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Introduction: As a traditional Chinese medicine, Abelmoschus manihot (L.) in the
form of Huangkui (HK) capsule has been used as a medication for kidney diseases,
including diabetic nephropathy (DN), in China. The most significant effect of HK
capsule treatment in kidney diseases is the reduction of albuminuria and
proteinuria. To evaluate the efficacy of HK capsule in the regression of DN, in
the current study, we analyzed the biomarkers in the glomerulus and proximal and
distal convoluted tubules in the kidneys of db/db mice, the animal model for type
2 diabetes and DN.

Methods: Huangkui capsules (0.84 g/kg/d) or vehicle were administered daily via
oral gavage for 4 weeks in db/db mice. Urinary albumin-to-creatinine ratio and
blood glucose levels were measured during the whole experimental period. Five
biomarkers in the glomerulus and proximal and distal convoluted tubules in the
kidneys were selected, namely, col4a3, slc5a2, slc34a1, slc12a3, and slc4a1, and
their activities at mRNA and protein levels before and after HK capsule treatment
were analyzed by real-time RT–PCR and immunohistochemistry.

Result and discussion: After HK capsule treatment for 4 weeks, the urinary
albumin-to-creatinine ratio in db/db mice was found to be significantly
decreased. The activities of col4a3, slc5a2, slc34a1, slc12a3, and slc4a1 in the
kidneys were upregulated in db/dbmice prior to the treatment but downregulated
after HK capsule treatment. Further analyses of the fields of whole kidney tissue
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sections demonstrated that the number of nephrons in the kidneys of db/db mice
with HK capsule treatment was higher than that in the kidneys of db/db mice
without HK capsule treatment. Thereby, the current study provides experimental
evidence confirming the medical efficacy of A. manihot in the reduction of
albuminuria and proteinuria, suggesting that A. manihot may have
pharmacological efficacy in the regression of the development of type
2 diabetes-DN.

KEYWORDS

Abelmoschus manihot (L.), biomarker, diabetic nephropathy, Huangkui capsule, type 2
diabetes

1 Introduction

The latest figures released by the International Diabetes
Federation (IDF) show that 537 million (1 in 10) adults now live
with diabetes worldwide (IDF, 2021). In China, the prevalence of
diabetes reported in 2017 was 11.2% (Li P. et al., 2020), while the true
incidence is likely to be higher than this number. Type 2 diabetes
(T2D) is the most common subtype of diabetes, accounting for
around 90% of all diabetes cases. Diabetic nephropathy (DN) is the
most common cause of chronic kidney disease and a leading cause of
end-stage renal disease (ESRD). Based on the pooled data from
54 countries, more than 80% of ESRD cases are caused by DN,
hypertension, or a combination of both, and ESRD patients need to
be treated with kidney dialysis or transplantation to improve their
quality of life (Thomas et al., 2015; Doshi et al., 2017; Koye et al.,
2018; Selby et al., 2020). Therefore, the health burden brought by
DN is a major challenge to individuals, families, and society.
Effective therapies for the reduction of proteinuria and regression
of development are of critical importance in DN.

The molecular mechanism of DN involves an interplay of
hemodynamic and metabolic pathways, providing many potential
targets for novel drug therapies. The vasoactive pathways mainly
include activation of the renin–angiotensin–aldosterone system
(RAS), endothelin-1, and sodium–glucose cotransporter 2
(SGLT2, also known as solute carrier family 5 member 2,
SLC5A2). The metabolic pathways in DN are manifested as an
increase in mitochondria and reactive oxygen species, NADPH
oxidase, transcription factors, advanced glycation and the end
products, protein kinase C, aldose reductase, JAK-STAT, and
autophagy (Warren et al., 2019). For the last 2 decades, the
management methodology of DN has been risk factor control
and renin–angiotensin system inhibition in the vasoactive
pathways (Brenner et al., 2001; Lewis et al., 2001; Parving et al.,
2001). Recent evidence has supported a reno-protective effect of
SGLT2 inhibition and glucagon-like peptide 1 receptor agonists in
addition to their hypoglycemic properties (Park et al., 2007; Fioretto
et al., 2016; Cowie et al., 2020; DeFronzo et al., 2021).

In recent years, researchers have undertaken genetic association
studies of DN for better understanding its molecular mechanisms
(Gu, 2019). A genome-wide association study (GWAS) has
demonstrated that the COL4A3 gene has a susceptivity risk to
DN (Salem et al., 2019). This gene encodes the collagen type IV
α3 chain, which is one of the major components of the glomerular
basement membrane (GBM) and a multimeric protein composed of
three alpha subunits (α3, α4, and α5). Based on its significance in the

GBM morphologically and functionally, this gene can serve as a
biomarker for the glomeruli in the kidneys (Naylor et al., 2021).
Furthermore, solute carriers (SLCs) are a family of membrane
proteins and found to be involved in the transport of nutrients,
metabolites, xenobiotics, and drugs (Ferrada et al., 2022). Most of
them are expressed in the kidneys and responsible for much of the
transport of ions and organic molecules along the renal tubules
(Park et al., 2018;Wu et al., 2022). Solute carrier family 12 member 3
(SLC12A3) mediates Na+ and Cl− reabsorption in the distal
convoluted tubule (DCT) of the kidneys, and this gene encodes a
sodium-chloride cotransporter (Li et al., 2022). Previously, we
demonstrated the structural abnormality of the kidney
pronephric distal duct at the 1-cell stage in zebrafish after the
morpholino knockdown of slc12a3 in zebrafish ortholog (Abu
Seman et al., 2014). Furthermore, we found that the single-
nucleotide variant Arg913Gln in the SLC12A3 gene is associated
with DN in T2D patients (Abu Seman et al., 2014). SLC5A2 is highly
expressed in the proximal convoluted tubule (PCT) of the kidneys.
As a target, SGLT2 inhibitors act on the proximal tubules of the
kidneys and have efficacy in the management of T2D and
cardiovascular and renal safety (Park et al., 2007; Fioretto et al.,
2016; Cowie et al., 2020; DeFronzo et al., 2021). Recently, we
performed single-cell RNA sequencing analyses in the kidneys of
db/db mice and predicted a list of biomarkers in the PCT and DCT
of the kidneys (Wu et al., 2022).

