly decreased in the FPS and RAP group rats when
compared to the Vehicle group rats (Figures 9B–D). In
addition, in Figure 10A, WB analysis showed that changes in
the protein expression levels of NLRP3, ASC, and Caspase-1 in
the kidneys of the Vehicle, FPS, and RAP group rats were
consistent with the above-mentioned results of IHC staining
(Figures 10B–D).

To confirm whether FPS or RAP could inhibit NLRP3
inflammasome activation in vitro, we tested the protein
expression levels of NLRP3, ASC, Caspase-1, IL-18, and IL-
1β in the podocytes exposed to HG with or without FPS or RAP
for 24 h, compared to MCC950. Figures 11A, 12A show that,
compared with the control cells, the podocytes exposed to HG
exhibited significantly higher protein expression levels of
NLRP3, ASC, cleaved-Caspase-1, IL-18, and IL-1β. After
treatment with FPS or RAP, the podocytes exposed to HG
showed a significant reduction in the protein expression
levels of NLRP3, ASC, cleaved-Caspase-1, IL-18, and IL-1β

FIGURE 9 | Effects of FPS and RAP on the expression characteristic of NLRP3 inflammasome in vivo. (A) The immunostaining of NLRP3, ASC, and Caspase-1 in
glomeruli (×400). Scale bar = 50 μm. (B–D) The positive area of NLRP3, ASC, and Caspase-1, respectively. The data are expressed as the mean ± SD.
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when compared to HG treatment alone. In addition, we found a
decrease in NLRP3, ASC, cleaved-Caspase-1, IL-18, and IL-1β
protein expression levels in the podocytes exposed to HG and
MCC950. Here, the inhibitory effects of FPS on NLRP3
inflammasome activation in the podocytes exposed to HG
were similar to those in the podocytes treated with MCC950
and HG (Figures 11B–D, 12B‒C). Notably, there was no
significant changes in the protein expression levels of pro-
Caspase-1, pro IL-1β, and pro IL-18 in vivo and in vitro
under the same treatment.

Overall, the above results showed that FPS and RAP could
significantly inhibit NLRP3 inflammasome activation in vivo and
in vitro.

FPS andRAPRegulate the AMPK/mTORC1/
NLRP3 Signaling Axis In Vivo and In Vitro
The AMPK/mTORC1/NLRP3 signaling axis is an important
regulatory mechanism in NLRP3 inflammasome activation
(Bullón et al., 2016; Qiu et al., 2016). Thus, we used WB

FIGURE 10 | Effects of FPS and RAP on the activation of NLRP3 inflammasome in vivo. (A) The WB analysis of NLRP3, ASC, pro-Caspase-1, and cleaved-
Caspase-1 in the diabetic kidneys. (B–D) The rate of NLRP3, ASC, and cleaved-Caspase-1 to GAPDH or pro-Caspase-1, respectively. The data are expressed as the
mean ± SD.
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analysis to investigate the protein expression levels of the key
signaling molecules of the AMPK/mTORC1/NLRP3 signaling
axis in the kidneys of these DKD model rats. Figure 13A
shows that the protein expression levels of p-AMPK,
p-raptor, p-mTORC1, and NLRP3 in the kidneys of the
Vehicle group rats were significantly different from those
in the Sham group rats. After treatment with FPS or RAP,
changes in the protein expression levels of the above-
mentioned key signaling molecules in the kidneys of these
DKD model rats were significantly improved in the FPS or
RAP group rats when compared to the Vehicle group rats
(Figures 13B–E). Notably, the regulative effects of FPS on the
protein expression levels of p-AMPK and p-raptor in the
kidneys of the FPS group rats were better than those of the
RAP group rats (Figures 13B,C).

To determine whether FPS or RAP could regulate the AMPK/
mTORC1/NLRP3 signaling axis in vitro, we tested the protein
expression levels of the key signaling molecules in the AMPK/
mTORC1/NLRP3 signaling axis in the podocytes exposed to HG
with or without FPS or RAP for 24 h, compared to metformin (an
AMPK agonist). Figure 14A shows that the protein expression

levels of p-AMPK, p-raptor, p-mTORC1, and NLRP3 in the
podocytes exposed to HG were significantly different from those
in the control cells. In comparison with HG treatment alone, the
protein expression levels of p-AMPK, p-raptor, p-mTORC1, and
NLRP3 in the podocytes exposed to FPS or RAP were all
significantly reversed. In addition, we also found an increase
in p-AMPK protein expression level and a decrease in p-raptor,
p-mTORC1, and NLRP3 protein expression levels in the
podocytes exposed to HG and metformin. Here, notably, the
regulative effects of FPS on the protein expression levels of p-
AMPK and p-raptor in the podocytes exposed to HG were better
than those treated with HG and RAP, and similar to those treated
with HG and metformin (Figures 14B,C).

In a nutshell, the above results showed that FPS and RAP
could significantly regulate the AMPK/mTORC1/NLRP3
signaling axis in vivo and in vitro.

DISCUSSION

In the progression of DKD, RF is one of the main underlying
causes of end-stage kidney disease. Podocyte injury is involved in

FIGURE 11 | Effects of FPS and RAP on the activation of NLRP3 inflammasome in vitro. (A) The WB analysis of NLRP3, ASC, pro-Caspase-1, and cleaved-
Caspase-1 in MPC-5 cells exposed to HG with or without FPS or RAP or MCC950 for 24 h. (B–D) The rate of NLRP3, ASC, and cleaved Caspase-1 to GAPDH or pro-
Caspase-1, respectively. The data are expressed as the mean ± SD.
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almost all pathological changes in diabetes mellitus (DM)-related
glomerular diseases, namely GS (Alicic et al., 2017; Lu et al.,
2019). A series of pathological changes in podocyte injury in
DKD such as podocyte hypertrophy, EMT, detachment,
apoptosis, and autophagy has been conformed, respectively
(Zhang et al., 2020). In recent years, emerging evidence has
shown that podocyte pyroptosis plays a significant role in the
pathological mechanisms of inflammation-derived podocyte
injury (Lin et al., 2020). Therefore, in this study, we first
attempted to establish a modified DKD rat model
accompanied by GS and inflammatory podocyte injury. Our
results showed that these modified DKD model rats not only
exhibited stable hyperglycemia and abnormal levels of UAlb, Scr,
and BUN, but also had typical GS characteristics and podocyte
injurious features, especially widened, shortened, and fused foot
processes. Furthermore, significant changes in the expression of
podocyte injurious markers, such as podocin, CD2AP, nephrin,
and nephr1, as well as inflammatory markers, including IL-6 and

TLR4, in the kidneys of the DKD model rats were detected.
Therefore, we considered that these modified rat models of DKD
induced by uninephrectomy, STZ intraperitoneal injection, and a
high-fat diet should be helpful in understanding the mechanisms
underlying inflammatory podocyte injury-related RF and to
identify novel therapeutic targets for RF in DKD.

Previous studies have shown that FPS, as a natural anti-
inflammatory phytomedicine, protects the kidney from
dysfunction and fibrogenesis by inhibiting the TGF-β
pathway and has the potential to slow down the
progression of STZ-induced DKD (Chen et al., 2015).
Accordingly, in this study, using the modified DKD model
rats, we found that FPS and RAP not only reduced glomerular
cell proliferation and ECM deposition, but also improved the
expression levels of podocin, CD2AP, nephrin, nephr1, IL-6,
and TLR4 in diabetic kidneys. In addition, FPS and RAP could
inhibit the TGF-β1/Smad2/3 signaling pathway in the kidneys
of the DKD model rats. Thus, we concluded that FPS, similar

FIGURE 12 | Effects of FPS and RAP on the expression levels of IL-18 and IL-1β in vitro. (A) TheWB analysis of pro IL-18, pro IL-18, pro IL-1β, and IL-1β in MPC-5
cells exposed to HG with or without FPS or RAP or MCC950 for 24 h (B,C) The rate of IL-18 and IL-1β to pro IL-18 or pro IL-1β, respectively. The data are expressed as
the mean ± SD.
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to RAP, can alleviate RF and inflammatory podocyte damage
in vivo, which are the main injurious characteristics of the
kidneys in DKD.

Pyroptosis is a newly discovered type of programmed cell
death. The essence of pyroptosis is the activation of NLRP3
inflammasome, which mediates GSDMD and rapidly causes
cell membrane rupture and cell content release, leading to an
inflammatory response (Galluzzi et al., 2012; Galluzzi et al., 2018).
In the pyroptosis pathway, GSDMD is cleaved by inflammatory
caspases at an aspartate site within the linking loop, thereby
generating the GSDMD-C terminal and the active group

GSDMD-N terminal (Xie et al., 2019; Zhu et al., 2020). In the
progression of DKD, GSDMD-N acts as a perforating protein,
forming pores in proper renal cells, gradually triggering cell
death, releasing pro-inflammatory factors, such as IL-1β and
IL-18, and aggravating RF, including GS and renal
tubulointerstitial fibrosis (Gu et al., 2019). In this study, we
first examined a range of pyroptosis markers and
inflammasome component proteins in diabetic kidneys to
investigate whether pyroptosis could occur in podocytes
treated with FPS and RAP in vivo. Immunofluorescence co-
localization and semi-quantitative analysis showed that, after

FIGURE 13 | Effects of FPS and RAP on the AMPK/mTORC1/NLRP3 signaling axis in vivo. (A) The WB analysis of the key signaling molecules in the AMPK/
mTORC1/NLRP3 signaling axis in the diabetic kidneys. (B–E) The rate of p-AMPK, p-raptor, p-mTORC1, and NLRP3 to GAPDH or raptor or mTORC1, respectively. The
data are expressed as the mean ± SD.
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treatment with FPS or RAP, the relative fluorescence intensity of
GSDMD-N in glomeruli and the increased protein expression
level of GSDMD-N in the kidneys of the DKD model rats were
significantly decreased. Furthermore, in the in vitro study, we also
found that FPS or RAP treatment significantly reduced the

number of GSDMD-N staining positive podocytes and
ameliorated the higher protein expression level of GSDMD-N
in podocytes exposed to HG, and that the inhibitory effects of FPS
and MCC950 (an NLRP3 inflammasome inhibitor) on GSDMD-
N in vitro were very similar. Therefore, we considered that

FIGURE 14 | Effects of FPS and RAP on the AMPK/mTORC1/NLRP3 signaling axis in vitro. (A) The WB analysis of the key signaling molecules in the AMPK/
mTORC1/NLRP3 signaling axis in MPC-5 cells exposed to HG with or without FPS or RAP or metformin for 24 h (B–E) The rate of p-AMPK, p-raptor, p-mTORC1, and
NLRP3 to GAPDH or raptor or mTORC1, respectively. The data are expressed as the mean ± SD.
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podocyte pyroptosis occurs in glomeruli of the modified DKD rat
model, and FPS, similar to RAP, can impart anti-podocyte
pyroptosis effects in vivo and in vitro.

It is well known that a variety of exogenous stimuli can
promote NLRP3 inflammasome activation. Two canonical
steps were considered to occur. First, microbial molecules or
endogenous factors promote the expression of NLRP3, pro IL-1β,
and pro IL-18 via the NF-κB signaling pathway (Bauernfeind
et al., 2009). Second, these stimuli induce oligomerization and
activation of NLRP3 and recruitment of the adapter protein ASC
and pro-Caspase-1, the latter of which undergoes autoproteolytic
cleavage into Caspase-1 to activate pro IL-1β and pro IL-18 to
produce the active cytokines (Martinon et al., 2002; Lamkanfi and
Dixit, 2014; Man and Kanneganti, 2015). It has been reported that
NLRP3 inflammasome not only mediates inflammatory response
but is also related to pyroptosis in RF during DKD progression
(Zhang and Wang, 2020). In this study, IHC staining and WB
analysis showed that the increased immunostaining of NLRP3,
ASC, and Caspase-1 in glomeruli and the higher protein
expression levels of NLRP3, ASC, and cleaved-Caspase-1 in
the kidneys of the DKD model rats were significantly
decreased after treatment with FPS or RAP. Likewise, in the
in vitro study, we also found that, after treatment with FPS or
RAP, the podocytes exposed to HG showed a significant

reduction in the protein expression levels of NLRP3, ASC,
cleased-Caspase-1, IL-18, and IL-1β. In addition, the inhibitory
effects of FPS on NLRP3 inflammasome activation in the
podocytes exposed to HG were similar to those in the
podocytes treated with MCC950 and HG. Hence, we
concluded that NLRP3 inflammasome in the diabetic kidneys
of the modified DKD rat model is activated, and FPS, similar to
RAP, can inhibit NLRP3 inflammasome activation in vivo and
in vitro.

Previous research has shown that mTOR is widely distributed
in renal cortex and medulla of patients with DKD, in which
mTORC1 activation plays a key regulatory role in podocyte injury
(Lu et al., 2011). In addition, AMPK, an important metabolic
stress protein kinase, can be activated by stimulation of numerous
hormones, adipokines, and cytokines in DKD (Sanders et al.,
2007). Under HG conditions, the phosphorylation level of AMPK
decreases and its activation is inhibited. UpstreamAMPK inhibits
mTORC1 activation and induces autophagy through phosphorus
acidification of raptor-related regulatory proteins (Kim et al.,
2011). Ding et al. (2010) reported that resveratrol, an AMPK
activator, reduces podocyte injury by restoring AMPK activation
in STZ-induced diabetic rats. Jin et al. (2017) also reported that
berberine reduces HG-induced podocyte damage by enhancing
AMPK activation. In this study, our in vivo and in vitro data
clearly indicated that the protein expression levels of p-AMPK,
p-raptor, p-mTORC1, and NLRP3 in the kidneys of the DKD
model rats and in the cultured podocytes exposed to HG both
revealed significant changes. After treatment with FPS or RAP,
changes in the protein expression levels of the above-mentioned
key signaling molecules in vivo and in vitro were significantly
improved. More importantly, we found that the regulative effects
of FPS on p-AMPK and p-raptor in vivo and in vitro were better
than those of RAP. Consequently, we concluded that FPS, in
contrast to RAP, can regulate the AMPK/mTORC1/NLRP3
signaling axis in vivo and in vitro.

Finally, it is important to discuss certain additional points.
First, FPS as a natural anti-inflammatory phytomedicine
alleviated RF in DKD without affecting hyperglycemia. Second,
to exclude the side effects of FPS on the liver, we observed the
histological characteristics of liver tissue and biochemical indices
of liver function in the DKD model rats after treatment with FPS
for 4 weeks. As shown in Supplementary Figure S3, we did not
find that FPS has any obvious side effects on the liver. Third, it is
important to identify the specific targets of FPS that possess the
ability to attenuate podocyte pyroptosis. Although FPS was
shown to inhibit NLRP3 inflammasome activation and
regulate the AMPK/mTORC1/NLRP3 signaling axis in vivo
and in vitro, we were unable to identify the specific molecules
involved in the pyroptosis pathway in this study. Future studies
should be devoted to the in vitro experiments, further clarifying
the precise targets of treating podocyte pyroptosis in DKD.