Traditional Chinese medicine (TCM) is perceived to be a cost-
efficient alternative. In recent years, accumulating evidence has
demonstrated that treatment of DN using TCM is not only
clinically valuable but also supported by experimental data from
basic medicine (Wen et al., 2017; Lu et al., 2019; Zhang et al., 2019).
Huangkui (HK) capsule, as a TCM, is made from the ethanol extract
of flowers in Abelmoschus manihot (L.) medic. and currently used as
a medication for kidney diseases, including DN (Li et al., 2021). In
the clinic, progressive albuminuria and proteinuria are important
predictors of DN. Indeed, albuminuria and proteinuria are closely
associated with the incidence of the mortality, renal damage, and
cardiovascular, cerebrovascular, and peripheral arterial diseases in
patients with T2D and DN (Chan et al., 1995; Gerstein et al., 2001;
Hemmelgarn et al., 2010). From 2014 to 2022, four multicenter
randomized controlled clinical trials have been conducted, and the
efficacy and safety of A manihot (L.) for primary glomerular disease,
IgA nephropathy, and DN have been reported (Zhang et al., 2014; Li
et al., 2017; Li et al., 2020b; Zhao et al., 2022). The most significant
effect of HK capsule therapy among patients with kidney diseases,
including DN, is of the reduction of albuminuria and proteinuria.

Frontiers in Pharmacology frontiersin.org02

Yu et al. 10.3389/fphar.2023.1215996

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1215996


However, it is still not fully understood whether HK capsule has
effects on the regression of development in kidney diseases such
as DN.

A mammalian kidney consists of approximately one million
nephrons at maturity. The number of nephrons in the kidney can
only be gradually decreased and never increase over a lifetime
(Wallace, 1998). Therefore, it is a challenge that once DN is
established, its progression can only be reversed by therapeutic
approaches. In China, the incidence and prevalence of diabetes
have dramatically increased over the past decade. The estimated
number of patients with DN in China has reached 24.3 million
(Zhang et al., 2016; Yang et al., 2020). Furthermore, HK capsule is
clinically used to treat DN in China. Although the efficacy of HK
capsule in the reduction of albuminuria and proteinuria is
significant, our knowledge to understand its pharmacological
efficacy at molecular levels is still limited. In the current study,
we performed experiments in db/db mice, which are animal models
for T2D and DN (Sharma et al., 2003). We first repeated the
experiment to confirm the effects of HK capsule in reducing
albuminuria and proteinuria. We then comparatively analyzed
the functional activity of five biomarkers, col4a3, slc5a2, slc34a1,
slc12a3, and slc4a1, located in the glomeruli and PCT and DCT of
kidneys between the db/db mice with and without HK capsule
treatment. Finally, we assessed the impact of HK capsule treatment
on the regression of DN development. Data from the current study
may provide experimental evidence to improve our understanding
of the therapeutic value of A. manihot in DN.

2 Materials and methods

2.1 Animals and treatment

Db/db (BKS.Cg-Dock7m +/+ Leprdb/J) mice are commonly
used as animal models for T2D and DN (Sharma et al., 2003). In
the current study, db/db and C57BL/6J mice (8-week-old males)
were purchased from the animal experimental center of Nanjing
University (Nanjing, China). All mice were maintained in a
specific pathogen-free (SPF) barrier environment and housed
with an alternating 12-h light/12-h dark cycle under controlled
temperature (22°C ± 2°C) and humidity (50% ± 10%), with ad
libitum access to standard chow and water at the animal
experiment center, Xuanwu Campus, China Pharmaceutical
University (CPU).

After 7 days of adaptation, db/db mice were divided into the DN
modeling (n = 12) and HK capsule treatment (n = 12) groups.
C57BL/6J mice were non-diabetic and considered as the negative
control group (Cont, n = 6). Blood glucose levels were measured
weekly. Urine samples were collected with a metabolic cage (DXL-
XS, Fengshi, Suzhou, China) for 24 h once a week.
Microalbuminuria (MAU) and creatinine (Cr) levels were
determined by using ELISA quantitative kits (Elabscience
Biotechnology, China) with sandwich ELISA and competitive
ELISA principles, respectively. The db/db mice with DN were
diagnosed when blood glucose levels were ≥16.7 mmol/L and the
UACR value was ≥200 mg/g for two consecutive days. All
experiments were performed in accordance with the guidelines of
the Declaration of Helsinki and approved by the ethics committee of

China Pharmaceutical University (approval code: 2019-08-0003 and
approval date: 2019-08-26).

HK capsule, as a traditional Chinese medicine, has been
approved by the State Food and Drug Administration
(Z19990040), China. This drug is made with powder extracted
from A. manihot (L.) and produced by Suzhong Pharmaceutical
Group Co., Ltd. (Taizhou, China) (Li et al., 2021). One capsule
contains 0.43 g ofA. manihot extract. The quality of HK capsules has
been examined by fingerprint analysis with high-performance liquid
chromatography, as previously reported (Lai, Zhao, & Liang, 2006;
Lai, Liang, Zhao, & Wang, 2009; Guo et al., 2015). In the current
study, HK capsule was dissolved in distilled water and freshly
prepared as an HK suspension for use. Because HK capsule is
clinically used to treat a patient with DN (body weight 60 kg) at
a dose of 7.5 g/day, the dose of 0.84 g/kg/day was then administered
to the db/db mice in the HK group. The administration period was
4 weeks. Blood and kidney tissue samples were collected for the
analyses of various indicators.

2.2 Hematoxylin and eosin staining analysis

Db/db mice were anesthetized with 1% sodium pentobarbital.
The kidneys were removed by cardiac perfusion with PBS and
placed in formaldehyde tissue fixative. The fixed kidney tissues
were embedded in paraffin, and the blocks were sectioned at 4 μm
with the HistoCore BIOCUT (Leica Biosystems, Germany). The
sections were then stained with H&E (Baso Diagnostics, Zhuhai,
China) according to the standard procedures and finally mounted
on a CX23 light microscope (Olympus, Japan) for analysis. As we
have recently reported (Wu et al., 2022), by using the Image-Pro
Plus (version 6.0.0260) software, in the current study, 4–8 fields
of H&E-stained sections from each animal were randomly
selected for semi-quantification of the glomerular area,
interstitial area of the glomerulus, and ratio of the vacuolar
and staining areas.

2.3 Selection of markers in the glomerulus
and proximal and distal convoluted tubules

DN is a complex disease. In its pathogenesis, the genetic and
environmental factors are interplayed. Based on the information
from public genome databases and pathophysiological and
genetic association studies, we selected five biomarkers in the
glomerulus and proximal and distal convoluted tubules to
evaluate the effects of HKC in DN. The locations and
biological functions of these markers in kidneys are
represented in Supplementary Table S1.

2.4 Immunohistochemical staining and
HALO analyses

Kidney sections were boiled in citrate buffer (10 mM, pH 6.0) for
20 min for antigen retrieval and then blocked in 10% normal goat
serum and incubated with a primary antibody overnight at 4°C.
In the current study, the used primary antibodies include col4a3
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(1:50 diluted, orb313870, Biorbyt Biologicals, China), slc5a2 (1:
100 diluted, NBP1-92384, Novus Biologicals, China), slc34a1 (1:
100 diluted, orb499592, Biorbyt Biologicals, China), slc12a3
(orb100812, Biorbyt Biologicals, China), and slc4a1 (1:
100 diluted, orb324433, Biorbyt Biologicals, China). After that,
the sections were incubated with biotinylated secondary antibody
(PV6001, Borui Biotechnology Co., Ltd.) for 1 h at room
temperature and then developed with 3,3′-diaminobenzidine
(DAB, 1:20) chromogenic assay for 30 s. The field of whole
kidney sections was scanned with a fluorescence scanner (VS200,
Olympus, Tokyo, Japan), and the DAB-positive cells in each image
were analyzed via HALO 2.0 area quantification algorithm (Indica
Labs, Corrales, NM, United States). The glomerular number was
analyzed and accounted based on the structural morphology by the
computer program and repeated manually.

2.5 Real-time RT–PCR

According to the manufacturer’s protocol, total RNAs were
extracted from kidney tissues and converted into cDNA by using
a FastPure cell/tissue kit and a HiScriPt-Ill 1st strand cDNA

synthesis kit(Vazyme Biotech Co., Ltd. Nanjing, China),
respectively. To detect the gene expression of col4a3, slc5a2,
slc34a1, slc12a3, and slc4a1 at mRNA levels, the quantitative PCR
experiments were performed with ChamQ SYBR Color qPCR
Master Mix (Vazyme) in the CFX Connect Real-Time PCR
system (Bio-Rad System, United States). The primers used are
summarized in Supplementary Table S2, and GAPHD was used
as an internal reference. Real-time RT–PCR was carried out with
initial DNA double-strand denaturation at 94°C for 5 min, and the
cycling conditions (10 s at 95°C, 10 s at 60°C, and 30 s at 72°C) were
45 cycles. The analysis was relatively quantified to GAPHD, and the
delta cycle-threshold (Ct) values in each sample were averaged by
using the Ct method. The experiments for the detection of each gene
were performed in duplicate to ensure amplification integrity.

2.6 Statistical analysis

To test the statistical differences among the groups, one-way
analysis of variance (ANOVA) and Bonferroni post hoc analysis
were carried out by using GraphPad Prism 5.0 software (GraphPad
Software Inc., La Jolla, United States). The values were expressed as

FIGURE 1
Changes in blood glucose levels, body weight, and the UACR before and after HK capsule treatment. The body weight (A–C), blood glucose levels
(D–F), and UACR (G–I) in non-diabetic controls and db/db mice before and after HK capsule treatment for 1 week and 4 weeks. UACR: urinary albumin-
to-creatinine ratio; *P<0.05, **<0.01, and ***<0.001.
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the mean SEM. The p-value < 0.05 was considered statistically
significant.

3 Results

3.1 Confirmation of the efficacy of HK
capsule on the reduction of albuminuria and
proteinuria

The efficacy of HK capsule on the reduction of albuminuria and
proteinuria in kidney diseases, including DN, has been well
documented (Zhang et al., 2014; Li et al., 2017; Li et al., 2020b;
Li et al., 2021; Zhao et al., 2022). In the current study, we examined
the body weight and blood glucose levels and measured the UACR
weekly before and after treatment with HK capsule. As expected, the
UACR in db/db mice after HK capsule treatment for 4 weeks was
extremely higher than that in non-diabetic controls. After HK
capsule treatment for 4 weeks, the UACR was significantly

decreased compared to that in db/db mice either without or with
HK capsule treatment for 1 week (Figures 1G–I). The body weight
(Figures 1A–C) and blood glucose (Figures 1D–F) levels in db/db
mice either with or without HK capsule treatment were higher than
those in non-diabetic control mice. Although there was a slight
decrease in body weight and blood glucose levels in db/db mice after
HK capsule treatment compared to the db/db mice without
treatment, it was not statistically significant.

3.2 Comparison of the renal index and
histopathological changes of the kidneys

By using a standard staining protocol of hematoxylin and eosin
(H&E) staining, we performed the histopathological analyses of
kidney sections from the mice in Cont, DN, and HK groups. The
images implicated that damage to the glomerular structure, loss of
renal cells, podocyte deficiency, and other symptoms were seen in
the db/db mice of the DN group in comparison with the mice in the

FIGURE 2
Comparison of the renal index and histopathological changes of the kidneys. H&E staining images of kidney tissue sections in the mice of Cont, DN,
and HK groups are represented (A–F). Comparative semi-quantification analyses of the glomerulus, renal tubule lumen diameter, and vacuole area in the
mice of Cont, DN, and HK groups are summarized (G–J), and the kidney weight and renal index are shown (K, L), respectively. H&E: hematoxylin and
eosin; Cont: non-diabetic control mice; DN: db/dbmice with diabetic nephropathy; HK: db/dbmice with Huangkui capsule treatment; renal index:
the ratio of kidney weight and body weight; *P<0.05, **<0.01, and ***<0.001.
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Cont group, while these other symptoms were improved after HK
capsule treatment (Figures 2A–F). Furthermore, semi-quantification
analysis indicated that the glomerulus and vacuole area were
increased in the DN group compared with the Cont group but
decreased after HK capsule treatment (Figures 2H, I), while the
glomerular area and renal tubule lumen diameter were decreased in
the DN group compared with the Cont group but increased after HK
capsule treatment (Figures 2G, J). We also analyzed the weight of
kidneys and renal index (kidney weight/body weight). Data showed
that the kidney weight and renal index in the db/db mice of the DN
group were increased compared to those in the mice of the Cont
group but decreased after HK capsule treatment (Figures 2K, L).

3.3 Col4a3 expression in the glomerular
basement membrane

Nephron is the basic unit of the kidneys to perform its function.
The glomerular filtration barrier is composed of endothelial cells,
podocytes, and the GBM, while the GBM is a key component of the
glomerular capillary wall and is essential for kidney filtration [8, 9].
Based on its significance in the GBM morphologically and
functionally, we selected COL4A3 as a biomarker for the
glomeruli in the kidneys. In the current study, we first detected
the col4a3 expression in the field of whole kidney sections of the
mice in the Cont, DN, and HK groups (Figures 3A–C) and then
examined the magnified and randomly selected fields (Figures

3D–F). Data showed that the col4a3 gene expression at both
protein and mRNA levels (Figures 3G, H) was decreased after
HK capsule treatment. Furthermore, the number of glomeruli in
the kidney after HK capsule treatment was higher (Figure 3I), while
the DAB-positive cell/glomerular number was lower (Figure 3J)
compared to that in DN.

3.4 Slc5a2 and slc34a1 expressions in the
proximal convoluted tubules

SLC5A2 is a well-established marker for the PCT of the kidneys
(Park et al., 2018; Ferrada et al., 2022; Wu et al., 2022). In the current
study, we found that slc5a2 gene expression in db/dbmice with DNwas
higher than that in control mice but significantly downregulated after
HK capsule treatment for 4 weeks (Figures 4G, H). Interestingly, we
analyzed the fields of whole kidney sections and found that the
glomerular number in db/db mice with DN was lower than that in
control mice, while the number was increased after HK capsule
treatment (Figure 4I). We further reanalyzed the data by using the
index of DAB-positive cell/glomerular number and confirmed that
slc5a2 could be downregulated by HK capsule treatment (Figure 4J).