CONCLUSION

In this study, we confirmed that FPS can alleviate RF in DKD in a
manner similar to RAP by inhibiting NLRP3 inflammasome-

FIGURE 15 |Overview of the effects of FPS on RF in DKD via inhibition of
NLRP3 inflammasome-mediated podocyte pyroptosis.
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mediated podocyte pyroptosis via regulation of the AMPK/
mTORC1/NLRP3 signaling axis in the diabetic kidney
(Figure 15). Our findings provide an in-depth understanding
of the pathogenesis of RF, which will aid in identifying precise
targets that can be used for DKD treatment.
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GLOSSARY

ALT alanine transaminase

AMPK adenosine monophosphate-activated protein kinase

ASC C-terminal caspase recruitment domain

AST aspartate transaminase

BG blood glucose

BUN blood urea nitrogen

BW body weight

collagen I collagen type I

DKD diabetic kidney disease

ECM extracelluar matrix

FN fibronectin

FPS Fucoidan

GBM glomerular basement membrane

GCP glomerular celluar population

GS glomerular sclerosis

GSDMD gasdermin D

GSDMD-N Nterminus of GSDMD

GAPDH glyceraldehyde-3-phosphate dehydrogenase

HG high glucose

HRP horse radish peroxidase

IHC immunohistochemistry

IL interleukin

IPP Image-Pro Plus

LPS lipopolysaccharide

mTOR mammalian target of rapamycin

mTORC1 mTOR complex 1

NLRP3 nucleotide-binding oligomerization domain (Nod)-like receptor
family pyrin domain-containing 3

p-AMPK phosphorylated AMPK

PAS Periodic acid-Schiff

p-mTOR phosphorylated mTOR

p-raptor phosphorylated raptor

RAP Rapamycin

RF renal fibrosis

Scr serum creatinine

STZ Streptozotocin

TGF-β1 transforming growth factor-β1

TSA tyramide signal amplification

UAlb 24 h urinary albumin

WB Western blotting
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Potential Therapeutic Targets of
Rehmannia Formulations on Diabetic
Nephropathy: A Comparative Network
Pharmacology Analysis
Kam Wa Chan†, Kam Yan Yu, Wai Han Yiu, Rui Xue, Sarah Wing-yan Lok, Hongyu Li,
Yixin Zou, Jinyuan Ma, Kar Neng Lai and Sydney Chi-wai Tang*†

Department of Medicine, The University of Hong Kong, Hong Kong SAR, China

Background: Previous retrospective cohorts showed that Rehmannia-6 (R-6, Liu-wei-di-
huang-wan) formulations were associated with significant kidney function preservation and
mortality reduction among chronic kidney disease patients with diabetes. This study aimed
to investigate the potential mechanism of action of common R-6 variations in a clinical
protocol for diabetic nephropathy (DN) from a system pharmacology approach.

Study Design andMethods: Disease-related genes were retrieved from GeneCards and
OMIM by searching “Diabetic Nephropathy” and “Macroalbuminuria”. Variations of R-6
were identified from a published existing clinical practice guideline developed from expert
consensus and pilot clinical service program. The chemical compound IDs of each herb
were retrieved from TCM-Mesh and PubChem. Drug targets were subsequently revealed
via PharmaMapper and UniProtKB. The disease gene interactions were assessed through
STRING, and disease–drug protein–protein interaction network was integrated and
visualized by Cytoscape. Clusters of disease–drug protein–protein interaction were
constructed by Molecular Complex Detection (MCODE) extension. Functional
annotation of clusters was analyzed by DAVID and KEGG pathway enrichment.
Differences among variations of R-6 were compared. Binding was verified by
molecular docking with AutoDock.

Results: Three hundred fifty-eight genes related to DN were identified, forming 11 clusters
which corresponded to complement and coagulation cascades and signaling pathways of
adipocytokine, TNF, HIF-1, and AMPK. Five variations of R-6 were analyzed. Common
putative targets of the R-6 variations on DN included ACE, APOE, CCL2, CRP, EDN1, FN1,
HGF, ICAM1, IL10, IL1B, IL6, INS, LEP, MMP9, PTGS2, SERPINE1, and TNF, which are
related to regulation of nitric oxide biosynthesis, lipid storage, cellular response to
lipopolysaccharide, inflammatory response, NF-kappa B transcription factor activity,
smooth muscle cell proliferation, blood pressure, cellular response to interleukin-1,
angiogenesis, cell proliferation, peptidyl-tyrosine phosphorylation, and protein kinase B
signaling. TNF was identified as the seed for the most significant cluster of all R-6
variations. Targets specific to each formulation were identified. The key chemical
compounds of R-6 have good binding ability to the putative protein targets.
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Conclusion: The mechanism of action of R-6 on DN is mostly related to the TNF signaling
pathway as a core mechanism, involving amelioration of angiogenesis, fibrosis,
inflammation, disease susceptibility, and oxidative stress. The putative targets identified
could be validated through clinical trials.

Keywords: integrative medicine, traditional Chinese medicine, diabetic nephropathy, chronic kidney disease,
Rehmannia, mechanism, network pharmacology, TNF

INTRODUCTION

In 2021, 10.5% of the world population were diabetic, with a rising
trend (Sun et al., 2021). Of the diabetic patients, 25%–40% develop
nephropathy from long-standing diabetes, characterized by
glomerular basement membrane thickening, foot process
effacement, mesangial expansion, glomerulosclerosis, interstitial
fibrosis, and the formation of Kimmelstiel-Wilson nodules
(Alsaad and Herzenberg, 2007; Alicic et al., 2017). The
pathogenesis of diabetic nephropathy (DN) is multifactorial
(Tang and Yiu, 2020) involving the complement cascade
(Flyvbjerg, 2017; Yiu et al., 2018), metabolic (Forbes et al., 2003;
Goh and Cooper, 2008), immunity (Lin et al., 2012; Pichler et al.,
2017; Tang and Yiu, 2020), inflammatory, (Navarro-González et al.,
2011; Pichler et al., 2017), oxidative stress (Kashihara et al., 2010; Li
et al., 2014a; Sagoo and Gnudi, 2018), coagulation (Madhusudhan
et al., 2016; Oe et al., 2016), and hemodynamic (Jerums et al., 2010;
Premaratne et al., 2015; Alicic et al., 2017; Tonneijck et al., 2017)
pathways, ending with renal fibrosis.

Diabetic kidney disease (DKD) is conventionally diagnosed by
the presence of albuminuria, reduced kidney function, and
clinical history excluding other etiologies (Alicic et al., 2017;
Heerspink et al., 2019). Macroalbuminuria signifies established
nephropathy and increases the specificity of DKD diagnosis
(Furuichi et al., 2018; Persson and Rossing, 2018). The
conventional renin–angiotensin–aldosterone system (RAAS)
blockade offers limited effect in reducing end-stage kidney
failure and mortality (Hsu et al., 2014; Palmer et al., 2015;
Chan and Tang, 2018; Nistor et al., 2018). More regimens
targeting other mechanisms are needed. DKD leads the cause
of end-stage kidney failure in most regions among other types of
chronic kidney disease (CKD). Kidney replacement therapy
(dialysis or transplantation) is required once end stage is
reached, and the accessibility is often limited (Thomas et al.,
2016; Tang et al., 2020; Tang and Yiu, 2020).

Previous registry studies showed that individualized Chinese
medicine (CM) treatment was associated with slower decline of
kidney function and reduced risk of end-stage kidney failure and
mortality among patients with CKD and diabetes (Hsieh et al.,
2014; Lin et al., 2015; Huang et al., 2018; Chan et al., 2022). CM
formulations are prescribed based on symptom-based diagnosis
(Chan et al., 2020a; Chan et al., 2020b; Chan et al., 2021a; Chan et
al., 2021b; Chan et al., 2021c; Shu et al., 2021), which predicts
renal function decline independent of blood pressure, blood
glucose, lipids, and urine albumin control (Chan et al., 2021b).
The CM used in these cohorts mostly contained a classical CM
formulation, namely, Rehmannia-6 complex (R-6, Liu-wei-di-
huang-wan) with variations according to the symptom-based

diagnosis. R-6 contains Rehmanniae Radix (Di-huang)
(Yokozawa et al., 2004), Corni Fructus (Shan-zhu-yu) (Gao
et al., 2021), Dioscoreae Rhizoma (Shan-yao) (Luo, 2008),
Poria (Fu-ling) (Sun, 2014), Moutan Cortex (Mu-dan-pi)
(Wang et al., 2017b), and Alismatis Rhizoma (Ze-xie) (Zhang
et al., 2017a). According to classical CM theory, R-6 replenishes
the kidney and clears the waste including fluid retention.

Unlike single herbal extracts or synthesized chemical compounds,
CM formulations are complex, containing multiple chemicals, and
therefore exerts systemic effects through orchestrated pathways in
real-world practice (Zhang et al., 2019). Traditional in vivo and
in vitro studies focusing on specificmechanismsmay have limitations
for the assessment of interaction between CM formulations and
disease with multifactorial pathophysiology (Li et al., 2014b; Zhang
et al., 2019). Network pharmacology offers a whole-system approach
to delineate the possible mechanisms underpinning observed clinical
effect based on existing in vivo and in vitro evidence (Hopkins, 2008;
Zhang et al., 2019). This systematic and systemic approach could
identify the mechanisms and target proteins of each formulation for
subsequent validation in clinical trials.

A protocol with five variations of R-6 was formulated based on
previous expert consensus and a pilot service program and is
undergoing clinical trial (Chan et al., 2016). R-6 was modified
based on the phenotypes of patients according to the traditional
CM theory. There are limited system pharmacology data regarding
the putative mechanism of these R-6 variations on DN. This study
aims to investigate the potential mechanism of the therapeutic action
of common R-6 variations for DN. We retrieved the genes and
potential targets of DN, the chemical compounds of CMs, and the
corresponding targets of R-6 through data mining. A drug–disease
network was then constructed with pathway analysis to delineate the
interaction between R-6 and DN. Through comparing the pathways
expected to act on by different R-6 variations, we identified the
putative targets of R-6 on DN and the potential differences among
different variations.

MATERIALS AND METHODS

Genes and Potential Targets Related to DN
The computational workflow is summarized in Figure 1. First,
disease-related genes were retrieved from GeneCards (https://
www.genecards.org/) (Stelzer et al., 2016) and the Online
Mendelian Inheritance in Man (OMIM) (https://www.omim.
org/) (Hamosh et al., 2000). GeneCards, operated by The
Weizmann Institute of Science and LifeMap Sciences, provides
richly annotated disease genetics integrated from over 150 web
sources. OMIM provides genotypic and phenotypic information
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on molecular contributions in human genetic disorders. We
searched the databases with keywords “Diabetic Nephropathy”
and “Macroalbuminuria” as macroalbuminuria signifies the
development of nephropathy and increases the specificity of
DN (Tang and Yiu, 2020) and is commonly included as a
recruitment criterion of diabetic kidney disease-related clinical
trials (Heerspink et al., 2019; Perkovic et al., 2019). The genetic
datasets from GeneCards and OMIM were integrated for a more
comprehensive analysis (Supplementary Table S1).

Compounds of R-6 and Their Potential
Targets
The variations of R-6 were identified from an existing clinical
practice guideline developed based on expert consensus in
mainland China (Zhang, 2010; Chan, 2018), which is
undergoing a randomized clinical trial for evaluation in Hong
Kong (Chan et al., 2016; Chan et al., 2019). The clinical guideline
is compatible with the prescription pattern of previously reported
big-data studies from Taiwan (Hsieh et al., 2014; Lin et al., 2015;
Huang et al., 2018; Guo et al., 2021b) and a pilot service program
in Hong Kong (Chan, 2018; Chan et al., 2022).

TCM-Mesh (http://mesh.tcm.microbioinformatics.org/) (Zhang
et al., 2019; Zhang et al., 2017b), with data on chemicals, genes, and

disease association of more than 6,000 herbs, was used to collect the
compound IDs of chemicals in each herb. A total of 463 chemicals
were identified including flavonoids, phenolic acids, and alkaloids
(Supplementary Table S2). Compound IDs were identified by
PubChem (https://pubchem.ncbi.nlm.nih.gov/) (Kim et al., 2019),
a freely accessible chemistry database maintained by the National
Institutes of Health (NIH), where we acquired the 2D structures of
each chemical in sdf format files. sdf format files were then imported
into an open web server, PharmaMapper (http://www.lilab-ecust.cn/
pharmmapper/) (Wang et al., 2017a), to identify human drug targets
of chemicals. UniProtKB (https://www.uniprot.org/) (The UniProt
Consortium, 2019), a central hub that integrates the functional
annotations of proteins, was applied to convert the
unstandardized protein naming into the official symbol by
selecting “Homo sapiens”.

Disease–Drug Network Construction
Both the integrated disease and drug targets were imported into the
Search Tool for the Retrieval of Interacting Genes/Proteins
(STRING) (https://string-db.org/, version 11.0) (Szklarczyk et al.,
2019) to assess and visualize the protein–protein interactions
between disease and drug mechanisms at the molecular level to
identify potential targets of R-6 on DN. The returned interaction
data were expressed with a network visualization software, namely,

FIGURE 1 | Computational workflow of disease–drug network analysis. Disease-related genes were retrieved from GeneCards and OMIM. The chemical
compound IDs of each herb were retrieved from TCM-Mesh and PubChem. Drug targets were revealed via PharmaMapper and UniProtKB. The disease gene
interactions were assessed through STRING, and the disease–drug protein–protein interaction network was integrated and visualized by Cytoscape. Functional
annotation of clusters was analyzed by DAVID and KEGG pathway enrichment.
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Cytoscape (http://cytoscape.org/, version 3.7.2) (Shannon et al.,
2003), to integrate the complex network of molecular
interactions. To explore relevant clusters with extensive protein
interactions, we used the Molecular Complex Detection
(MCODE), a plug-in of Cytoscape, to identify clusters (densely
interconnected regions) in the network. Each cluster represents an
independent network of biological mechanisms. The disease, drug,
and disease–drug protein–protein interaction networks and clusters
were constructed for DN, R-6, and variations of R-6.

Gene Ontology and Pathway Enrichment
Analysis
Each cluster returned by MCODE was imported into the Database
for Annotation, Visualization and Integrated Discovery (DAVID)
(https://david.ncifcrf.gov/summary.jsp, version 6.8) (Huang et al.,
2009), a web server which integrates the functional annotations of a
large set of genes with reference to disease association, biological
pathways from various databases for a more profound
understanding of disease pathogenesis, and identification of
potential targets for treatment. All functional annotation data
were corrected by the Bonferroni method to minimize type 1
error arising from multiple comparisons. All targets of DN and
R-6 variations and the top cluster of the disease–gene interaction
were further analyzed and compared by the Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment.

Validation by Molecular Docking
The chemical structure of key compounds of the CMs of R-6 was
extracted from PubChem as mol2 files and processed in pdbqt
format in AutoDockTools 1.5.6 for binding analysis. The crystal
structures of the putative gene/protein targets obtained from the

network and pathway analyses were extracted from the RCSB
Protein Data Bank (https://www.rcsb.org/). Water molecules and
inactive ligands were removed before the proteins were
hydrogenated and charged (Guo et al., 2021a). A blind docking
strategy was used to screen through each protein for all possible
binding sites with a grid size of 126 × 126× 126 points. Free energy of
binding (in kcal/mol) were obtained from AutoDock Vina as the
indicator of the binding likelihood (Lee et al., 2012; Cournia et al.,
2017; Heinzelmann andGilson, 2021). Negative values of free energy
indicate possible binding in simulation. More negative scoring
indicates stronger binding affinity.

RESULTS

DN
A total of 358 DN-related genes were obtained from GeneCards
and OMIM (Figure 2A). The network contains 332 nodes and
4,196 edges. Eleven clusters (Figures 2B–F) were identified from
the analysis by MCODE. Gene ontology analysis showed that
these genes corresponded to 71 ontology terms. The top 20 most
significant terms included the response to hypoxia (GO:
0001666), inflammatory response (GO: 0006954), glucose
homeostasis (GO: 0042593), response to drug (GO: 0042493),
positive regulation of angiogenesis (GO: 0045766), regulation of
blood pressure (GO: 0008217), leukocyte migration (GO:
0050900), positive regulation of smooth muscle cell
proliferation (GO: 0048661), response to activity (GO:
0014823), positive regulation of cytosolic calcium ion
concentration (GO: 0007204), acute-phase response (GO:
0006953), platelet degranulation (GO: 0002576), positive
regulation of gene expression (GO: 0010628), positive

FIGURE 2 | Network and representative clusters of DN. Key pathogenesis of DN includes the complement and coagulation cascades, adipocytokine signaling
pathway, TNF signaling pathway, HIF-1 signaling pathway, and AMPK signaling pathway. (A) A total of 9,621 pairs of genes were identified from GeneCards and OMIM.
(B–F) Major Cluster of Genes Related to Diabetic Nephropathy and (G) KEGG enrichment analysis on the DN pathogenesis
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regulation of nitric oxide biosynthetic process (GO: 0045429),
aging (GO: 0007568), response to glucocorticoid (GO: 0051384),
positive regulation of transcription from RNA polymerase II
promoter (GO: 0045944), cellular response to
lipopolysaccharide (GO: 0071222), negative regulation of
apoptotic process (GO: 0043066), and response to mechanical
stimulus (GO: 0009612) (Supplementary Datasheet S3).

Further KEGG pathway analysis showed that the DN-related
pathways were closely related to the complement and coagulation
cascades, adipocytokine signaling pathway, TNF signaling
pathway, HIF-1 signaling pathway, and AMPK signaling
pathway, which share similar mechanisms with insulin
resistance, rheumatoid arthritis, non-alcoholic fatty liver
disease, and various infectious diseases and cancers
(Figure 2G; Supplementary Datasheet S4).