Like SLC5A2, SLC34A1 is also expressed in the PCT of kidneys,
and its mRNA expression levels are higher than those in
slc5a2 according to the data from Genomic-Tissue Expression
(GTEx) in normal human kidney tissues. The SLC34A1 gene has
been considered one of the loci associated with estimated glomerular

FIGURE 3
Changes of col4a3 expression in the glomerular basement membrane. Immunochemistry detection of col4a3 in the field of whole kidney sections
of the mice in the Cont, DN, and HK groups is represented (A–C), and the magnified and randomly selected fields are shown (D–F). The col4a3 gene
expression at both protein andmRNA levels is summarized (G, H). The number of glomeruli in the kidneys (I) and DAB-positive cell/glomerular number (J)
in each group are analyzed comparatively. Cont: non-diabetic control mice; DN: db/db mice with diabetic nephropathy; HK: db/db mice with
Huangkui capsule treatment; *P<0.05, **<0.01, and ***<0.001.
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filtration rate (eGFR) and CKD (Böger et al., 2011). Furthermore,
mutations of this gene may cause urolithiasis, which is associated
with diabetes (Yasui et al., 2017). We, thus, selected this gene as a
biomarker to further evaluate the effects of HK capsule in the
proximal convoluted tubules of the kidneys. We found that
slc34a1 activities, similar to slc5a2, were increased in db/db mice
compared with controls but decreased after HK capsule treatment.
In addition, the glomerular number in db/db was reduced in
comparison with controls but reversely increased after HK
treatment (Figures 5A–J).

3.5 Slc12a3 and slc4a1 expressions in distal
convoluted tubules

We have previously reported that slc12a3 gene expression is
higher in db/db mice at the ages of 6, 12, and 26 weeks in parallel
compared to non-diabetic mice at the same ages (Abu Seman et al.,
2014). In the current study, we examined slc12a3 as a marker of the
DCT in kidneys of db/db mice with and without HK capsule
treatment, and images are represented in Figures 6A–G. Similar
to what we have previously reported, slc12a3 gene expression at
mRNA and protein levels was increased in db/db mice without HK
capsule treatment compared to the mice of the Cont group but
decreased in db/db mice after HK treatment (Figures 6G, H).
Furthermore, the index of DAB-positive cells/glomerular
numbers in db/db mice with HK capsule treatment was

decreased while the glomerular number was increased compared
with the mice without HK treatment (Figures 6I, J).

SLC4A1 encodes a membrane protein and is highly expressed in
the DCT of kidneys and relatively abundant in the lung and red
blood cells. As the product of SLC4A1, anion exchanger 1 exchanges
extracellular bicarbonate (HCO3

−) for intracellular chloride (Cl−)
and participates in acid–base homeostasis (Bertocchio et al., 2020).
We detected slc4a1 expression at mRNA and protein levels in db/db
mice with and without HK capsule treatment and found that
slc4a1 expression was downregulated in db/db after HK capsule
treatment, although its activity in db/db mice was increased
compared with non-diabetic controls (Figures 7A–J).

4 Discussion

In the current study, we first confirmed that HK capsule
treatment could reduce the UACR and proteinuria in db/db mice
and then comparatively analyzed the changes of biological activities
of five biomarkers in the nephron of kidneys before and after HK
capsule treatment by using db/db mice, an animal model for the
study of T2D and DN. These biomarkers are col4a3, slc5a2, slc34a1,
slc12a3, and slc4a1, and they are located in the glomerulus and
proximal and distal convoluted tubules of kidneys. Data from our
study implicate that col4a3, slc5a2, slc34a1, slc12a3, and slc4a1 are
upregulated in DN. After HK capsule treatment, however, their
activities are downregulated. A schematic diagram of the effects of

FIGURE 4
Changes of slc5a2 expression in the proximal convoluted tubules. Immunochemistry detection of slc5a2 in the field of whole kidney sections of the
mice in the Cont, DN, and HK groups is represented (A–C), and themagnified and randomly selected fields are shown (D–F). The slc5a2 gene expression
at both protein and mRNA levels is summarized (G, H). The number of glomeruli in the kidneys (I) and DAB-positive cell/glomerular number (J) in each
group are analyzed comparatively. Cont: non-diabetic control mice; DN: db/db mice with diabetic nephropathy; HK: db/db mice with Huangkui
capsule treatment; *P<0.05, **<0.01, and ***<0.001.
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A. manihot (L.) on DN via the reregulation of these biomarkers in
the glomeruli and proximal and distal convoluted tubules of the
kidneys is represented in Figure 8.

By using the approach of GWAS, Salem et al. demonstrated that
COL4A3 is a susceptibility gene for DN. The missense mutation
rs55703767 (Asp326Tyr) in this gene is significantly associated with
DN. Furthermore, the minor allele (326Tyr) in COL4A3 is found to
be protective against several definitions of DN, including
albuminuria and ESRD, while the strongest protective effect was
observed in patients with glycemia (Salem et al., 2019). This
protective effect can be explained by a hypothesis as either the
variant confers tensile strength or flexibility to the glomerular
basement membrane (GBM). The variant of COL4A3 may
regulate the rates of production and/or turnover of other GBM
components, affecting the GBM width changes in diabetes (Pieri
et al., 2020). Moreover, genetic mutations in the genes encoded by
other chains of type IV collagen are found to be associated with a
range of hereditary human kidney diseases, such as Alport syndrome
and DN (Jarad et al., 2016). In the current study, we examined
col4a3 in the specific location of the GBM and found this gene to be
overexpressed in db/db mice. After HK capsule treatment, however,
the expressive levels of col4a3 were decreased, which may implicate
that the functional defect of col4a3 is involved in the pathogenesis of
DN. The downregulation of col4a3 may be one of the mechanisms
for A. Manihot in DN medication.

Kidney hypertrophy is a common clinical feature in patients
with T2D and DN. T2D and arterial hypertension are major
cardiovascular risk factors that share metabolic and

hemodynamic abnormalities and pathophysiological mechanisms.
High sodium intake was found to be associated with increased blood
pressure. Slc5a2 is specifically expressed in the PCT of the kidneys
and functionally acts as a sodium–glucose cotransporter. The
epithelial proliferation accompanied by SLC5A2 upregulation,
rather than cellular hypertrophy, has been found to
predominantly occur in the hypertrophic kidney in both T1D
and T2D (Berra et al., 2020; Lai et al., 2022). In the recent years,
SGLT2 inhibitors have been widely used to treat patients with T2D-
DN owing to their important benefits in controlling blood glucose
levels, reducing cardio-cerebral vascular events and kidney
outcomes in patients with diabetes and severe albuminuria
(Uehara-Watanabe et al., 2022). In the current study, we
observed that body weight and blood glucose levels of db/db
mice were slightly, but not significantly, decreased after 4 weeks
of HK capsule treatment, as previously reported (Kim et al., 2018),
because HK capsule, as a TCM, has multiple pharmacological
targets. The effect of HK capsule on the target of Slc5a2 is
weaker than that of specialized drugs, i.e., SGLT2 inhibitors.