Putative Targets of R-6
R-6 is a formulation containing Rehmanniae Radix, Corni Fructus,
Dioscoreae Rhizoma, Poria,Moutan Cortex, and Alismatis Rhizoma
(Table 1) and contains 64 identifiable chemical compounds
(Supplementary Table S2) (out of the 463 chemicals from all R-
6 variations). Four hundred forty-nine potential gene targets of R-6
were identified (Figure 3A). The top 20 most significant terms
included steroid hormone-mediated signaling pathway (GO:
0043401), peptidyl-tyrosine autophosphorylation (GO: 0038083),
transcription initiation from RNA polymerase II promoter (GO:

0006367), negative regulation of apoptotic process (GO: 0043066),
proteolysis (GO: 0006508), protein autophosphorylation (GO:
0046777), extracellular matrix disassembly (GO: 0022617),
peptidyl-tyrosine phosphorylation (GO: 0018108), response to
hypoxia (GO: 0001666), oxidation-reduction process (GO:
0055114), response to drug (GO: 0042493), positive regulation of
phosphatidylinositol 3-kinase signaling (GO: 0014068), protein
phosphorylation (GO: 0006468), cellular response to insulin
stimulus (GO: 0032869), glutathione metabolic process (GO:
0006749), phosphatidylinositol-mediated signaling (GO: 0048015),
collagen catabolic process (GO: 0030574), response to estrogen (GO:
0043627), leukocyte migration (GO: 0050900), and purine-
containing compound salvage (GO: 0043101) (Supplementary
Data S5).

KEGG pathway analysis showed that the R-6-related pathways
involve complement and coagulation cascades, VEGF signaling
pathway, HIF-1 signaling pathway, T-cell and B-cell receptor
signaling pathway, Fc epsilon RI signaling pathway, PI3K-Akt
signaling pathway, MAPK signaling pathway, Ras signaling
pathway, ErbB signaling pathway, FoxO signaling pathway,
PPAR signaling pathway, sphingolipid signaling pathway,
Rap1 signaling pathway, neurotrophin signaling pathway,
prolactin, estrogen and thyroid hormone signaling pathway,
metabolic pathways, insulin signaling pathway, and purine
metabolism, sharing similar mechanisms with various
infectious diseases and cancers (Supplementary Data S6).

TABLE 1 | Variations of R-6.

R-6 Formulation 1 Formulation 2 Formulation 3 Formulation 4 Formulation 5

Rehmanniae Radix
(Di-huang)

Rehmanniae Radix (Di-huang) Rehmanniae Radix (Di-
huang)

Rehmanniae Radix (Di-
huang)

Rehmanniae Radix (Di-
huang)

Rehmanniae Radix (Di-
huang)

Dioscoreae Rhizoma
(Shan-yao)

Dioscoreae Rhizoma
(Shan-yao)

Dioscoreae Rhizoma
(Shan-yao)

Dioscoreae Rhizoma
(Shan-yao)

Dioscoreae Rhizoma
(Shan-yao)

Dioscoreae Rhizoma
(Shan-yao)

Corni Fructus (Shan-
zhu-yu)

Corni Fructus (Shan-zhu-yu) Corni Fructus (Shan-
zhu-yu)

Corni Fructus (Shan-
zhu-yu)

Corni Fructus (Shan-
zhu-yu)

Corni Fructus (Shan-
zhu-yu)

Moutan Cortex (Mu-
dan-pi)

Moutan Cortex (Mu-dan-pi) Moutan Cortex (Mu-
dan-pi)

Moutan Cortex (Mu-
dan-pi)

Moutan Cortex (Mu-
dan-pi)

Moutan Cortex (Mu-
dan-pi)

Poria (Fu-ling) Poria (Fu-ling) Poria (Fu-ling) Poria (Fu-ling) Poria (Fu-ling) Poria (Fu-ling)
Alismatis Rhizoma
(Ze-xie)

Alismatis Rhizoma (Ze-xie) Alismatis Rhizoma (Ze-xie) Ginseng Radix et Rhizoma
(Ren-shen)

Alismatis Rhizoma
(Ze-xie)

Alismatis Rhizoma (Ze-xie)

Aucklandiae Radix (Mu-xiang) Chaenomelis Fructus
(Mu-gua)

Astragali Radix (Huang-qi) Ligustri Lucidi Fructus
(Nv-zhen-zi)

Cinnamomi Ramulus
(Gui-zhi)

Amomi Fructus (Sha-ren) Aucklandiae Radix (Mu-
xiang)

Zingiberis Rhizoma
Recens (Sheng-jiang)

Eclipta prostrata (Mo-
Han-Lian)

Aconiti Lateralis Radix
Praeparata (Fu-zi)

Citri Reticulatae Pericarpium
(Chen pi)

Arecae Semen (Bing-lang) Jujubae Fructus (Da-zao) Ligustri Lucidi Fructus (Nv-
zhen-zi)

Ginseng Radix et Rhizoma
(Ren-shen)

Aconiti Lateralis Radix
Praeparata (Fu-zi)

Pinelliae Rhizoma (Ban-xia) Zingiberis Rhizoma (Gan-
jiang)

Atractylodis Macrocephalae
Rhizoma (Bai-zhu)

Glycyrrhizae Radix et
Rhizoma (Gan-cao)

Glycyrrhizae Radix et Rhizoma
(Gan-cao)

Zingiberis Rhizoma
Recens (Sheng-jiang)
Jujubae Fructus (Da-zao)
Tsaoko Fructus (Cao-guo)

Rehmannia-6 complex (R-6, Liu-wei-di-huang-wan) was the most used Chinese medicine formulation in the cohorts showing beneficial effect on diabetic kidney disease. Variations of R-6
were identified from a published existing clinical practice guideline developed from expert consensus and pilot clinical service program, which is undergoing a randomized clinical trial for
evaluation.
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Putative Targets of R-6 on DN
Forty DN-related genes were overlapped with R-6
(Figure 3B–O; Table 2). Gene ontology analysis on the
most significant cluster showed that the putative targets of

R-6 on DN are strongly related to 44 ontology terms in 10
clusters, which included positive regulation of nitric oxide
biosynthetic process (GO: 0045429), negative regulation of
lipid storage (GO: 0010888), cellular response to

FIGURE 3 | Network of R-6 putative targets and clusters of DN–R-6 interaction network. Forty DN-related genes were overlapped with and R-6; (A) 449 potential
gene targets of R-6; (B) putative targets of R-6 on diabetic DN; (C–O) Major clusters of putative targets of R-6 on DN

TABLE 2 | List of common proteins between diabetic nephropathy and R-6 variations.

Common target proteins

Between DN and R-6 ACADM, ACE, AKR1B1, ALB, AR, DPP4, F7, GC, HMOX1, HSD11B1, IGF1, KDR, LCK, LCN2, MME, MMP3, MMP7,
MMP9, NR3C2, PPARG, RBP4, REN, SHBG, SOD2, SORD, VDR, APCS, CCL5, HGF, LGALS3, NOS3, PADI4, PARP1,
REG1A, SELE, SELP, STAT1, PLAT, ACE2, and CRP

Between DN and R-6 variations ACE, APOE, CCL2, CRP, EDN1, FN1, HGF, ICAM1, IL10, IL1B, IL6, INS, LEP, MMP9, PTGS2, SERPINE1, and TNFa

aTNF was identified as the seed for the most significant cluster of all variations of R-6.
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lipopolysaccharide (GO: 0071222), inflammatory response
(GO: 0006954), positive regulation of NF-kappa B
transcription factor activity (GO: 0051092), positive
regulation of smooth muscle cell proliferation (GO:
0048661), regulation of blood pressure (GO: 0008217),
response to glucocorticoid (GO: 0051384), cellular
response to interleukin-1 (GO: 0071347), angiogenesis
(GO: 0001525), and negative regulation of blood
coagulation (GO: 0030195) in cluster 1; positive regulation
of phosphatidylinositol 3-kinase signaling (GO: 0014068),
angiogenesis (GO: 0001525), positive regulation of cellular
protein metabolic process (GO: 0032270), response to
hypoxia (GO: 0001666), positive regulation of peptidyl-
tyrosine phosphorylation (GO: 0050731), platelet
degranulation (GO: 0002576), renin–angiotensin regulation
of aldosterone production (GO: 0002018), positive regulation
of ERK1 and ERK2 cascade (GO: 0070374), positive
regulation of cell migration (GO: 0030335), regulation of
blood pressure (GO: 0008217), and response to glucose
(GO: 0009749) in cluster 2; inflammatory response (GO:
0006954), leukocyte migration (GO: 0050900), and
response to lipopolysaccharide (GO: 0032496) in cluster 3;
positive regulation of dendritic cell differentiation (GO:
2001200) and inflammatory response (GO: 0006954) in
cluster 4; positive regulation of cytosolic calcium ion
concentration (GO: 0007204) in cluster 5; complement
activation (GO: 0006956), innate immune response (GO:
0045087), and proteolysis (GO: 0006508) in cluster 6;
mitochondrial transport (GO: 0006839) in cluster 7;
angiotensin maturation (GO: 0002003) in cluster 8;
positive regulation of brown fat cell differentiation (GO:
0090336) in cluster 9; and response to hydrogen peroxide
(GO: 0042542) in cluster 13 (Supplementary Data S7).

KEGG pathway analysis showed that the possible mechanisms
of R-6 on DN are related to the TNF signaling pathway, NOD-like
receptor signaling pathway, HIF-1 signaling pathway, PI3K-Akt
signaling pathway, inflammatory mediator regulation of TRP
channels, complement and coagulation cascades, and
renin–angiotensin system, which share similar mechanisms
with non-alcoholic fatty liver disease, inflammatory bowel
disease, rheumatoid arthritis, and various types of infectious
diseases and cancers (Figure 4; Supplementary Data S8).

Comparative Analysis on the Putative
Targets of R-6 Variations on DN
Five variations of R-6 were identified from an existing clinical
practice guideline and were analyzed (Table 1). The common
putative targets of the R-6 variations on DN included ACE,
APOE, CCL2, CRP, EDN1, FN1, HGF, ICAM1, IL10, IL1B,
IL6, INS, LEP, MMP9, PTGS2, SERPINE1, and TNF. TNF
was identified as the seed for the most significant cluster of all
R-6 variations. These common targets were related to the TNF
signaling pathway, NOD-like receptor signaling pathway, HIF-1
signaling pathway, PI3K-Akt signaling pathway, inflammatory
mediator regulation of TRP channels, complement and
coagulation cascades, and renin–angiotensin system, which
share similar mechanisms with rheumatoid arthritis, systemic
lupus erythematosus, non-alcoholic fatty liver disease,
inflammatory bowel disease, and various types of infectious
diseases and cancers.

Formulation 1, 3, and 4 had 9, 10, and 7 clusters with
significant interactions with DN, respectively. These clusters
involved positive regulation of the nitric oxide biosynthetic
process (GO: 0045429), negative regulation of lipid storage
(GO: 0010888), cellular response to lipopolysaccharide (GO:

FIGURE 4 | KEGG pathway enrichment analysis of the interaction between DN and R-6. KEGG pathway analysis showed that the putative targets of R-6 on
diabetic nephropathy are related to the TNF signaling pathway, NOD-like receptor signaling pathway, HIF-1 signaling pathway, PI3K-Akt signaling pathway,
inflammatory mediator regulation of TRP channels, complement and coagulation cascades, and renin–angiotensin system.
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TABLE 3 | Binding affinity of key chemical compounds of R-6 to putative targets.

Drug Key chemical
constituents

TNFR1 TNF SERPINE1 MMP9 INS IL6 IL10 ICAM1 HGF FN1 EDN1 APOE IL1B CCL2 LEP

Alismatis Rhizoma alisol a −4.73 −2.85 −5.93 −4.51 −5.04 −5.75 −6.2 −3.77 −5.21 −5.24 −5.87 −3.35 −6.12 −3.98 −5.26
alisol b −5.26 −4.44 −4.65 −5.93 −6.01 −7.05 −6.77 −3.82 −5.89 −6.02 −5.13 −3.42 −6.97 −4.55 −7.71
alisol c −6.28 −3.22 −7.97 −3.29 −7.61 −7.1 −6.29 −3.61 −6.04 −4.78 −5.62 −2.89 −7.47 −5.4 −6.37

Corni Fructus 3,6-digalloylglucose 1.98 2.44 2.13 2.57 -2.51 -0.83 4.77 0.05 0.52 0.54 1.69 2.28 2.73 1.51 −2.34
7,8-dehydropenstemoside −1.99 −0.56 −1.12 −2.32 −1.68 −2.18 −1.6 −0.14 −2.07 −1.42 −3.73 0.06 −1.65 −1.89 −4.69
7-O-methyl morroniside −2.93 −2.63 −1.89 −3.87 −3.67 −4.05 −2.15 −1.28 −3.33 −3.81 −4.08 −2.01 −1.95 −2.05 −4.02

Dioscoreae Rhizoma campesterol −6.47 -4.04 −5.85 −5.76 −6.48 −6.84 −6.03 −5.32 −6.53 −2.01 −6.05 −4.29 −5.74 −5.08 −6.19
deltoside −4.3 −2.97 −4.5 −4.79 −4.58 −5.28 −3.83 −3.07 −3.76 −4.41 −5.23 −3.97 −3.8 −3.53 −5.15
dioscin −1.25 1.07 −1.29 −4.37 −3.74 -4.03 −4.27 −1.49 −4.73 −2.89 −3.95 4.47 −1.71 −2.25 −3.53

Moutan Cortex benzoylpaeoniflorin −2.84 −0.6 −1.2 −0.39 −5.41 −3.45 0.36 0.29 −2.62 −2.16 −1.47 1.37 0.59 −1.76 −3.85
paeoniflorin −1.12 −0.08 −3.63 −0.94 −4.06 −4.53 −1.63 −0.82 −2.52 −4.01 −3.76 −0.79 −4.7 −2.39 −2.83
suffruticoside a −0.86 0.15 −2.79 −2.4 −3.67 −3.46 −0.34 −0.87 −2.01 −2.7 −3.13 −0.24 −0.31 −0.55 −2.32

Poria 20-hexadecanoylingenol 1.65 −1.12 −0.78 −1.77 −3.68 −1.41 −3.41 1.59 −5.72 −1.98 −3.53 1.49 −3.98 −1.63 −3.75
adenine −3.08 −2.46 −4.23 −3.14 −3.8 −4.46 −3.65 −2.61 −3.47 −4.34 −4.92 −3.75 −4.23 −3.16 −4.49
beta-amyrin acetate −6.9 −6.22 −6.89 −5.76 −7.77 −7.42 −8.49 −6.29 −7.71 −6.91 −6.95 −6.5 −8.34 −7.34 −8.44
p-hydroxybenzyl alcohol −3.51 −3.12 −3.38 −4.4 −3.84 −3.66 −3.01 −3.16 −3.62 −3.39 −3.45 −2.16 −3.73 −3.15 −4.09

Rehmanniae Radix acteoside 5.97 5.97 0.24 1.65 0.22 −0.9 −1.53 5.96 1.94 3.07 0.57 5.97 0.37 3.89 0.64
catalpol 0.04 −0.25 −2.49 −1.89 −1.18 −2.77 −1.28 −0.79 −2.74 −1.62 −1.92 −0.25 −3.1 −1.91 −1.99

Free energy of binding (in Kcal/mol) were obtained from AutoDock Vina as the indicator of the binding likelihood. Negative values of free energy indicate possible binding in simulation. More negative scoring indicates stronger binding affinity.
ACE, CRP, PTGS, and TNF receptor 2 were not assessable due to the large crystal structure.

Frontiers
in

P
harm

acology
|w

w
w
.frontiersin.org

M
arch

2022
|V

olum
e
13

|A
rticle

794139

C
han

et
al.

N
etw

ork
P
harm

acology
of

R
ehm

annia
on

D
iabetic

N
ephropathy

321

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


0071222), and inflammatory response (GO: 0006954) and
positive regulation of NF-kappa B transcription factor activity
(GO: 0051092) in cluster 1; positive regulation of
phosphatidylinositol 3-kinase signaling (GO: 0014068),
angiogenesis (GO: 0001525), positive regulation of cellular
protein metabolic process (GO: 0032270), response to hypoxia
(GO: 0001666), positive regulation of peptidyl-tyrosine
phosphorylation (GO: 0050731), platelet degranulation (GO:
0002576), and renin–angiotensin regulation of aldosterone
production (GO: 0002018) in cluster 2; and inflammatory
response (GO: 0006954) and leukocyte migration (GO:
0050900) in cluster 3, which was highly similar to R-6. Both
formulations 1 and 4 also had a cluster with significant
interaction on complement activation (GO: 0006956).

There were six clusters with a significant function between
formulation 2 and DN. The major cluster of interaction involved
regulation of blood pressure (GO: 0008217), positive regulation of
ERK1 and ERK2 cascade (GO: 0070374), positive regulation of
cell proliferation (GO: 0008284), positive regulation of cell
migration (GO: 0030335), positive regulation of T-cell
proliferation (GO: 0042102), negative regulation of the
endothelial cell apoptotic process (GO: 2000352), cellular
response to interleukin-1 (GO: 0071347), negative regulation
of the extrinsic apoptotic signaling pathway via death domain
receptors (GO: 1902042), positive regulation of MAPK cascade
(GO: 0043410), positive regulation of protein kinase B signaling
(GO: 0051897), aging (GO: 0007568), cellular response to tumor
necrosis factor (GO: 0071356), and extracellular matrix
organization (GO: 0030198) in addition to that of R-6 and
DN alone.

Formulation 5 formed eight clusters with significant
interactions with DN. The two clusters with the most
significant interactions included positive regulation of
phosphatidylinositol 3-kinase signaling (GO: 0014068),
angiogenesis (GO: 0001525), positive regulation of cellular
protein metabolic process (GO: 0032270), response to
hypoxia (GO: 0001666), positive regulation of peptidyl-
tyrosine phosphorylation (GO: 0050731), platelet
degranulation (GO: 0002576), and renin–angiotensin
regulation of aldosterone production (GO: 0002018) in
cluster 2; inflammatory response (GO: 0006954) and
leukocyte migration (GO: 0050900) in cluster 3; and
complement activation (GO: 0006956) in cluster 6
(Supplementary Data S9).

KEGG analysis showed that formulations 1, 3, and 5 involved
the TNF signaling pathway, NOD-like receptor signaling
pathway, non-alcoholic fatty liver disease, and inflammatory
bowel disease, and formulations 2 and 4 involved
inflammatory mediator regulation of TRP channels in addition
to the shared pathways (Supplementary Data S10).

Validation of Binding
From the molecular docking, the key chemical constituents from
R-6 have good binding affinity to APOE, CCL2, EDN1, FN1,
HGF, ICAM1, IL10, IL1B, IL6, INS, LEP, MMP9, PTGS2,
SERPINE1, TNF, and TNF receptor 1, which supported the
mechanistic involvement of these related pathways in the R-6’s

effect on DN. ACE, CRP, PTGS, and TNF receptor 2 were not
assessable due to the large crystal structure (Table 3).

DISCUSSION

DN, R-6, and the Interaction From a
Whole-System Perspective
Eleven clusters of pathophysiology were identified from DN.
From a systemic perspective, the complement and coagulation
cascades, adipocytokine signaling pathway, TNF signaling
pathway, HIF-1 signaling pathway, and AMPK signaling
pathway were the key pathways mediating the pathogenesis of
DN based on the current evidence from in vivo and in vitro
studies. These pathways are also shared by insulin resistance,
rheumatoid arthritis, non-alcoholic fatty liver disease, and
various types of infectious diseases and cancers, indicating a
possibility in repurposing established therapeutics of these
diseases for the DN management.

R-6’s mechanistic action involves modulation of complement,
coagulation, angiogenesis (VEGF), oxidative stress (HIF-1),
innate and adaptive immunity (T cell, B cell receptor and Fc
epsilon RI), cell proliferation and survival (PI3K-Akt, MAPK,
Ras, ErbB, neurotrophin, and FoxO), cell adhesion (Rap1 and
MAPK), and hormonal (prolactin, estrogen, and thyroid) and
metabolism (PPAR, sphingolipid, insulin, and purine) pathways.

From the network inferences, R-6 likely acts on DN via the
TNF, NOD-like receptor, HIF-1 and PI3K-Akt signaling
pathway, complement and coagulation cascades, and
renin–angiotensin system. These share similar mechanisms
with non-alcoholic fatty liver disease, inflammatory bowel
disease, and rheumatoid arthritis, which could support the use
of R-6 in these conditions.

From the in silico binding affinity assessment, alisol (Alismatis
Rhizoma), 7-o-methyl morroniside (Corni Fructus), campesterol
(Dioscoreae Rhizoma), paeoniflorin (Moutan Cortex), beta-
amyrin acetate (Poria), and catalpol (Rehmanniae Radix) have
the highest likelihood of interacting with the proteins involved in
these pathways.

TNF Signaling as the Key Mechanism of
R-6’s Action on DN
From KEGG enrichment analysis, the TNF signaling pathway
was demonstrated as the key signaling involved in the action of R-
6 on DN with the highest number of involved pathways. TNF
signaling activates multiple pathways (e.g., NF-κB, JNK, MAPK,
and PI3K-Akt) via receptors including TNF receptor type I
(TNFR1) and TNF receptor type II (TNFR2), leading to
apoptosis, necroptosis, inflammatory response, and vascular
response. The TNF signaling pathway has been suggested as a
therapeutic target for general CKD (Al-Lamki and Mayadas,
2015; Breyer and Susztak, 2016), autoimmune diseases, and
cancers (Shaikh et al., 2018; Steeland et al., 2018). Elevated
sera TNFR1 and TNFR2 were associated with reduced total
filtration surface per glomerulus, podocyte number per
glomerulus, filtration slit frequency, fenestrated endothelium,
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and increased glomerular basement membrane width, foot
process width, mesangial fractional volume, and global
glomerular sclerosis in diabetic patients with early
nephropathy (Pavkov et al., 2016). Previous longitudinal
cohorts also demonstrated that higher baseline serum TNFR1
and TNFR2 levels increased the risk of end-stage kidney disease
among type 2 diabetes patients (Niewczas et al., 2012; Pavkov
et al., 2015).

TNF-α suppression by inhibitor or antibody alleviated
albuminuria, macrophage infiltration, and glomerular and
tubular injury in STZ-induced diabetic rats and Ins2Akitamice
(Awad et al., 2015; Cheng et al., 2021). Nevertheless, clinical
pan-TNF intervention leads to concerns of the off-target
effect (e.g., fever, hypotension, tuberculosis, and
malignancy) as the TNF signaling pathway is a master
regulator of innate immunity (Steeland et al., 2018), and
TNFR1 is expressed widely in most cell types. Unlike TNFR1,
which is pro-inflammatory and apoptotic, TNFR2 is more
restricted to endothelial, immune, neuronal, and tumor cells
and associated with immunomodulatory and anti-
inflammatory effects (Steeland et al., 2018; Murakoshi
et al., 2020). Targeted TNFR2 inhibition that modulates
the TNF signaling homeostasis could alleviate the off-
target effect in TNF signaling pathway intervention
(Shaikh et al., 2018; Steeland et al., 2018; Murakoshi et al.,
2020). The clinical efficacy, specificity to TNFR2, and the
associated adverse events of R-6 on DN requires further
clinical studies.

Differences Between R-6—DN Interaction
Among R-6 Variations
From the comparative analysis of the interaction between R-6
variations and DN, formulations 1, 3, and 5 involved the NOD-
like receptor signaling pathway, and formulations 2 and 4
involved regulation of TRP channels on top of the common
targeting mechanisms, respectively. Similar to and synergistic
with the toll-like receptor, NOD-like receptors are highly
conserved pattern recognition receptors that mediate innate
immunity through the activation of NF-κB, MAPK,
inflammasome, and the production of pro-inflammatory
cytokines and chemokines (Geddes et al., 2009).
Polymorphisms of TLR and NLR were also associated with
dyslipidemia, higher glucose level (Geddes et al., 2009; Gomes
Torres et al., 2019), and insulin resistance (Zhou et al., 2017).
NLRP3 has been shown to induce epithelial–mesenchymal
transition of the tubular epithelial cells via TGF-beta (Wang
et al., 2013). A previous study showed that NOD2 was
upregulated in diabetic patient biopsies, and NOD2 knockout
alleviated the hyperglycemia-induced nephrin expression
reduction in diabetic mice (Du et al., 2013).

TRP channels are extensively expressed in the kidney and
pancreas that modulate the transporting and signaling mechanisms
underpinning glomerular filtration, reabsorption, and secretion of
water and solutes in the kidney, and insulin secretion in the pancreas
(Tomilin et al., 2016). TRP channels have six subfamilies, namely,
TRPC, TRPV, TRPM, TRPP, TRPA, TRPML, and TRPN (Tomilin

et al., 2016). TRP channels respond to mechanical stimuli and
mediate vascular remodeling in various disease models (Smani
et al., 2015; Kanthakumar and Adebiyi, 2021). Under a diabetic
environment, the TRPC6 expression increases via the
renin–angiotensin system and ATP signaling, leading to calcium
influx and subsequent damage of the podocyte structure and
detachment (Roshanravan and Dryer, 2014; Sonneveld et al.,
2014; Wang et al., 2020). A late clinical trial TRACTION-2 using
GFB-887, a podocyte targeted small molecule TRPC5 inhibitor, to
treat diabetic kidney disease was designed based on previous in vitro
and in vivo studies showing a protective effect of TRPC5 inhibition
via the Rac1 signaling pathway (Walsh et al., 2021). Goshajinkigan, a
Japanese herbal formulation similar to R-6, was shown to suppress
the oxaliplatin-induced increase of TRPA1 and TRPM8 mRNA
expression in dorsal root ganglia (Mizuno et al., 2014).
Nevertheless, the involvement of the NOD-like receptor pathway
and TRP channels was revealed through network inferences. Current
research on the direct effect of R-6 on these two mechanisms in
diabetes is limited.

Strengths and Limitations
A network pharmacological approach was used to delineate the
systemic interaction between DN and R-6 with multifactorial
pathophysiology and multiple chemical constituents. The whole-
system effect of R-6 specific to DN was revealed for further
clinical validation. Nevertheless, we limited the analysis to DN
with macroalbuminuria for a more specific DN diagnosis
(Persson and Rossing, 2018), and we did not perform HPLC
or UPLC analysis on the chemical constituents of the
formulations as the CMs involved are well studied and
available in the existing databases. Network pharmacology
analysis focuses on protein–protein interaction. The direction
of effect (e.g., positive, negative, or cyclic effect) and the
associated epigenetic regulations require further investigations.

Besides, we did not perform in vivo or in vitro validation as (1)
the study medication involves multiple drugs and chemicals, (2)
network pharmacology analysis is already a systematic
integration of all existing in vivo and in vitro data (Hopkins,
2008), and (3) further validation data from a single study with
experimental models are unlikely to add much evidence to the
result from network analysis. We used in silico docking analysis as
a validation from the chemistry perspective. Free energy was used
to estimate the strength of bonding for better estimating the
binding affinity instead of using root-mean-square deviation
from geometric assessment (Cournia et al., 2017; Mobley and
Gilson, 2017). Subsequent validation from clinical samples
screening the biomarkers of key mechanisms would serve
better to evaluate the whole-system effect and the relative
involvement of different mechanisms of the formulations in
real clinical settings (Chan et al., 2021c).

CONCLUSION

The complement and coagulation cascades, adipocytokine
signaling pathway, TNF signaling pathway, HIF-1 signaling
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pathway, and AMPK signaling pathway orchestrated the
pathogenesis of DN from a systemic perspective. The
therapeutic effect of R-6 on DN likely involves the TNF,
NOD-like receptor, HIF-1, and PI3K-Akt signaling pathways;
the complement and coagulation cascades; and the
renin–angiotensin system. The analysis of R-6 and the
comparative analysis of R-6 variations converged to suggest
that the TNF signaling pathway is the key mechanism
involved in the action of R-6 on DN among patients with DN
presenting with different clinical phenotypes. Variations of R-6
used in clinical protocols may also involve the NOD-like receptor
signaling pathway and TRP channels on top of the common
mechanisms from indirect inferences. These putative targets
could be validated through further trials with clinical samples.
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GLOSSARY

ACE Angiotensin-converting enzyme

AMPK Adenosine monophosphate-activated protein kinase

APOE Apolipoprotein E

CCL2 chemokine (C-C motif) ligand 2

CKD Chronic kidney disease

CM Chinese medicine

CRP C-reactive protein

DAVID Database for Annotation, Visualization and Integrated Discovery

DKD Diabetic kidney disease

DN Diabetic nephropathy

EDN1 Endothelin 1

ErbB Erythroblastic leukemia viral oncogene homolog

ERK1/2 Extracellular signal-regulated protein kinase 1/2

Fc epsilon RI Fc epsilon receptor I

RI Fc epsilon receptor I

FN1 Fibronectin 1

FoxO Forkhead Box O

HGF Hepatocyte growth factor

HIF Hypoxia-inducible factor

HPLC High-performance liquid chromatography

ICAM1 Intercellular adhesion molecule 1

IL10 interleukin 10

IL1B Interleukin 1 beta

IL6 Interleukin 6

INS Insulin

Ins2Akita Heterozygous Akita spontaneous mutation

JNK c-Jun N-terminal kinase

KEGG Kyoto Encyclopedia of Genes and Genomes

LEP Leptin

MAPK Mitogen-activated protein kinase

MCODE Molecular complex detection

MMP9 Matrix metallopeptidase 9

NF-kappa B Nuclear factor-kappa B

NLR NOD-like receptor

NLRP3 NOD-like receptor protein 3

OMIM Online Mendelian Inheritance in Man

PI3K Phosphoinositide 3-kinases

AKT Protein kinase B

PPAR Peroxisome proliferator-activated receptor

PTGS2 Prostaglandin-endoperoxide synthase 2

R-6 Rehmannia-6

Rap1 Ras-related protein 1

Ras Rat sarcoma

RCSB Research Collaboratory for Structural Bioinformatics

SERPINE1 Serpin family E member 1

STRING Search Tool for the Retrieval of Interacting Genes/Proteins

STZ Streptozotocin

TLR Toll-like receptor

TNF Tumor necrosis factor

TNFR1/2 Tumor necrosis factor receptor 1 or 2

TRP Transient receptor potential

TRPA Transient receptor potential ankyrin

TRPC Transient receptor potential canonical

TRPM Transient receptor potential melastatin

TRPML Transient receptor potential mucolipin

TRPN Transient receptor potential no mechanoreceptor potential C

TRPP Transient receptor potential polycystin

TRPV Transient receptor potential vanilloi

UPLC Ultra performance liquid chromatography
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Fatty Acid β-Oxidation in Kidney
Diseases: Perspectives on
Pathophysiological Mechanisms and
Therapeutic Opportunities
Zhumei Gao1 and Xiangmei Chen1,2*

1Department of Nephrology, The Second Hospital of Jilin University, Jilin, China, 2Department of Nephrology, The First Medical
Center, Chinese PLA General Hospital, Beijing, China

The kidney is a highly metabolic organ and requires a large amount of ATP to maintain its
filtration-reabsorption function, and mitochondrial fatty acid β-oxidation serves as the main
source of energy to meet its functional needs. Reduced and inefficient fatty acid β-
oxidation is thought to be a major mechanism contributing to kidney diseases, including
acute kidney injury, chronic kidney disease and diabetic nephropathy. PPARα, AMPK,
sirtuins, HIF-1, and TGF-β/SMAD3 activation have all been shown to play key roles in the
regulation of fatty acid β-oxidation in kidney diseases, and restoration of fatty acid β-
oxidation by modulation of these molecules can ameliorate the development of such
diseases. Here, we disentangle the lipid metabolism regulation properties and potential
mechanisms of mesenchymal stem cells and their extracellular vesicles, and emphasize
the role of mesenchymal stem cells on lipid metabolism. This review aims to highlight the
important role of fatty acid β-oxidation in the progression of kidney diseases, and to explore
the fatty acid β-oxidation effects and therapeutic potential of mesenchymal stem cells for
kidney diseases.