Slc12a3 is a well-established marker in the DPC of kidneys
(Abu Seman et al., 2014; Park et al., 2018; Li et al., 2021; Wu et al.,
2022). We have demonstrated that with the knockdown of
zebrafish ortholog, slc12a3 led to structural abnormality of the
kidney pronephric distal duct at the 1-cell stage. Among db/db
mice at the ages of 12 w (T2D) and 26 w (DN), the expression
levels of slc12a3 in kidney tissues were found to be gradually
increased (Abu Seman et al., 2014). Furthermore, in the same
study, a mutation rs11643718 (Arg913Gln) in the SLC12A3 gene

FIGURE 5
Changes of slc34a1 expression in the proximal convoluted tubules. Immunochemistry detection of slc34a1 in the field of whole kidney sections of
the mice in the Cont, DN, and HK groups is represented (A–C), and the magnified and randomly selected fields are shown (D–F). The slc34a1 gene
expression at both protein andmRNA levels is summarized (G, H). The number of glomeruli in the kidneys (I) and DAB-positive cell/glomerular number (J)
in each group are analyzed comparatively. Cont: non-diabetic control mice; DN: db/db mice with diabetic nephropathy; HK: db/db mice with
Huangkui capsule treatment; *P<0.05, **<0.01, and ***<0.001.
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was found to be associated with DN in a Malaysian population
(Abu Seman et al., 2014). The association between the SLC12A3
Arg913Gln variant and T2D-DN was also reported in Japanese
and Korean populations (Tanaka et al., 2003; Nishiyama et al.,
2005; Kim et al., 2006). Recently, Huang et al., 2022 reported that
SLC12A3 polymorphisms are associated with hypertensive
nephropathy in a Chinese cohort. In the current study, we
further uncovered that slc12a3 was overexpressed in the DPC
of the kidneys in db/db mice with DN while the gene activity
could be downregulated after HK capsule treatment.
Furthermore, slc34a1 and slc4a1 are two biomarkers in the
PCT and DCT of the kidneys, respectively. We found that the
activities of these two biomarkers, similar to that in slc5a2 and
slc12a3, were upregulated in the kidneys of db/db mice but
downregulated after HK capsule treatment.

We examined the activities of five biomarkers in the kidneys of
db/db mice before and after HK capsule treatment. To better
interpret the results from the current study, we analyzed these
biomarkers in whole kidney tissue sections. By examining the
whole kidney tissue sections, the structure and number of
glomeruli can be identified and then accounted by using
computer software and manually as well. Interestingly, we found
that the structure of the glomeruli of the kidneys in db/db mice was
damaged. The size and number of glomeruli were less than those in
non-diabetic mice. After HK capsule treatment, however, the
damage in the kidneys of db/db mice was reduced while the size
and number of glomeruli were relatively increased. Taken together,

the data from the current study not only implicate that the
development of DN has been regressed after HK capsule
treatment but also suggest that there may be a significance of HK
capsule medication in the early stage of DN.

There are a couple of limitations in the current study. First, we
carried out the experiments with HK capsule but not with the
chemical constituents of A. manihot (L.). Previous studies with
chromatographic and spectroscopic analyses demonstrated that the
bioactive constituents in the flower of A. manihot (L.) mainly include
flavonoids, such as rutin, hyperoside, hibifolin, isoquercetin,
myricetin, quercetin, and quercetin-3-O-robinobioside (Lai, 2006;
Lai, 2009; Guo et al., 2015). Investigation of the pharmacological
efficacy of total flavonoids in A. manihot (L.) has been taken into our
consideration. Second, we successfully analyzed slc5a2, slc34a1,
slc12a3, and slc4a1 protein expression in whole kidney sections
with immunohistochemical staining and HALO analyses but not
Western blotting. Based on the genome databases and the recent
single-cell transcriptomic analyses of the kidneys in mice from our
and other groups, there are approximately 400 and 360 members of
SLC families in human and mouse genomes, respectively, while most
of them are expressed in the kidney (Park et al., 2018; Schaller and
Lauschke, 2019; Wang et al., 2020; Ferrada et al., 2022; Wu et al.,
2022). Among SLCs, there are high homologies, and no monoclonal
antibodies are commercially available. We analyzed slc5a2, slc34a1,
slc12a3, and slc4a1 membrane protein structures. The size, molecular
mass, and IDs of slc5a2, slc34a1, slc12a3, and slc4a1 are summarized
in Supplementary Figure S1. Clearly, these molecules have a large

FIGURE 6
Changes of slc12a3 expression in the distinct convoluted tubules. Immunochemistry detection of slc12a3 in the field of whole kidney sections of the
mice in the Cont, DN, and HK groups is represented (A–C), and themagnified and randomly selected fields are shown (D–F). The slc12a3 gene expression
at both protein and mRNA levels is summarized (G, H). The number of glomeruli in the kidneys (I) and DAB-positive cell/glomerular number (J) in each
group are analyzed comparatively. Cont: non-diabetic control mice; DN: db/db mice with diabetic nephropathy; HK: db/db mice with Huangkui
capsule treatment; *P<0.05, **<0.01, and ***<0.001.

Frontiers in Pharmacology frontiersin.org09

Yu et al. 10.3389/fphar.2023.1215996

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1215996


FIGURE 7
Changes of slc4a1 expression in the distal convoluted tubules. Immunochemistry detection of slc4a1 in the field of whole kidney sections of the
mice in the Cont, DN, and HK groups is represented (A–C), and the magnified and randomly selected fields are shown (D–F). The slc4a1 gene expression
at both protein and mRNA levels is summarized (G, H). The number of glomeruli in the kidneys (I) and DAB-positive cell/glomerular number (J) in each
group are analyzed comparatively. Cont: non-diabetic control mice; DN: db/db mice with diabetic nephropathy; HK: db/db mice with Huangkui
capsule treatment; *P<0.05, **<0.01, and ***<0.001.

FIGURE 8
Schematic diagram of the effects of Abelmoschus manihot (L.) on diabetic nephropathy via the reregulation of biomarkers in the glomeruli and
proximal and distal convoluted tubules of the kidneys. As a single medicament of traditional Chinese medicine, Abelmoschus manihot (L.) in the form of
HK capsule has been used to treat kidney diseases, includingDN. Themost significant effect of HK capsule treatment in kidney diseases is the reduction of
albuminuria and proteinuria. The current study aims to evaluate the efficacy of HK capsule in the regression of DN by using db/db mice, an animal
model for T2D and DN. After HK capsule treatment for 4 weeks, the urine albumin-to-creatinine ratio in db/db mice was found to be significantly
decreased. Furthermore, in the kidneys of db/dbmicewith DN, the structure of the glomeruli of the kidneys in db/dbmice was damaged, and the size and
number of glomeruli were less than those in non-diabetic mice. Col4a3 in the glomerulus, slc5a2 and slc34a1 in the PCT, and slc12a3 and slc4a1 in the
DCT of kidneys are upregulated (A). After HK capsule treatment, however, the damage in the kidneys is reduced while the size and number of glomeruli
are increased. Col4a3 in the glomerulus, slc5a2 and slc34a1 in the PCT, and slc12a3 and slc4a1 in the DCT of kidneys are downregulated (B). DN: diabetic
nephropathy; T2D: type 2 diabetes; PCT: proximal convoluted tubule; DCT: distal convoluted tubule; HK: Huangkui capsule.
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molecular weight (68937-113139 Da) and shuttle back and forth
11–14 times in the cell membrane. Thereby, the issues of
homogenizing kidney tissues and high homologies of these
molecules could be the explanation for the difficulty in Western
blotting analysis. In recent years, SLCs have been increasingly
acknowledged as key biopharmaceutical targets (Lin et al., 2015;
Colas et al., 2016). To our knowledge, the current study is the first
report to evaluate the effects of A. manihot (L.) in the regulation of
slc5a2, slc34a1, slc12a3, and slc4a1. However, our knowledge
concerning the changes of SLCs in the pathogenesis of DN and
the regulatory roles of A. manihot (L.) in SLCs is still limited.
Therefore, in future research on molecular mechanisms of A.
manihot (L.) in the treatment of DN, we may need to pay more
attention to the study of the functional regulation of the bioactive
constituents in A. manihot (L.) on renal tubular epithelial cells,
especially for targets such as SLCs.

5 Conclusion

The current study provides experimental evidence that A. manihot
(L.) may have pharmacological efficacy in the regression of DN
development and suggests that the application of HK capsule in the
early stage of DNmay have a better rehabilitation effect forDNpatients.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Material; further inquiries can be directed
to the corresponding authors.

Ethics statement

The animal study protocol was reviewed and approved by the
Ethics Committee for Experimental Animals in China
Pharmaceutical University.

Author contributions

Conceiving the study: HFG; data acquisition and analysis: HY,
MW, JY, QX, NC, and XL; laboratory management: YW; data
interpretation and discussion: HT, HG, LQ, WT, and HFG; and
manuscript preparation and revision: HY and HFG. All authors
contributed to the article and approved the submitted version.

Funding

This study was supported by the Cooperation Research Project
(CPU20200228 HFG).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors, and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fphar.2023.1215996/
full#supplementary-material

References

Abu Seman, N., He, B., Ojala, J. R., Wan Mohamud, W. N., Östenson, C. G., Brismar,
K., et al. (2014). Genetic and biological effects of sodium-chloride cotransporter
(SLC12A3) in diabetic nephropathy. Am. J. Nephrol. 40, 408–416. doi:10.1159/
000368916

Berra, C., Manfrini, R., Regazzoli, D., Radaelli, M. G., Disoteo, O., Sommese, C., et al.
(2020). Blood pressure control in type 2 diabetes mellitus with arterial hypertension.
The important ancillary role of SGLT2-inhibitors and GLP1-receptor agonists.
Pharmacol. Res. 160, 105052. doi:10.1016/j.phrs.2020.105052

Bertocchio, J. P., Genetet, S., Da Costa, L., Walsh, S. B., Knebelmann, B., Galimand, J.,
et al. (2020). Red blood cell AE1/band 3 transports in dominant distal renal tubular
acidosis patients. Kidney Int. Rep. 5, 348–357. doi:10.1016/j.ekir.2019.12.020

Böger, C. A., and Heid, I. M. (2011). Chronic kidney disease: Novel insights from
genome-wide association studies. Kidney Blood Press Res. 34, 225–234. doi:10.1159/
000326901

Brenner, B. M., Cooper, M. E., de Zeeuw, D., Keane, W. F., Mitch, W. E., Parving, H.
H., et al.RENAAL Study Investigators (2001). Effects of losartan on renal and
cardiovascular outcomes in patients with type 2 diabetes and nephropathy. N. Engl.
J. Med. 345, 861–869. doi:10.1056/NEJMoa011161

Chan, J. C., Cheung, C. K., Cheung, M. Y., Swaminathan, R., Critchley, J. A., and
Cockram, C. S. (1995). Abnormal albuminuria as a predictor of mortality and renal

impairment in Chinese patients with NIDDM. Diabetes care 18, 1013–1016. doi:10.
2337/diacare.18.7.1013

Colas, C., Ung, P. M., and Schlessinger, A. (2016). SLC transporters: Structure, function, and
drug discovery. Medchemcomm 7 (6), 1069–1081. doi:10.1039/C6MD00005C

Cowie, M. R., and Fisher, M. (2020). SGLT2 inhibitors: Mechanisms of cardiovascular
benefit beyond glycaemic control. Nat. Rev. Cardiol. 17, 761–772. doi:10.1038/s41569-
020-0406-8

DeFronzo, R. A., Reeves, W. B., and Awad, A. S. (2021). Pathophysiology of diabetic
kidney disease: Impact of SGLT2 inhibitors. Nat. Rev. Nephrol. 17, 319–334. doi:10.
1038/s41581-021-00393-8

Doshi, S. M., and Friedman, A. N. (2017). Diagnosis and management of type 2 diabetic
kidney disease. Clin. J. Am. Soc. Nephrol. 12, 1366–1373. doi:10.2215/CJN.11111016

Ferrada, E., and Superti-Furga, G. (2022). A structure and evolutionary-based
classification of solute carriers. iScience 25, 105096. doi:10.1016/j.isci.2022.105096

Fioretto, P., Zambon, A., Rossato, M., Busetto, L., and Vettor, R. (2016).
SGLT2 inhibitors and the diabetic kidney. Diabetes care 39, S165–S171. Suppl 2.
doi:10.2337/dcS15-3006

Gerstein, H. C., Mann, J. F., Yi, Q., Zinman, B., Dinneen, S. F., Hoogwerf, B.,
et al.HOPE Study Investigators (2001). Albuminuria and risk of cardiovascular events,