Keywords: acute kidney injury, chronic kidney disease, diabetic nephropathy, fatty acid β-oxidation, mesenchymal
stem cell therapy

1 INTRODUCTION

Over the last 20 years, approximately 850 million people have been suffering from some form of
kidney disease (Bharati and Jha, 2022). Many kidney diseases eventually progress to end-stage renal
disease (ESRD) due to the lack of specific treatment drugs. To date, renal replacement therapy is the
only effective treatment for ESRD, which imposes a very large economic burden on the health system
and individuals. Therefore, there is an urgent need to find potential novel therapeutic targets and
develop sustainable and effective strategies to prevent ESRD.
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The kidney requires a tremendous amount of energy to
maintain a stable internal environment of the body.
Approximately 70% of the glomerular filtrate and its solutes
are reabsorbed in the proximal tubules, so tubular epithelial
cells (TECs) are mitochondrially enriched and primarily
relying on fatty acid β-oxidation (FAO) as their energy
source to meet their functional needs (-). Fatty acids are
converted into products, such as acetyl-CoA, to generate
energy through fatty acid uptake, activation, transportation
to the matrix, and FAO processes in the body. Dysregulation of
lipid uptake and FAO mediated lipid deposition are thought to
contribute to kidney diseases, including acute kidney injury
(AKI), chronic kidney disease (CKD), and diabetic
nephropathy (DN) (Li et al., 2020a; Rong et al., 2021; Li
et al., 2022). An impaired FAO is thought to be a major
mechanism underlying kidney injury.

Carnitine palmitoyl transferase 1A (CPT1A) is a rate-
limiting enzyme in the FAO pathway. A recent study
showed that CPT1A overexpression in kidney tubules
significantly reduced renal fibrosis and protected against
kidney function deterioration by restoring FAO function,
preventing mitochondrial dysfunction, TEC differentiation,
and increasing cellular oxidative capacity in 3 CKD animal
models (Miguel et al., 2021a). This discoveries have expanded
the understanding of the relationship between FAO and
kidney injury.

Several reports have demonstrated that mesenchymal stem
cells (MSCs) and their constituents, extracellular vesicles
(EVs), are a novel therapeutic target for kidney diseases
(Yea et al., 2021; Li et al., 2021a; Peng et al., 2022).
Recently, it has been demonstrated that MSCs and MSC-
EVs can regulate the lipid metabolism by increasing the
expression of FAO-related genes and reducing fatty acid
uptake (CD36) in metabolic diseases (Li et al., 2019a; El-
Derany and AbdelHamid, 2021). However, the underlying
mechanisms involving MSCs and FAO in kidney diseases
remain poorly understood. Therefore, in this review, we
focus on an in-depth discussion of the mechanisms and
regulation of FAO in kidney diseases. In addition, we
explore the effects of MSCs on FAO disorder, thereby
aiding the application of MSCs in kidney diseases.

2 FATTY ACIDS UPTAKE IN KIDNEY
DISEASES

Fatty acids (FAs) are the preferred substrate for proximal
tubule ATP generation (Nieth and Schollmeyer.1966). In
plasma, water-insoluble free FA are solubilized by
complexing with albumin and transported to specific parts
of the body for utilization. Although free FAs can enter the
cytoplasm by passive diffusion, most of long-chain fatty acids
(LCFAs) are taken up by transporters in proximal tubules. The
cluster of differentiation-36 (CD36), FA-binding proteins
(FABPs) and FA-transport proteins (FATPs) families are
the most common and frequently studied FAs transporters
in the kidney (Storch and McDermott.2009; Khan et al., 2018).

2.1 Cluster of Differentiation-36
CD36, also known as fatty acid translocase, is a scavenger
receptor capable of binding many ligands, and is responsible
for cellular uptake of long-chain fatty acids (Coburn et al., 2000).
Human CD36 overexpression in the proximal tubules is
associated with aggravation or progression of AKI after folic
acid treatment (Jung et al., 2018). An increased expression of
CD36 and CD36-mediated lipid deposition was also observed in
the kidney of CKD and DN (Okamura et al., 2007).

CD36 is an important receptor for macrophages to recognize
and phagocytize apoptotic cells and oxidized lipids. The severity
of renal fibrosis in macrophage CD36-deficient mice was
significantly lower than that in wild mice. This difference was
associated with the attenuation of oxidative and proinflammatory
pathways that promote fibrogenesis in CKD (Okamura et al.,
2009; Pennathur et al., 2015).

Renal CD36 is also highly expressed in TECs (Susztak et al.,
2005). An high glucose stimulated CD36-dependent Wnt/β-
catenin activation in TECs is related to advanced oxidation
protein product-induced lipid accumulation, which is thought
to contribute to renal fibrosis (Li et al., 2019b). In addition, an
elevated CD36 expression in TECs promotes mtROS production,
apoptosis, epithelial-mesenchymal transition, and inflammatory
responses, which in turn promote DN progression (Susztak et al.,
2005; Hou et al., 2015; Hou et al., 2021). Interestingly, Susztak
et al. generated a mouse model with kidney-specific
overexpression of CD36 and found that FA accumulation was
already evident in 8-week-old CD36-transgenic animals, while
markers of fibrosis increased by 20 weeks of age (Kang et al.,
2015). Thus, CD36 plays an important roles in kidney diseases,
but an increased expression of CD36-induced lipid accumulation
is not a major contributor to renal fibrosis. Moreover, the
ubiquitous expression and cell-specific effects of CD36 must
be considered when development of novel peptides that
target CD36.

2.2 FA-Binding Proteins and FA-Transport
Proteins 2
FABPs bind long-chain FAs with high affinity and play a central
role in coordinating lipid transport and metabolism (Storch and
McDermott, 2009), which comprises at least nine homologous
proteins with similar tertiary structures and specific tissue
distribution patterns (Li et al., 2020b). Liver-FABP (L-FABP)
is expressed in the proximal tubules of both the normal and
diseased human kidney (Maatman et al., 1991; Kamijo-Ikemori
et al., 2011), which facilitates the excretion of lipid peroxidation
products from TECs, promotes FAO and then attenuates
tubulointerstitial damage to achieve renoprotection (Xu et al.,
2015). Numerous studies have demonstrated that L-FABP is a
promising biomarker for several kidney diseases, and it has also
been shown that upregulation of renal L-FABP can protect renal
function in human L-FABP transgenic mice after cisplatin
treatment (Negishi et al., 2008; Manabe et al., 2012).

Adipose-FABP (also known as FABP4) has been reported to
be significantly elevated in many AKI models, and inhibition of
FABP4 can attenuate endoplasmic reticulum stress,
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mitochondrial dysfunction, inflammation, and apoptosis and
restore kidney function (Huang et al., 2018; Tan et al., 2019;
Li et al., 2021b). Inhibition of FABP4 can also enhance FAO and
rebalance abnormal lipid metabolism in TECs and attenuate the
progression of kidney fibrosis (Chen et al., 2021).

FATP2, which is encoded by Slc27a2 and is localized most
prominently on the proximal tubule apical membrane, is another
protein that is implicated in the uptake of lipids in the kidney
(Khan et al., 2018). It has been proven that FATP2 promotes renal
interstitial fibrosis by inhibiting FAO in TECs, and inhibition of
FATP2 could improve kidney function and alleviate fibrotic
responses in a UUO kidney and DN (Khan et al., 2020; Chen
et al., 2020).

In summary, the transport of FAs in the kidney exhibits
unique characteristics in specific cells. In particular, FABP
members exhibit unique functions in different tissues and
microenvironments. Further understanding as to how the
transport of FAs are specifically regulated in different cells will
provide novel insights into the transport actions of FAs and
facilitate their applications in kidney diseases.

3 FATTY ACIDS β-OXIDATION IN KIDNEY
DISEASES

FAs are activated to acyl-CoA before entering the mitochondria
for complete β-oxidation. CPT1 is present in the outer membrane
of mitochondria, catalyzes the synthesis of acyl carnitine from
long chain fatty acyl CoA and carnitine. Then, under the action of
carnitine-acylcarnitine translocase, the acyl carnitine enters the
mitochondrial matrix and is transformed into acyl-CoA under
the action of carnitine acyl transferase II in the inner membrane
of mitochondria.

FA β-oxidation is the core process of FA catabolism and
depends on the concerted action of both peroxisomes and
mitochondria (Fransen et al., 2017). Peroxisomes and
mitochondria contain different enzymes for β-oxidation, which
preferentially oxidize short- and medium-chain FAs, whereas
peroxisomes metabolize very long-chain FAs (Vasko.2016).
These very-long-chain FAs are transported to the peroxisome
matrix through ATP-binding protein ABCD1-3, which shortens
the FA chain after several rounds of peroxisomal β-oxidation, and
are then transferred into mitochondria for complete FAO (Lodhi
and Semenkovich.2014; He et al., 2021). Acyl-CoA undergoes a β-
oxidation reaction to form acetyl-CoA, which is completely
oxidized by the tricarboxylic acid cycle.

3.1 Regulation of Fatty Acid β-Oxidation
3.1.1 Peroxisome Proliferators-Activated Receptor α
Peroxisome proliferators-activated receptor α (PPARα)
activation induces FAO and is most prominently expressed in
the adult kidney (Braissant et al., 1996; Montaigne et al., 2021).
The assembled complex containing PPRE/PPARα/RXRα/
ligands/coactivators controls the expression of the genes
involved in FAO (Libby et al., 2021).

Regulation of PPARα activity factors, including PPARα gene
expression and protein translation, ligand specificity and

availability, cofactor recruitment, corepressors or coactivators,
and posttranslational modification, is an effective strategy to
prevent and treat lipid disorders in kidney diseases (Bougarne
et al., 2018). Blanquart demonstrated that synthetic PPARα
ligands such as Wy14643, GW7647, or fibrates can increase
the stability of PPARα, thereby regulating the transcription of
PPARα target genes (Blanquart et al., 2002). In addition, PPARα
ligands fibrates can also directly activate PPARα to induce the
expression of fatty acid metabolism-related genes (Staels et al.,
1998). Peroxisome proliferator-activated receptor γ coactivator
1α (PGC-1α) is a important coactivator of PPARa, and regulates
FAO by increasing the activity of PPARα in the proximal tubule
epithelial cells (Vega et al., 2000; Portilla et al., 2002).

3.1.2 Adenosine Monophosphate-Activated Protein
Kinase
Adenosine monophosphate-activated protein kinase (AMPK) is a
master regulator of metabolism, which restores energy balance
during metabolic stress both at the cellular and physiological
levels (Garcia and Shaw.2017). Liver kinase B1 (LKB1) is the
upstream kinase of AMPK, causing an increased Thr172
phosphorylation and AMPK activation under energy stress
conditions (Lin and HardiE, 2018). Malonyl-CoA is a potent
inhibitor of CPT1, activated LKB1/AMPK inhibits the conversion
of acetyl-CoA to malonyl-CoA by phosphorylating acetyl-CoA
carboxylase 1 (ACC1) and ACC2, which in turn promotes FAO
(Jeon et al., 2012). Moreover, AMPK initiates many important
gene regulatory functions in skeletal muscles by directly
phosphorylating PGC-1α protein at threonine-177 and serine-
538 (Jager et al., 2007).

3.1.3 TGF-β/SMAD3
TGF-β is an important upstream modulator of fatty acid
metabolism (Kang et al., 2015). TGF-β-driven SMAD3-
dependent manner inhibit the expression of PGC-1α and
downstream lipid deposition (Yadav et al., 2011). Moreover,
TGF-β/SMAD3 signaling pathways reduce PPARα target gene
expression and lower the rates of FAO in cultured myocytes by
suppressing PPARα activity (Sekiguchi et al., 2007).

3.1.4 Sirtuins
Sirtuins are a family of NAD+-dependent deacylases that exhibit a
broad range of cellular functions. SIRT3 is localized in the
mitochondrial matrix, where it promotes fatty acid oxidation
in the liver and heart by deacetylating enzymes, such as long-
chain acyl-CoA dehydrogenase (LCAD) (Hirschey et al., 2010).
Unlike SIRT3, SIRT5 is also present in peroxisomes. It was
observed that SIRT5 promotes the efficiency of mitochondrial
FAO by increasing the activity of enoyl-CoA hydratase (ECHA)
in the heart (Sadhukhan et al., 2016). However, in contrast to
mitochondria, SIRT5 suppresses peroxisomal FAO by inhibiting
ACOX1 activity in vitro and in rodent liver (Chen et al., 2018).

3.1.5 Hypoxia-Inducible Factor 1
Hypoxia-inducible factor 1(HIF1) is a key transcription factor
regulating lipid metabolism and mediating inhibition of PPARα
expression during hypoxia (Narravula and Colgan.2001). CPT1A
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is a direct target gene of HIF and is repressed by HIF1 and HIF2,
thereby reducing fatty acid transport into the mitochondria, and
forcing fatty acids to lipid droplets for storage (Du et al., 2017).

3.2 Defective Fatty Acid β-Oxidation in
Kidney Diseases
3.2.1 Acute Kidney Injury
Reduction of FAO-related metabolic enzymes (CPT1 and medium
chain–specific acyl-CoA dehydrogenase) and increased intrarenal
lipid accumulation in proximal tubule cells were observed during
ischemia reperfusion- and cisplatin-induced AKI (Portilla et al.,
2000; Portilla et al., 2002; Tran et al., 2016). It is suggested that
nucleocytoplasmic shuttling of PPARα is involved in lipid
disorders in AKI. PPARα is a dynamic shuttling between the
cytosol and the nucleus under physiological conditions and
active PPARα is mainly located in the nucleus (Bougarne et al.,
2018). The mitochondrial matrix protein cyclophilin D in
mitochondria binds to PPARα and sequestration lead to
inhibition of its nuclear translocation and transcription of
PPARα-regulated FAO genes during cisplatin-induced AKI
(Jang et al., 2020). Sirtuins also play an important role in FAO
regulation in AKI. In addition to regulating FAO by modulating
PPARα expression, SIRT3 further regulates FAO by deacetylating
the LBK1 and activating the AMPK signaling pathway in cisplatin-
induced AKI (Li et al., 2020a). In contrast to SIRT3, loss-of-
function of SIRT5 was renoprotective in AKI. SIRT5 regulates
the balance between mitochondrial and peroxisomal FAO in
proximal tubular epithelial cells, and SIRT5 deficiency appears
to be protective by increasing peroxisomal FAO to protect against
injury in ischemia-induced or cisplatin-induced AKI (Chiba et al.,
2019).

3.2.2 Chronic Kidney Disease
Genome-wide unbiased transcriptomic analysis revealed that
FAO-related key metabolic enzymes and FAO transcriptional
regulator factors were markedly decreased in CKD (Kang et al.,
2015). In ischemia reperfusion-induced CKD, activated
transcription factor of the unfolded protein response ATF6α
inhibited PPARα expression, resulting in the downregulation of
FA β-oxidation and mitochondrial dysfunction, and consequent
lipid deposition and apoptosis induction, which eventually
accelerated profibrogenic phenotypes (Jao et al., 2019). TGF-β1-
induced and SMAD3-mediated repression of PGC1-α also play a
critical role in the regulation of FAO in TECs (Kang et al., 2015).
Moreover, LKB1 and AMPK are further important controllers of
FAO in TECs. It was observed that deletion of LKB1 in renal
tubular epithelial cells downregulated the transcript levels of rate-
limiting enzymes in the β-oxidation pathway via the AMPK
signaling pathway, and an impaired LKB1 led to CKD (Han
et al., 2016). HIF-1α directly regulates the expression of PPARα
and CPT1α. In CKD, an upregulated mitochondrial uncoupling
protein 2 (UCP2) protein increased HIF-1α stabilization, which in
turn stimulated lipid deposition and extracellular matrix
accumulation and promoted fibrosis (Ke et al., 2020).

Several microRNAs have been shown to be involved in the
pathophysiology of renal fibrosis. Recently, a study employing

an microRNA array-based strategy indicated that both miR-
150 and miR-495 are upregulated in UUO-induced fibrotic
kidneys, and that microRNAs are capable of reducing the
expression of CPT1A, PGC1-α, and TFAM mitochondrial
function-related genes, leading to renal epithelial cell
dedifferentiation and a TGF-β1-induced fibrosis phenotype
(Miguel et al., 2021b). Notably, miR-21, which has been
extensively studied in renal fibrosis, is highly expressed in
kidney fibrosis (Chau et al., 2012). Indeed, miR-21 efficiently
decreases PPARα expression, impairs FAO, and aggravates
renal fibrosis development during aging (Chau et al., 2012;
Chung et al., 2018).