Frontiers in Pharmacology frontiersin.org11

Yu et al. 10.3389/fphar.2023.1215996

https://www.frontiersin.org/articles/10.3389/fphar.2023.1215996/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2023.1215996/full#supplementary-material
https://doi.org/10.1159/000368916
https://doi.org/10.1159/000368916
https://doi.org/10.1016/j.phrs.2020.105052
https://doi.org/10.1016/j.ekir.2019.12.020
https://doi.org/10.1159/000326901
https://doi.org/10.1159/000326901
https://doi.org/10.1056/NEJMoa011161
https://doi.org/10.2337/diacare.18.7.1013
https://doi.org/10.2337/diacare.18.7.1013
https://doi.org/10.1039/C6MD00005C
https://doi.org/10.1038/s41569-020-0406-8
https://doi.org/10.1038/s41569-020-0406-8
https://doi.org/10.1038/s41581-021-00393-8
https://doi.org/10.1038/s41581-021-00393-8
https://doi.org/10.2215/CJN.11111016
https://doi.org/10.1016/j.isci.2022.105096
https://doi.org/10.2337/dcS15-3006
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1215996


death, and heart failure in diabetic and nondiabetic individuals. JAMA 286, 421–426.
doi:10.1001/jama.286.4.421

Gu, H. F. (2019). Genetic and epigenetic studies in diabetic kidney disease. Front.
Genet. 10, 507. doi:10.3389/fgene.2019.00507

Guo, J. M., Lu, Y. W., Shang, E. X., Li, T., Liu, Y., Duan, J. A., et al. (2015). Metabolite
identification strategy of non-targeted metabolomics and its application for the
identification of components in Chinese multicomponent medicine Abelmoschus
manihot L. Phytomedicine 22, 579–587. doi:10.1016/j.phymed.2015.02.002

Hemmelgarn, B. R., Manns, B. J., Lloyd, A., James, M. T., Klarenbach, S., Quinn, R. R.,
Wiebe, N., Tonelli, M., et al.Alberta Kidney Disease Network (2010). Relation between
kidney function, proteinuria, and adverse outcomes. JAMA 303, 423–429. doi:10.1001/
jama.2010.39

Huang, C. C., Chung, C. M., Yang, C. Y., Leu, H. B., Huang, P. H., Lin, L. Y., et al.
(2022). SLC12A3 variation and renal function in Chinese patients with hypertension.
Front. Med. (Lausanne) 9, 863275. doi:10.3389/fmed.2022.863275

IDF (2021). Diabetes atlas. 10. Sunshine St, United States: IDF. Available at: https://
diabetesatlas.org/.

Jarad, G., Knutsen, R. H., Mecham, R. P., and Miner, J. H. (2016). Albumin
contributes to kidney disease progression in Alport syndrome. Am. J. Physiol. Ren.
Physiol. 311, F120–F130. doi:10.1152/ajprenal.00456.2015

Kim, H., Dusabimana, T., Kim, S. R., Je, J., Jeong, K., Kang, M. C., et al. (2018).
Supplementation of Abelmoschus manihot ameliorates diabetic nephropathy and
hepatic steatosis by activating autophagy in mice. Nutrients 10, 1703. doi:10.3390/
nu10111703

Kim, J. H., Shin, H. D., Park, B. L., Moon, M. K., Cho, Y. M., Hwang, Y. H., et al.
(2006). SLC12A3 (solute carrier family 12 member [sodium/chloride] 3)
polymorphisms are associated with end-stage renal disease in diabetic nephropathy.
Diabetes 55, 843–848. doi:10.2337/diabetes.55.03.06.db05-1013

Koye, D. N., Magliano, D. J., Nelson, R. G., and Pavkov, M. E. (2018). The global
epidemiology of diabetes and kidney disease. Adv. Chronic Kidney Dis. 25, 121–132.
doi:10.1053/j.ackd.2017.10.011

Lai, J. S., Aung, Y. N., Khalid, Y., and Cheah, S. C. (2022). Impact of different dietary
sodium reduction strategies on blood pressure: A systematic review. Hypertens. Res. 45,
1701–1712. doi:10.1038/s41440-022-00990-5

Lai, X., Liang, H., Zhao, Y., and Wang, B. (2009). Simultaneous determination of
seven active flavonols in the flowers of Abelmoschus manihot by HPLC. J. Chromatogr.
Sci. 47, 206–210. doi:10.1093/chromsci/47.3.206

Lai, X. Y., Zhao, Y. Y., and Liang, H. (2006). [Studies on chemical constituents in
flower of Abelmoschus manihot]. Zhongguo Zhong Yao Za Zhi 31, 1597–1600. In
Chinese.

Lewis, E. J., Hunsicker, L. G., and Rodby, R. A.Collaborative Study Group (2001). A
clinical trial in type 2 diabetic nephropathy. Am. J. Kidney Dis. 38, S191–S194. 4 Suppl 1.
doi:10.1053/ajkd.2001.27442

Li, N., and Gu, H. F. (2022). Genetic and biological effects of SLC12A3, a sodium-
chloride cotransporter, in gitelman syndrome and diabetic kidney disease. Front. Genet.
13, 799224. doi:10.3389/fgene.2022.799224

Li, N., Tang, H., Wu, L., Ge, H., Wang, Y., Yu, H., et al. (2021). Chemical constituents,
clinical efficacy and molecular mechanisms of the ethanol extract of Abelmoschus
manihot flowers in treatment of kidney diseases. Phytother. Res. 35, 198–206. doi:10.
1002/ptr.6818

Li, P., Chen, Y. Z., Lin, H. L., Ni, Z. H., Zhan, Y. L., Wang, R., et al. (2017).
Abelmoschus manihot - a traditional Chinese medicine versus losartan potassium for
treating IgA nephropathy: Study protocol for a randomized controlled trial. Trials 18,
170. doi:10.1186/s13063-016-1774-6

Li, P., Lin, H., Ni, Z., Zhan, Y., He, Y., Yang, H., et al. (2020a). Efficacy and safety of
Abelmoschus manihot for IgA nephropathy: A multicenter randomized clinical trial.
Phytomedicine 76, 153231. doi:10.1016/j.phymed.2020.153231

Li, Y., Teng, D., Shi, X., Qin, G., Qin, Y., Quan, H., et al. (2020b). Prevalence of
diabetes recorded in mainland China using 2018 diagnostic criteria from the American
diabetes association: National cross-sectional study. BMJ 369, m997. doi:10.1136/bmj.
m997

Lin, L., Yee, S. W., Kim, R. B., and Giacomini, K. M. (2015). SLC transporters as
therapeutic targets: Emerging opportunities. Nat. Rev. Drug Discov. 14 (8), 543–560.
doi:10.1038/nrd4626

Lu, Z., Zhong, Y., Liu,W., Xiang, L., and Deng, Y. (2019). The efficacy andmechanism
of Chinese herbal medicine on diabetic kidney disease. J. Diabetes Res. 25, 2697672.
doi:10.1155/2019/2697672

Naylor, R. W., Morais, M. R. P. T., and Lennon, R. (2021). Complexities of the
glomerular basement membrane. Nat. Rev. Nephrol. 17, 112–127. doi:10.1038/s41581-
020-0329-y