3.2.3 Diabetic Nephropathy
Studies have also revealed that mouse models with DN display
a lower expression of key enzymes and regulators of FAO, and
a higher intracellular lipid deposition than controls (Lee et al.,
2020). Advanced glycation end products (AGEs) are thought
to be involved in this pathogenesis, which induced a decrease
in CPT2 expression that led to mitochondrial FAO damage
and, eventually, renal fibrosis and DN (Lee et al., 2020).

3.3 Targeting Fatty Acid Oxidation in Kidney
Diseases
Defective FAO is closely linked to the pathogenesis and progression
of kidney diseases. Hence, relieving lipid accumulation could be an
effective strategy to suppress the progression of kidney diseases.

Some studies have shown that restoration of PPARα activity
and/or expression is a potential treatment strategy for
preventing the progression of kidney diseases. PPARα
agonists are the most treatable option targeting defective
FAO. In cisplatin-induced AKI, PPARα ligand Wy-14643
(WY) prevented cisplatin-induced reduction of mRNA
levels and the enzyme activity of mitochondrial medium
chain acyl-CoA dehydrogenase (MCAD), and rescued
MCAD-mediated FAO to ameliorated acute tubular necrosis
(Li et al., 2004). PPARα agonists also had a very excellent effect
in the CKD model. For example, treatment with fenofibrate
restored FAO-related enzyme expression, improved renal
function, and reduced kidney injury and fibrosis in a folic
acid- and UUO-induced kidney fibrosis model (Kang et al.,
2015). Similar results were observed after treatment with BAY
PP1, a new PPARα agonist, in UUO and 5/6 nephrectomy
models of renal fibrosis (Boor et al., 2011). Moreover, PPARα/
β activator MHY2013 can significantly increase the expression
of FAO-associated genes and prevent renal fibrosis during
aging (Chung et al., 2020).

Activation of AMPK is another effective way to restore
FAO. LKB1-deficient cells treated with an AMPK agonist
(A769662) restored the levels of CPT1, CPT2, and ACOX1
in FAO and reduced apoptosis and dedifferentiation (Han
et al., 2016). Moreover, it has been reported that metformin
could reduce renal fibrosis by activation of energy-sensing
kinase AMPK, thereby increasing phosphorylation of ACC
and altering fatty acid metabolism (Lee et al., 2018).
Uncoupling protein (UCP-1) located in the inner
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mitochondrial membrane inhibits the progression of acute
renal injury by promoting the AMPK/ULK1/autophagy
pathway (Xiong et al., 2021).

Indeed, the delivery of microRNA mimics or inhibitors has
been proposed as a promising therapeutic strategy to prevent
the development of renal fibrosis (Petrillo et al., 2017). For
example, treatment with miR-9-5p was shown to reverse the
downregulation of the expression of PPARα and PGC1A and
FAO-related enzymes in a mouse model of UUO, further
protecting against renal fibrosis (Fierro-Fernandez et al.,
2020). In addition, miR-21 inhibition was shown to prevent

CKD, which may be related to the enhancement of PPARα/
RXR activity and improved mitochondrial function (Gomez
et al., 2015). The details of intervention in fatty acid β-
oxidation in AKI and CKD are summarized in Tables 1, 2.

4 FATTY ACID β-OXIDATION AND STEM
CELL-BASED THERAPY

MSCs are pluripotent stem cells with the ability of self-renewal
and multidirectional differentiation that have been isolated

TABLE 1 | Intervene fatty acid β-oxidation in AKI.

Model Treatment Regulatory factor Effect on kidney injury Reference

Cisplatin Genetic or pharmacological
inhibition of cyclophilin D

PPARα activity↑
Fatty acid oxidation↑
Lipid accumulation↓

Mitochondrial function↑
Apoptotic↓
Inflammation↓
Cell cycle G2/M arrest↓

Jang et al. (2020)

Cisplatin SIRT3 agonist LKB1-AMPK pathway↑
Fatty acid oxidation↑
Lipid accumulation↓

Mitochondrial function↑
Renal function↑
Necrosis↓

Li et al. (2020b)

Cisplatin/Ischemic AKI SIRT5-deficient mice Peroxisomal fatty acid oxidation↑ Tubular injury↓
Oxidative stress↓
Renal function↑

Chiba et al. (2019)

Cisplatin UCP1 agonist AMPK/ULK1 pathway↑
Lipid accumulation↓

Apoptotic↓
Inflammation↓
Autophagy↑

Xiong et al. (2021)

Cisplatin PPARα ligand PPARα activity↑
Fatty acid oxidation↑
Pyruvate dehydrogenase kinase-4 (PDK4)↑

Apoptotic↓
Inflammation↓
Necrosis

Li et al. (2004)

TABLE 2 | Intervene fatty acid β-oxidation in CKD.

Model Treatment Regulatory factor Effect on kidney injury Reference

Folic acid Overexpression of PGC1-α; Fenofibrate
(PPARα agonist); Etoxomir (inhibitor CPT)

PGC1-α, CPT, PPARα
Fatty acid oxidation↑

Fibrosis↓
Apoptosis↓
Renal function↑
Tabular injury↓

Kang et al. (2015)

UUO; 5/6 nephreetomized rats BAY PPI (PPAR-α against) PPAR-α↑
TGF-β1 expression↓

Fibrosis↓
Renal function↑
Interstital cell proliferation↓

Boor et al. (2011)

Tubule epithclial Lkb1 deletion mice Fenofibrate A769662 (A MPK against) PPARα↑
AMPK↑

Fibrosis↓
Apoptosis↓
Dedifferentiation↓

Han et al. (2016)

Unilateral ischemia-reperfusion injury Atf6α-/- mice fenofibrate PPARα↑
Lipid accumulation↓

Apoptosis↓
Fibrosis↓

Jao et al. (2019)

UUO Mir-9-5p PGC-1α↑
Fatty acid metabolism↓

Fibrosis↓
Mitochondrial function↑
apoptosis↓
Inflammation↓

Fierro-fermandez
et al. (2020)

Alport nephropathy Anti-microRNA-21 PPARα/RXR activity↑
PGC-1α↑
Fatty acid metabolism

Fibrosis↓
Mitochondrial function↑
Oxidative stress↓
Inflammation↓

Gomez et al.
(2015)

Ischemia-representation injury; Folic acid
nephropathy (FAN); Aristolochic acid
nephropathy (AAN)

UCP2-deficient mice; Genetic inhibition
of HIF-1α

PPARα↑
CPT1A↑
Lipid accumulation↓

ECM accumulation↓
Mitochondrial function↑

Ke et al. (2020)

UUO; FAN; Adenine-induced nephrotoxicity CPC1A-knockin mice Fatty acid metabolism↑ Fibrosis Mitochondrial
function↑ Apoptosis↓
Inflammation↓
Cell cycle arrest↓

Miguel et al.
(2021a)
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from various biological tissues (Naji et al., 2019; Zhou et al.,
2021).

The regulation of lipid metabolism by MSCs and/or their
EVs is well explored in cancer and metabolic diseases.
Increasing evidence suggests that MSCs improve the
stemness and drug-resistance of cancer cells through
regulating CPT1 expression and FAO, which is mediated by
the miR-3619-5p/AMPK/PGC1α/CEBPB axis in gastric cancer
(Wu et al., 2020; Han et al., 2021). In a non-alcoholic
steatohepatitis animal model, treatment with bone marrow-
derived MSCs and their EVs significantly improved liver
steatosis and ballooning in rats (El-Derany and
AbdelHamid. 2021). Further mechanistic studies have
shown that MSC-EVs could reduce the expression of fatty
acid uptake and the synthesis genes CD36, SREB1, SREB2 and
ACC, upregulate the gene expression levels of PPARα and the
FAO metabolic enzyme CPT1, and increase mitophagy genes
(Parkin, PINK1, ULK1, BNIP3L, ATG5, ATG7, ATG12) to
improve nonalcoholic steatohepatitis (El-Derany and
AbdelHamid. 2021). Moreover, MSCs and EVs can
modulate lipid metabolism by activating the AMPK
signaling pathway. For example, in diet-induced obesity
mice, AD-MSCs treatment inhibited ACC1 activity by
increasing the expression and phosphorylation of AMPK,

which in turn promoted FAO and regulated lipid
metabolism disorders (Liu et al., 2016). Furthermore,
human amniotic MSC-EVs significantly inhibited high-fat
diet-induced obesity by inhibiting lipid synthesis, activating
AMPK and increasing UCP1/PPARα/PGC1α-regulated lipid
consumption (Tan et al., 2021).

It is worth noting that different tissue-derived MSCs can
confer different therapeutic efficacy in ameliorating lipid
metabolic disorders in diabetic animals (Ma et al., 2021).
Umbilical cord Wharton’s jelly (UC-MSCs) showed the
strongest efficacy in reducing serum low-density lipoprotein
cholesterol (LDL-C) levels, but AD-MSCs showed an very
weak effect on LDL-C and substantially reduced lipid
deposition in the liver (Ma et al., 2021). Moreover, lipid
metabolic disturbance in diet-induced obesity mice was
significantly alleviated after AD-MSC treatment but not in the
UC-MSC treated group (Liu et al., 2016).

Unfortunately, few experimental studies have identified the
impact of MSCs on lipid metabolism in kidney diseases. In a rat
renal ischemia reperfusion model (right nephrectomy was
performed and left renal ischemia lasted for 45 min) with,
MSCs injection 7 days before surgery, after 48 h reperfusion, it
was observed that MSCs administration induced the activation of
the PPARα pathway and decreased the availability of free FAs,

FIGURE 1 | Major FAO pathways involved in kidney diseases and drug targets. Fatty acids (FAs) enter the cytoplasm through CD36, FABPs, or FATPs. In the
cytosol, FAs are activated to fatty acyl-CoA and transported into the mitochondrial matrix through CPT1A. The acyl-CoA undergoes a β-oxidation reaction to form acetyl-
CoA, which is completely oxidized by the tricarboxylic acid cycle. FAO is promoted by upregulating CPT1A and PPAR signaling. Drugs are highlighted in light purple
boxes. Enzymes are shown in blue and metabolites are shown in light green. Regulatory molecules are shown in green boxes. FAO, fatty acid β-oxidation; CPT1A,
carnitine palmitoyl transferase 1A; FABP, FA-binding protein; FATPs, FA-transport protein; PPAR, peroxisome proliferators-activated receptor; PGC-1α, peroxisome
proliferator-activated receptor γ coactivator 1α; AMPK, adenosine monophosphate-activated protein kinase; LKB1, Liver kinase B1; ACC, acetyl-CoA carboxylase;
LCAD, long-chain acyl-CoA dehydrogenase; ECHA, enoyl-CoA hydratase; SIRT3, sirtuin 3; SIRT5, sirtuin 5.
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which in turn prevented lipid peroxidation and attenuated renal
I/R damage (Erpicum et al., 2017). Given the importance of
mitochondrial function in FAO and kidney diseases (Forbes and
Thorburn, 2018; Chung et al., 2019; Jiang et al., 2020), we
summarize the function and mechanism of MSCs in
mitochondrial homeostasis in kidney diseases below.

MSCs play a protective role in mitochondria for renal repair
mainly through the following mechanisms: 1) transfer of
mitochondria to damaged proximal tubular epithelial cells
(Konari et al., 2019); 2) regulation of mitochondrial biogenesis
by enhancing PGC1-α expression, NAD + biosynthesis, and
SIRT3 activity (Perico et al., 2017); 3) inhibition of
mitochondria-mediated apoptosis and mitophagy (in
hexavalent chromium-injured kidney) (Yin et al., 2019); and
4) activation of mitophagy (in sepsis- and cisplatin-induced
AKI) (Wang et al., 2017; Guo et al., 2021). Recent studies
have indicated that MSC-EVs also have a protective effect on
mitochondrial damage caused by AKI, which protects TECs
against injury by reducing mitochondrial fragmentation,
normalizing mitochondrial membrane potential, and reversing
mitochondrial DNA deletion and oxidative phosphorylation
defects (Cao et al., 2020; Zhao et al., 2021).

In conclusion, MSCs and MSC-EVs can promote FAO and
regulate lipid metabolism disorders, and can also effectively
improve mitochondrial dysfunction in kidney diseases.
However, relatively few studies have identified the impact of
MSCs on lipid metabolism in kidney diseases. Future research in
this area will help deepen our understanding of the metabolic
regulation mechanism of MSCs therapy for kidney diseases and
help discover more potential therapeutic targets.

5 SUMMARY AND FUTURE
PERSPECTIVES

In this review, we have summarized the most recent findings on
the pathophysiological mechanisms of FAO in kidney diseases.
The evidences demonstrates that FAO is damaged in AKI, CKD
and DN, and that recovery of FAO can effectively protect against
kidney dysfunction. The HIF-1, TGF-β/SMAD3, and LBK1/
AMPK signaling pathways can directly or indirectly affect the
expression of key FAO metabolic enzymes. In addition, PPARα,
sirtuins, and microRNAs are involved in the regulation of FAO.
Thus, direct regulation of the key metabolic enzymes of FAO,
such as CPT1A, or increasing the activity of their regulatory

factors can significantly restore FAO and promote the recovery of
kidney function. The major FAO pathways involved in kidney
diseases and drug targets are shown in Figure 1.

One of the most important issues in kidney diseases is that
each nephron segment has distinct physiological
characteristics, consistent with different enzyme activities,
protein abundances, and substrate utilizations (Tian and
Liang, 2021). Moreover, in the context of kidney diseases,
disruption of the local microenvironment promptly initiates
changes in cellular metabolism and phenotypic changes (Basso
et al., 2021; Dumas et al., 2021). Therefore, it is very important
to elaborate the dynamic changes in the cellular metabolism of
different nephron segments in the process of disease
development. Furthermore, AKI can have different
etiologies that are conditioned by different
pathophysiological mechanisms (Ronco et al., 2019).
Different disease models may have different metabolic
characteristics. It has been reported that metabolic
alterations precede changes in serum creatinine in cisplatin-
induced nephrotoxicity (Portilla et al., 2006), but whether
changes in metabolites can represent a potential marker for
early diagnosis and progression of kidney diseases needs to be
explored further.

Moreover, emerging experimental evidence suggests that the
protective effect of MSCs and MSC-EVs on kidney diseases is
partly attributed to their ability to regulate energy metabolism.
However, few studies have explored the relationship between
MSCs and FA metabolism. Hence, additional experimental
studies are warranted to deepen our understanding of the
energy metabolism mechanisms of MSC therapy and to
discover additional potential therapeutic targets for AKI
and CKD.
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The Ameliorative Effect of Mahuang
Fuzi and Shenzhuo Decoction on
Membranous Nephropathy of Rodent
Model is Associated With Autophagy
and Wnt/β-Catenin Pathway
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The increased incidence of membranous nephropathy (MN) hasmade it themost common
pathological type of primary nephrotic syndrome in adults in China. According to the theory
of Traditional Chinese Medicine (TCM), Mahuang Fuzi (Chinese ephedra and Radix Aconiti
Lateralis Preparata) and Shenzhuo Decoction (MFSD) could be used to treat such
diseases. We treated patients of MN with MFSD, and observed comparable efficacy to
glucocorticoid and/or immunosuppressants. In this study, we observed the therapeutic
effect of MFSD on the rat model of passive Heymann nephritis (PHN), a classical MN
model. Our results showed that MFSD treatment significantly reduced urinary protein level
and podocyte injury in PHN rats, and correspondingly improved renal pathology, with the
improvement effect on MN comparable to that of Cyclosporine A (CsA) alone. To explore
the potential therapeutical mechanism of MFSD, the main chemical components of MFSD
were determined by High-performance liquid chromatography-mass spectrometry
(HPLC-MS). There were about 30 active components of MFSD. Next, based on
network pharmacology methods, we screened related targets of MSFD on MN, which
provided a preliminary understanding of the MFSD bioactive compounds. The clustering
analysis showed that its active site might be in the autophagy-related protein and Wnt/β-
catenin pathway, which was related to podocyte injury. Finally, we observed an
improvement in renal autophagy and a down-regulation of the Wnt/β-catenin pathway
after MSFD treatment in a PHN rat model. According to this study, autophagy and Wnt/β-
catenin pathway may be potential targets for MFSD in the treatment of MN.
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INTRODUCTION

Membranous nephropathy (MN) is an immune-mediated
glomerular disease whose pathological characteristics are the
immune deposits under the glomerular capillary epithelium
and thereby the diffuse thickening of the basement membrane.
It is a major cause of non-diabetic nephrotic syndrome (Liu et al.,
2019). In China, the incidence of MN has been increasing year by
year, and the detection rate of MN in elderly patients over
60 years old with nephrotic syndrome was 67. 3% (Xu et al.,
2016; Xiong et al., 2020). At present, the common background
medications for MN are glucocorticoids, cyclophosphamide,
calcineurin inhibitors (CNIs), and rituximab. However, high
recurrence rate and low complete remission rate still exist, and
the side effects such as infection caused by immunosuppression
need to be overcome (von Mering et al., 2003; Qiu et al., 2017).
The herbs can effectively improve membranous nephropathy
(Ahmed et al., 2007; Liu et al., 2019; Tian et al., 2019) via this
multi-target treatment of membranous nephropathy. Herein, it is
possible to treat MN by repairing the function of podocytes (Feng
et al., 2020).

Network pharmacology is a developing paradigm that uses
multi-disciplinary technologies such as system biology, multi-
directional pharmacology, computational biology, and network
analysis to expose the fundamental molecular targets and
pharmacodynamics methods of TCM in a systematic manner
(Hopkins, 2008; Li and Zhang, 2013). Using multiple
technologies, such as Omics technology, high-throughput
screening, network visualization, or network analysis, the
multi-level association between “drug-compound-target
pathway-disease” was established using this approach.
Understanding the molecular foundation of disease, predicting
the pharmacological mechanism, and identifying herbal
substances with high efficacy and minimal toxicity were all
provided as inspirations.

Mahuang Fuzi and Shenzhuo Decoction (MFSD), as a classic
prescription in Treatise on Febrile Diseases used clinically for
1800 years, consists of 6 kinds of Chinese herbs, namely ephedra,
aconite, dried ginger, poria cotta, atractylodes, and licorice. These
ingredients have been reported in the literature for kidney disease
treatment (Tan et al., 2014; Liu et al., 2019; Dai et al., 2020).
MFSD activates podocyte autophagy by inhibiting activation of
the Wnt/β-catenin signaling pathway and alleviates
hyperglycemia-induced podocyte injury (Dai et al., 2020).
According to the TCM theory, MFSD can treat MN through
warming yang and resolving exterior methods. No study has been
conducted on the treatment of membranous nephropathy with
MFSD. However, in our previous clinical trials, the efficacy of
MFSD in the treatment of membranous nephropathy has been
observed, but the mechanism is still unclear (Dong et al., 2021).

The Wnt/β-catenin pathway influences different nephritic-
related diseases, renal fibrosis, acute renal failure, and ischemic
injury (Kawakami et al., 2013). Activation of the Wnt/β-catenin
pathway has been found in the glomeruli of both FSGS and
diabetic nephropathy patients, damaging podocytes and leading
to proteinuria formation (Dai et al., 2009; Kato et al., 2011).
Activation of the Wnt/β-catenin pathway and inhibition of

autophagy could also be observed in high-glycemic podocytes
(Dai et al., 2020). Insufficient autophagy of podocytes can be
observed in podocyte disease (Liu et al., 2017; Jin et al., 2018; Li
et al., 2021). According to previous studies, C5b-9 blocks the
lysosome-dependent autophagy pathway, leading to podocyte
injury (Liu et al., 2017). It can be seen that podocyte
autophagy is down-regulated in MN. Autophagy is also
regulated by various mechanisms, including the Wnt/β-catenin
pathway (Petherick et al., 2013; Kühn et al., 2015; Zhou et al.,
2019; Yun et al., 2020). In our previous studies, changes in the
Wnt/β-catenin pathway and autophagy in podocytes incubated
with C5b-9 were observed, but it was unclear whether MFSD
could improve MN through the Wnt/β-catenin pathway and
regulate autophagy.

In this study, passive Heymann nephritis (PHN) model was
used to observe the therapeutic effect of MFSD on MN rodent
model, and a deliberate strategy integrating network
pharmacology and pharmacodynamics methods was employed
to investigate the potential target of MFSD for the MN treatment.

MATERIALS AND METHODS

Animals and Model Establishment
Sprague-Dawley (SD) rats in special pathogen-free (SPF) levels
were fed adaptively for 3 days before animal experiments. Beijing
Huafukang Biotechnology Co., Ltd. provided the rats (No. SCXK
Jing 2016–0,002) and housed them at the Beijing Institute of
Chinese medicine. All experiments were conducted following the
internationally recognized standard guidelines for using animals
and were reviewed and approved by the Experimental Animal
Welfare Ethics Committee of the Beijing Institute of Chinese
Medicine (Ethics No. 2019060103). Thirty-two male SD rats
weighing between 150 and 180 g were raised under standard
environmental conditions (21 ± 2°C, 55 ± 5% humidity, 12 h/12 h
light/dark cycle in SPF condition) and offered with free water and
standard laboratory diet.

Eight rats in the normal group were injected intravenously
with normal saline 0.5 ml/100g, while the rest were intravenously
injected with anti-Fx1A Serum (Probetex, Beijing, China) 0.5 ml/
100 g once. After 1 week, the 24 h urine proteinuria was detected,
proving the success of the model. Then, the successful model rats
were further randomly divided into three groups: model group,
MFSD group, and Cyclosporine A (CsA, Huadong Medicine Co.,
Ltd., Hangzhou, China) group. All treatment groups were treated
for 12 weeks by giving medicine by gavage every day. The dose of
MFSD was 1 ml/100 g/d, and CsA of 25mg/kg/d. Since CsA was
the main therapeutic regimen for MN (Floege et al., 2019), we
chose CsA as the positive control drug. The dose was selected
according to the equivalent human dose in clinical use. The normal
and model groups received the same volume of distilled water.

Urine and Serum Collection and
Biochemical Analysis
After the final treatment, the 24-h urine was collected in a
metabolic cage, and the urine protein was quantified by the
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Laboratory Department of Beijing Hospital of Traditional
Chinese Medicine, Capital Medical University. Rats were
anesthetized with 1% sodium pentobarbital before obtaining
their blood from the abdominal aorta. After centrifugation, the
serum was stored at -80°C until analysis, and the serum
biochemical indexes (ALB, CHO, TG, BUN, Cr, ALT, AST)
were measured with Hitachi 7,600 automatic biochemical
analyzer.

Histological Analysis of Renal Tissues
The kidney tissues were fixed with 4% paraformaldehyde. After
24 h, the tissue was embedded in paraffin, cut into 4 μm thick
sections, and stained with hematoxylin and eosin (HE), periodic
acid-silver methenamine (PASM), and Masson according to
standard protocols.

In order to evaluate the severity of tubulointerstitial injury,
semi-quantitative renal tubule-interstitium score were used as
described (Li et al., 2012). Briefly, the tubular atrophy, interstitial
inflammation, and fibrosis area were evaluated in 10 fields on
each HE stained renal section under a microscope with ×100
magnification. The score was graded from 0 to 3 points (0 points,
normal tubulointerstitial; 1 point, lesion area <25% of the section;
2 points, lesion area in 25–50% of the section; and 3 points, lesion
area >50% of the section). The mean value was referred to as the
tubulointerstitial lesion index.

Immunohistochemical Assay
Kidney tissues were fixed with 4% paraformaldehyde, embedded
in paraffin, and cut into 3 mum-thick sections. For antigen
retrieval, the sections were placed in 10 mm sodium citrate
buffer (pH 6. 0) and heated to near boiling (95–98°C) in a
water bath for 20 min (or an oven), followed by 20 min
cooling at room temperature. The antigen was repaired with
sodium citrate and then immersed in 3% H2O2 for 15 min to
remove endogenous catalase.

Afterward, the sections were added to goat serum blocking
solution at room temperature for 30 min and then incubated with
rabbit anti-GSK-3β (#27C10, CST, United States) overnight at
4°C. Next the sections were incubated with an HRP-labeled
secondary antibody (#SP-00223, Bioss, Beijing). Finally, DAB
was added and stained with hematoxylin. All sections were taken
under a light microscope with a 400× (Zeiss Axio Imager,
Germany). Brown color would be considered as positive staining.

Immunofluorescence Assays
Kidney tissues were fixed with 4% paraformaldehyde,
embedded in paraffin, and cut into 3 mum-thick sections.
After dewaxing and hydration, sodium citrate buffer was
added before heating in a water bath and cooling to room
temperature. The sections were incubated with rabbit anti-
LC3A/B (#12741, CST, United States), rabbit anti-p62
(#16177, CST, United States), rabbit anti-β-catenin (#8480,
CST, United States) or rabbit anti-nephrin (#ab216341,
Abcam, UK) respectively at 4°C overnight. Afterward, the
sections were added with Alexa Fluor 488 (Thermo Fisher
Scientific, United States) or Alexa Fluor 594 (Thermo Fisher
Scientific, United States) and incubated for 2 h, and stained with

DAPI (Sigma, United States). All the sections were observed via
a confocal microscope (LSM 800, ZEISS, Germany). Three
independent researchers scored at least 10 fluorescent stains
in each group. The positive expression aera in glomerulus was
calculated using Image-Pro Plus (Version 6.0, Media
Cybernetics, United States).

Western Blotting
The protein samples were then boiled with a ×5 sample buffer and
electrophoresed on a 10% or 12% polyacrylamide gel, then
transfer to PVDF membranes. The PVDF membranes were
blocked in 5% skim milk for 2 h and incubated overnight at
4°C with rabbit anti-LC3A/B (#12741, CST, United States), rabbit
anti-p62 (#16177, CST, United States), rabbit anti-β-catenin
(#8480, CST, United States) or rabbit anti-GAPDH (#2118,
CST, United States) at 4°C, respectively. The membranes were
then washed three times for 10 min in PBS with 0.1% Tween-20
and incubated with anti-rabbit secondary antibody in blocking
buffer at room temperature for 1 h. Finally, the membranes were
scanned with the Odyssey infrared imaging system (LI-COR
Biosciences, NE, United States). All protein bands were
analyzed by ImageJ software (Version 1.53, Bethesda,
United States).

Preparation of MFSD and
Ultra-Performance Liquid
Chromatography/Mass Spectrometry
Assay
The ingredients of MFSD were purchased from Guangdong
Yifang Pharmaceutical Co., ltd., Foushan, China. Each herb
was adjusted to the therapeutic dose of the rat based on the
conversion coefficient of the clinical dose of the herb. MFSD was
dissolved in water and then stored at 4°C. The contents of MFSD
are shown in Table 1.

Identification of Active Compounds and
Related Targets in MFSD
To determine the chemical ingredients of the six herbs in MFSD,
we searched the Traditional Chinese Medicine Systems
Pharmacology Database (TCMSP, http://old.tcmsp-e.com/
tcmsp.php). The absorption, distribution, metabolism, and
excretion (OAME) system in this study includes predicting
oral bioavailability (OB) and drug-likeness (DL). Meanwhile,
compounds were retained only if OB ≥ 30% and DL ≥ 0. 18
to satisfy the criteria suggested by the TCMSP database (Ru et al.,
2014). By analyzing the ingredients and target interactions
obtained from TCMSP Database, the integrative efficacy of the
ingredients in MFSD was determined.

Prediction of the Therapeutic Targets
Acting on MN
MN targets were found in the GeneCards database (https://www.
genecards.org/), which contains detailed information on all
annotated and predicted human genes.
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Network Construction and Analysis
Interactions between proteins of putative targets of active drugs in
MFSD and known therapeutic targets for MN were integrated
with putative MFSD target-known therapeutic targets of the MN
network to build putative MFSD target-known therapeutic
targets of the MN network. It can be used to show the
connections between the suspected targets in MFSD and
recognized treatment targets. Cytoscape software was used to
visualize the graphical interactions in this network (version 3. 6. 0,
Boston, MA, United States).

Protein-Protein Interaction Data
These data of protein-protein interaction (PPI) are from
STRING (http://stringdb. org/, version 10), a database of
known and forecasted protein-protein interactions (von et al.
, 2003) with the species limited to “Homo sapiens” and the

confidence score >0. 7. Each node represents a protein, and each
edge represents an interaction. More edges mean more
importance of the node.

Gene Ontology and KEGG Enrichment
Analysis for Targets
In order to validate whether potential targets are related to MN,
we examined the gene ontology (GO) involving biological
process (BP), molecular function (MF), and cellular
component (CC). An enrichment analysis according to
Tokyo Encyclopedia of Genes and Genomes (KEGG) was
conducted to predict the potential signaling pathway of
MFSD in MN. The GO and KEGG enrichment analysis was
performed using the functional annotation tool of DAVID
Bioinformatics Resources 6.7 (https://davidd.ncifcrf.gov/)

TABLE 1 | The composition of MFSD.

TCM Latin Name Part Used Lot. Number Dry Weight (g)
of Daily Clinic

Dose

Ma Huang Ephedra sinica Stapf stem 7051972 20
Fu Zi Aconitum carmichaelii Debx lateral radix 6120142 20
Gan Jiang Zingiber officinale Rose rhizome 7090862 30
Fu Ling Poria cocos (Schw.) Wolf Sclerotium 7010742 30
Bai Zhu Atractylodes macrocephala Koidz rhizome 6126142 10
Gan Cao Glycyrrhizae uralensis Fisch rhizome 7021762 10

FIGURE 1 | The effect of MFSD on the urine protein and serum biochemical indicators in PHN rats. (A) The contents of 24 h urine protein excretion in the last week
(n = 8) (B) The levels of ALB in serum (n = 8) (C, D) The levels of TC and TG in serum (n = 8) (E, F) The levels of BUN andCr in serum (n = 8) (G,H) The levels of ALT and AST
in serum (n = 8). Data were expressed as mean ± SD. #p < 0.05 and ##p < 0.01 vs. control group, *p < 0.05 and **p < 0.01 vs. model group.
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FIGURE 2 |MFSD ameliorated glomerular pathomorphological and podocyte injuries in PHN rats. (A) Representative renal pathological staining images of different
groups. Top, the images of renal tissues by HE staining were obtained under a light microscope (×400 magnification) (scale bar = 20 μm), Middle and bottom, images of
renal tissues by PASM staining and Masson staining were obtained under a light microscope (×400 magnification) (scale bar = 20 μm) (B) Histogram is the statistical
results of renal tubule-interstitium score of different groups; (C) Representative images of IgG and nephrin were observed under a confocal microscope at ×400
magnification (scale bar = 20 μm).
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(Huang et al., 2009). With Benjamini–Hochberg method to
control the false discovery rate (FDR) for multiple hypothesis
tests, the adjusted p-value < 0. 05 was used as the significance
cutoff.

Statistical Analysis
Data were presented as mean ± SEM. One-way analysis
of variance was adopted to analyze the statistics via a two-
sided t-test (two groups) or one-way analysis of variance

FIGURE 3 | Analysis of the target of MFSD based on network pharmacology (A) UPLC-MS Assay of the concentration of MFSD. (B) Schematic flow chart of
network pharmacology analysis of target of MFSD.
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(ANOVA) followed by Bonferroni’s multiple comparison
test (>2 groups). p < 0.05 was considered statistically
significant.

RESULTS

MFSD can Reduce 24 hUTP, CHO, and TG in
PHN Rats
To evaluate the efficacy of MFSD in PHN rats, we examined the
24 h urinary protein excretion (24 hUTP), albumin (ALB), total
cholesterol (CHO), triglycerides (TG), creatinine (Cr), blood urea
nitrogen (BUN), alanine aminotransferase (ALT), and aspartate
aminotransferase (AST). As shown in Figures 1A,C,D compared
with the control group, 24-h urinary protein, CHO, TG
significantly increased in PHN rats (p < 0.01). Meanwhile,
MFSD reduced 24 hUTP after treatment compared with the
model group (p < 0.05), and CsA reduced the proteinuria
excretion (p < 0.01). In addition, MFSD and CsA significantly
reduced serum levels of CHO and TG (p < 0.01). Although there
was no statistical significance in ALB between the groups, it can
be seen from Figure1B that ALB in the model group was lower
than that in the normal group, while MFSD and CsA could
improve levels of ALB. At the same time, the BUN, Cr, ALT, AST
of the MFSD group were not significantly abnormal compared
with the control group, reflecting that MFSD has no obvious
hepatotoxicity and renal toxicity in rats (Figures 1E–H).

MFSD Ameliorates Glomerular
Pathomophology and Podocyte Injury in
PHN Rats
As shown in Figure 2A, the morphological changes of different
groups of kidneys were indicated via the optical microscope.
Diffusion thickening of the basement membrane was observed in
the model group. PASM staining showed the formation of “spike
process,”, vacuoles and granular degeneration of renal tubular
epithelial cells, flattening, exfoliation, and regeneration of
epithelial cells, while HE staining showed inflammatory cell
infiltration in the renal interstitium (Figure 2B).

In the CsA group, the basement membrane was diffusely
thickened, forming the “nailing process”. Renal tubules and
interstitial changes were similar to those in the model group.
In addition, the appearance of segmental sclerosis in the
glomeruli could be noted. MFSD group showed “spike” like
changes. We found through renal tubule-interstitium score
analysis that the changes in renal tubules and interstitium of
MFSD group were reduced compared with the model (p < 0.01)
and CsA groups (Figure 2A). IgG was expressed in the glomeruli
in the model group, while IgG expression in the MFSD and CsA
groups was comparatively lower (p < 0.05). It can be referred that
MFSD and CsA have therapeutic effects on PHN rats, reducing
renal injury and immune injury (Figure 2C).

In addition, immunofluorescence showed that the expression
of nephrin in glomerulus of model group was significantly down-
regulated (p < 0.01), while MFSD or CSA treatment could
improve the expression of the down-regulated nephrin in
glomerulus (p < 0.01) (Figure 2C). This result suggests that
similar to CsA, MFSD can improve the damage of glomerular
podocytes.

Herbal Compounds in MFSD
Figure 3A shows a typical chromatogram. According to the
TCMSP database, 945 compounds were retrieved, including
363 species of Mahuang, 65 species of Fuzi, 148 species of
Ganjiang, 55 species of Baizhu, 34 species of Fuling, and 280
species of Gancao. According to the criteria of OB ≥ 30% and DL
≥ 0.18, 106 chemical ingredients were screened out, among which
23 species of Mahuang, 21 species of Fuzi, 5 species of Ganjiang, 7
species of Baizhu, 15 species of Fuling, and 92 species of Gancao.
After taking out the duplicated parts, combined with the results of
UPLC-MS assay, 103 chemical constituents were accepted.
Finally, 26 chemical ingredients were screened out for further
target prediction analysis. (Figure 3B and Table 2).

Identification of MFSD-Related Targets
As a result, GenesCard produced 3,427 distinct targets associated
with MN, including almost all the targets related to MN that have
already been identified or are currently being investigated.
Potential targets of MFSD include genes associated with MN
progression or treatment. 66 of the 3,427 MN-related genes were
closely associated with MFSD. Figure 4A shows the number of
overlaps between MFSD-related genes and MN-related genes.

86 nodes and 346 edges (Figures 4B,C) were included in a
global view of the compound-target–pathway (C-T-P) network,

TABLE 2 | Compounds in MFSD with oral bioavailability (OB) larger than 30% and
drug-likeness (DL) larger than 0.18, which combined with the results of ultra-
performance liquid chromatography-mass spectrometry (UPLC-MS).

Comp Molecule name OB(%) DL

1 Herbacetin 36.07 0.27
2 kaempferol 41.88 0.24
3 delphinidin 40.63 0.28
4 quercetin 46.43 0.28
5 Supraene 33.55 0.42
6 naringenin 59.29 0.21
7 Pectolinarigenin 41.17 0.3
8 (+)-Leucocyanidin 37.61 0.27
9 Deoxyandrographolide 56.3 0.31
10 isotalatizidine 50.82 0.73
11 kaempferol 41.88 0.24
12 Isolicoflavonol 45.17 0.42
13 quercetin 46.43 0.28
14 Calycosin 47.75 0.24
15 Medicarpin 49.22 0.34
16 isorhamnetin 49.6 0.31
17 Glabrone 52.51 0.5
18 Glabridin 53.25 0.47
19 naringenin 59.29 0.21
20 liquiritin 65.69 0.74
21 formononetin 69.67 0.21
22 Licochalcone B 76.76 0.19
23 Poricoic acid A 30.61 0.76
24 pachymic acid 33.63 0.81
25 α-Amyrin 39.51 0.76
26 8β-ethoxy atractylenolide Ⅲ 35.95 0.21
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FIGURE 4 | Active compound of MFSD target MN and protein–protein interaction (PPI) network analysis (A) Venn diagram of drug-disease targets. The cyan circle
represents 3,427 known therapeutic targets for the treatment of MN. The red circle represents 103 known drug targets of MFSD. In total, 66 shared targets were shown
between MFSD and MN. (B) The PPI analysis of 66 overlapping targets of MFSD and MN. The nodes get larger with an increasing degree. Edges: PPI between shared
targets and their interactive partners (C) Potential Compound-Targets-Pathway (pC-T-P) network of MFSD in the treatment of MN. There were 6 kinds of herbs, 18
compounds, 66 predicted targets. The yellow hexagon represents 6 kinds of herbs in MFSD, while the grey circle represents potential targets. (For interpretation of the
references to color in this figure legend, please refer to the Web version of this article.)
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clarifying the specifics of the MFSD mechanism. As this network
demonstrates, MFSD components and their targets are intricately
linked. These findings suggested that MFSD interacted with MN
in a multi-target, multi-pathway, and overall integrative manner.

Enrichment Analysis and Construction of
the Regulatory Network
The above-mentioned possible MFSD target genes were then
imported into KEGG pathway enrichment to investigate potential
signaling pathways for MFSD in the treatment of MN. Figure 5
shows the top 30 possible signaling pathways. The MAPK signaling
pathway (hsa04010), apoptosis (hsa04210), autophagy—animal
(hsa04140), Wnt signaling pathway (hsa04310) were discovered
to be involved in apoptosis, inflammation, immunity, or oxidative
stress biological processes in MN.

MFSD Adjusted Podocyte Autophagy in
PHN Rats
Studies have shown that autophagy is down-regulated inMN (Liu
et al., 2017; Jin et al., 2018; Yang et al., 2021). In order to clarify
the autophagy in MN, it needs to be explored whether the
pathogenesis of PHN involves changes in autophagy and
whether the therapeutic effect of MFSD is related to this
change. We analyzed the expressions of p62 and LC3B in
kidney tissue by immunofluorescence staining (Figure 6A)
and Western blot methods (Figure 6B). As shown in
Figure 6B, compared with the control group, the expressions
of LC3-II and p62 in the model group were higher than that in the

control group (p < 0.01), whereas the expressions of LC3-II (p <
0.01) and p62 (p < 0.05) were reduced in the MFSD group,
respectively. These data indicated that the treatment of PHN rats
by MFSD was at least partially achieved by regulating autophagy.

MFSD Inhibits the Wnt/β-Catenin Pathway
in PHN Rats
More studies have shown that the Wnt/β-catenin pathway is
critical in CKD pathogenesis. According to cancer-related
research, the Wnt/β-catenin pathway is related to autophagy,
but the relationship in membranous nephropathy remains
unclear. As shown in Figure 7A, immunofluorescence and
immunohistochemical staining showed that the model group
has a higher expression of β-catenin and GSK-3β compared
with the control group (p < 0.01). In addition, in the MFSD
group, both protein levels of β-catenin and GSK-3β were
decreased compared with model group (p < 0.01). However,
there was only β-catenin in CsA treatment group, but no
significant decrease in GSK-3β (Figure 7B). Our results
indicate that MFSD may improve podocyte injury by
inhibiting Wnt/β-catenin pathway.

DISCUSSION

Idiopathic membranous nephropathy is a common cause of adult
nephrotic syndrome (Ponticelli and Glassock, 2014). In clinical
practice, about 70% of patients present with nephrotic syndrome,
and 30% of patients can spontaneously relieve, but patients with

FIGURE 5 | Gene Ontology (GO) enrichment and KEGG pathways analysis for drug-disease targets (A) The top 20 significant GO enrichment analyses. The red
circle represents the gene count of each biological process. (B) The top 30 significant KEGG pathways. (For interpretation of the references to color in this figure legend,
please refer to the Web version of this article.)
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large proteinuria will develop into end-stage renal disease
(Polanco et al., 2010; Moroni et al., 2017). The current
medications for the MN treatment are mainly cyclosporine,
cyclophosphamide, and rituximab, but serious side effects still
exist (van den Brand et al., 2017; Zhang et al., 2018).

MFSD is a common clinical prescription to treat kidney
disease. It is mainly composed of ephedra, aconite, licorice,
dried ginger, poria, and fried atractylodes, and its main
components have been identified as effective. Moreover,

traditional Chinese medicine prescriptions other than a single
ingredient have effectively treated various diseases for hundreds
of years. Our team has found that MFSD is effective in treating
MN through clinical applications, but the specific mechanism is
still unknown. The classic animal model of MN is intravenously
injected with anti-Fx1A Serum named Passive Heymann
Nephritis (Heymann et al., 1959). Therefore, in our study, a
PHN rat model induced by Fx1A injection was performed to
evaluate the effect of MFSD on MN.

FIGURE 6 | MFSD adjusted podocyte autophagy in PHN rats (A) Immunofluorescent analysis of LC3B-positive puncta (green) and p62-positive puncta (green)
accumulated in podocytes of PHN. The podocytes in glomeruli were identified by immunofluorescent double-labeling with synaptopodin (red), a podocyte foot process-
specific protein. The nuclei were stained with DAPI (blue). Images were obtained using a confocal microscope. (B) The relative protein expression levels of renal LC3I/II
and p62 of PHN rats were analyzed by western blot assay. The relative protein expression level was expressed as the target protein/GAPDH ratio. Values are
represented as mean ± SD. #p < 0.05 and ##p < 0.01 vs. control group, *p < 0.05 and **p < 0.01 vs. model group.
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The “one-drug and one target” mode is not appropriate to
develop TCM’s action mechanism because it is characterized
by a multi-component, multi-target, and multi-pathway
synergistic action mode. Network pharmacology is a new
approach that combines system biology, multi-directional
pharmacology, and computational biology to investigate the
interaction between medications and diseases from a broad
perspective. It is particularly well suited to elucidating the
complicated interaction between medications, targets,
pathways, and illnesses. In this study, a global perspective
of the prospective chemical target pathway network was
established using network pharmacology to investigate the

molecular mechanism and potential targets of MFSD in MN
treatment.

The active components related to MFSD were obtained
from TCMSP. Through the enrichment of biological
pathways in the Mendelian genetic and KEGG database, the
protein targets in MFSD were screened. In addition to active
components and target genes, several meaningful signal
pathways include apoptosis, autophagy, the TNF, MAPK,
and Wnt/β-catenin pathways. Abundant biological functions
and literature studies suggest that these pathways are mainly
related to oxidative stress, apoptosis, inflammation, and
immune response involved in the progression of MN,

FIGURE 7 |MFSD inhibits the Wnt/β-catenin pathway in PHN rats (A) Immunofluorescent staining of β-catenin-positive puncta (green) accumulated in podocytes
of PHN. The podocytes in glomeruli were identified by immunofluorescent double-labeling with synaptopodin (red), a podocyte foot process-specific protein. The nuclei
were stained with DAPI (blue). Immunohistochemical staining of GSK-3βwas conducted using a confocal microscope. Images were collected under a light microscope at
×400 magnification (scale bar = 20 μm). (B) The relative protein expression levels of renal β-catenin and GSK-3β of PHN rats were analyzed by western blot assay.
The relative protein expression level was expressed as the target protein/GAPDH ratio. Values are represented as mean ± SD. #p < 0.05 and ##p < 0.01 vs. control group,
**p < 0.01 vs. model group.
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providing a preliminary understanding and stimulating the
interest in further research.

After preliminarily determining the role of the
multidimensional regulatory network in MN treatment, MFSD
was verified in the PHN rat model. PHN rats treated with MFSD
can significantly reduce proteinuria, slightly increase serum
albumin without obvious liver and kidney function
abnormalities. Therefore, it can be concluded that MFSD has a
potential therapeutic effect on MN.

There are 19 different secreted proteins in Wnts. TheWnt/β-
catenin signal cascade plays an important role in organogenesis,
tissue homeostasis, and human diseases (MacDonald et al.,
2009; Clevers and Nussw, 2012). Wnt/β-catenin signaling
pathway-related proteins are expressed in the kidney,
especially in tubular epithelial cells, fibroblasts, and
macrophages (Schunk et al., 2021). Evidence has been
accumulated that the Wnt/β-catenin signaling pathway is
closely related to kidney disease, and relevant research is
mostly about inflammation and fibrosis (Tan et al., 2014;
Edeling et al., 2016). Regarding the Wnt/β-catenin signaling
pathway and the occurrence of proteinuria, it is found that β-
catenin can inhibit the expression of nephrin, leading to the
destruction of the glomerular slit diaphragm and the formation
of proteinuria (Dai et al., 2009). MN manifests as podocyte
damage in the kidney, but the mechanism of protective action of
MFSD in MN is unknown. In our study, PHN rats were observed
to activate the Wnt/β-catenin signaling pathway compared with
the control group. Interestingly, we discovered that in the model
group, β-catenin levels increased considerably, indicating aberrant
Wnt/β-catenin signaling. The expression of these Wnt/β-catenin
signaling-related proteins was considerably reduced in the MFSD
groups, showing that MFSD prevented the Wnt/β-catenin
signaling pathway from becoming overactive.

However, it is not sufficient to explain the remission of
proteinuria in MN patients with MFSD, and further research
is needed to rule out the entire mechanism. Although it was
documented that autophagy could be inhibited in MN, our
experimental results showed that the expression levels of
autophagy-related proteins p62 and LC3B increased in the
model group but decreased in the MFSD group, which meant
that autophagy was inhibited in the MFSD group.

Autophagy, being highly conservative, is a common living
phenomenon in eukaryotic cell organisms. It is a programmed
cell death mechanism alongside apoptosis and necrosis.
Autophagy plays an extremely important role in cell waste
removal, structural reconstruction, organelle renewal, and
growth and development (Levine and Kroemer, 2008;
Kroemer et al., 2010). Some intracellular contents degrade
under physiological and pathological conditions (Kroemer,
2015; Gatica et al., 2018; Wong et al., 2018). Podocytes are
cells that maintain high levels of autophagy (Bork et al., 2020).
At the same time, abnormal autophagy exists in chronic kidney
disease (Liu et al., 2017; Jin et al., 2018; Zhou et al., 2019; Li
et al., 2021; Yang et al., 2021). Studies in membranous
nephropathy have shown that autophagy is down-regulated
in membranous nephropathy (Liu et al., 2017; Yang et al.,
2021), but the mechanism leading to its down-regulation is not

yet clear. Our experimental results show that autophagy
protein expression in the PHN rat model group tends to
increase, which is statistically significant.

To clarify the situation of autophagy in MN, our team believes
that the mechanism of inhibiting/activating autophagy is related
to the Wnt pathway. The main regulator of autophagy is the
mTOR pathway (Ravikumar et al., 2004; Kim et al., 2011). Some
studies have also shown the complex relationship between
autophagy and the Wnt/β-catenin pathway (Petherick et al.,
2013; Kühn et al., 2015; Yun et al., 2020; Zhou et al., 2021).
Autophagy and Wnt/β-catenin pathway-related proteins are
highly expressed in cancer cells (Zhou et al., 2019), and the
Wnt/β-catenin pathway is a negative regulator of p62 (Petherick
et al., 2013). However, there is no research on this pathway
in MN.

Meanwhile, our research discovered that inhibiting the Wnt/-
catenin signaling pathway lowered autophagy in complement-
treated podocytes in cellular experiments (Dong et al., 2021). Our
study showed that in MN, the expression of the Wnt/β-catenin
pathway and autophagy in podocytes were up-regulated, while
the expression of Wnt/β-catenin and autophagy were down-
regulated after the application of MFSD. This study confirmed
the connection between the Wnt/β-catenin signal and autophagy
in MN, also proving that MFSD could treat MN through this
pathway.

MFSD is a traditional Chinese medicine compound that treats
membranous nephropathy through multiple targets, and one of
the mechanisms may be to inhibit the Wnt/β-catenin signaling
pathway and autophagy. The main therapeutic ingredient of
MFSD may be ephedrine, ephedra polysaccharide, or other
effective ingredients, which our team will further explore. At
the same time, we will also explore more targets for MFSD to
treat MN.
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