Nishiyama, K., Tanaka, Y., Nakajima, K., Mokubo, A., Atsumi, Y., Matsuoka, K., et al.
(2005). Polymorphism of the solute carrier family 12 (sodium/chloride transporters)
member 3, SLC12A3, gene at exon 23 (+78G/A: Arg913Gln) is associated with elevation

of urinary albumin excretion in Japanese patients with type 2 diabetes: A 10-year
longitudinal study. Diabetologia 48, 1335–1338. doi:10.1007/s00125-005-1785-4

Park, C. W., Kim, H. W., Ko, S. H., Lim, J. H., Ryu, G. R., Chung, H. W., et al. (2007).
Long-term treatment of glucagon-like peptide-1 analog exendin-4 ameliorates diabetic
nephropathy through improving metabolic anomalies in db/db mice. J. Am. Soc.
Nephrol. 18 (4), 1227–1238. doi:10.1681/ASN.2006070778

Park, J., Shrestha, R., Qiu, C., Kondo, A., Huang, S., Werth, M., et al. (2018). Single-
cell transcriptomics of the mouse kidney reveals potential cellular targets of kidney
disease. Science 360, 758–763. doi:10.1126/science.aar2131

Parving, H. H., Lehnert, H., Bröchner-Mortensen, J., Gomis, R., Andersen, S., Arner,
P., et al. (2001). The effect of irbesartan on the development of diabetic nephropathy in
patients with type 2 diabetes. N. Engl. J. Med. 345 (12), 870–878. doi:10.1056/
NEJMoa011489

Pieri, M. (2020). Hypothesis as to how a commonmissense mutation in COL4A3may
confer protection against diabetic kidney disease. J. Am. Soc. Nephrol. 31, 663–664.
doi:10.1681/ASN.2019090966

Salem, R. M., Todd, J. N., Sandholm, N., Cole, J. B., Chen, W. M., Andrews, D.,
Pezzolesi, M. G., McKeigue, P. M., Hiraki, L. T., Qiu, C., Nair, V., Di Liao, C., Cao, J. J.,
Valo, E., Onengut-Gumuscu, S., Smiles, A. M., McGurnaghan, S. J., Haukka, J. K.,
Harjutsalo, V., Brennan, E. P., et al.SUMMIT Consortium; DCCT/EDIC Research
Group; GENIE Consortium (2019). Genome-wide association study of diabetic kidney
disease highlights biology involved in glomerular basement membrane collagen. J. Am.
Soc. Nephrol. 30, 2000–2016. doi:10.1681/ASN.2019030218

Schaller, L., and Lauschke, V. M. (2019). The genetic landscape of the human solute
carrier (SLC) transporter superfamily. Hum. Genet. 138 (11-12), 1359–1377. doi:10.
1007/s00439-019-02081-x

Selby, N. M., and Taal, M. W. (2020). An updated overview of diabetic nephropathy:
Diagnosis, prognosis, treatment goals and latest guidelines. Diabetes Obes. Metab. 1,
3–15. doi:10.1111/dom.14007

Sharma, K., McCue, P., and Dunn, S. R. (2003). Diabetic kidney disease in the db/db
mouse.Am. J. Physiol. Ren. Physiol. 284, F1138–F1144. doi:10.1152/ajprenal.00315.2002

Tanaka, N., Babazono, T., Saito, S., Sekine, A., Tsunoda, T., Haneda, M., et al. (2003).
Association of solute carrier family 12 (sodium/chloride) member 3 with diabetic
nephropathy, identified by genome-wide analyses of single nucleotide polymorphisms.
Diabetes 52, 2848–2853. doi:10.2337/diabetes.52.11.2848

Thomas, M. C., Brownlee, M., Susztak, K., Sharma, K., Jandeleit-Dahm, K. A.,
Zoungas, S., et al. (2015). Diabetic kidney disease. Nat. Rev. Dis. Prim. 1, 15018.
doi:10.1038/nrdp.2015.18

Uehara-Watanabe, N., Okuno-Ozeki, N., Minamida, A., Nakamura, I., Nakata, T.,
Nakai, K., et al. (2022). Direct evidence of proximal tubular proliferation in early
diabetic nephropathy. Sci. Rep. 12, 778. doi:10.1038/s41598-022-04880-1

Wallace, M. A. (1998). Anatomy and physiology of the kidney. AORN J. 68, 803–816.
doi:10.1016/s0001-2092(06)62377-6

Wang, W. W., Gallo, L., Jadhav, A., Hawkins, R., and Parker, C. G. (2020). The
druggability of solute carriers. J. Med. Chem. 63 (8), 3834–3867. doi:10.1021/acs.
jmedchem.9b01237

Warren, A. M., Knudsen, S. T., and Cooper, M. E. (2019). Diabetic nephropathy: An
insight into molecular mechanisms and emerging therapies. Expert Opin. Ther. Targets
23 (7), 579–591. doi:10.1080/14728222.2019.1624721

Wen, Y., Yan, M., Zhang, B., and Li, P. (2017). Chinese medicine for diabetic kidney
disease in China. Nephrol. Carlt. 4, 50–55. doi:10.1111/nep.13149

Wu, C., Tao, Y., Li, N., Fei, J., Wang, Y., Wu, J., et al. (2022). Prediction of cellular
targets in diabetic kidney diseases with single-cell transcriptomic analysis of db/db
mouse kidneys. J. Cell. Commun. Signal 17, 169–188. doi:10.1007/s12079-022-00685-z

Yang, C., Gao, B., Zhao, X., Su, Z., Sun, X., Wang, H. Y., et al. (2020). Executive
summary for China kidney disease network (CK-net) 2016 annual data report. Kidney
Int. 98 (6), 1419–1423. doi:10.1016/j.kint.2020.09.003

Yasui, T., Okada, A., Hamamoto, S., Ando, R., Taguchi, K., Tozawa, K., et al. (2017).
Pathophysiology-based treatment of urolithiasis. Int. J. Urol. 24, 32–38. doi:10.1111/iju.13187

Zhang, L., Long, J., Jiang, W., Shi, Y., He, X., Zhou, Z., et al. (2016). Trends in chronic
kidney disease in China. N. Engl. J. Med. 375 (9), 905–906. doi:10.1056/NEJMc1602469

Zhang, L., Li, P., Xing, C. Y., Zhao, J. Y., He, Y. N., Wang, J. Q., et al. (2014). Efficacy
and safety of Abelmoschus manihot for primary glomerular disease: A prospective,
multicenter randomized controlled clinical trial. Am. J. Kidney Dis. 64, 57–65. doi:10.
1053/j.ajkd.2014.01.431

Zhang, L., Yang, L., Shergis, J., Zhang, L., Zhang, A. L., Guo, X., et al. (2019). Chinese
herbal medicine for diabetic kidney disease: A systematic review and meta-analysis of
randomised placebo-controlled trials.MJ Open 9, e025653. doi:10.1136/bmjopen-2018-
025653

Zhao, J., Tostivint, I., Xu, L., Huang, J., Gambotti, L., Boffa, J. J., et al. (2022). Efficacy of
combinedAbelmoschusmanihot and irbesartan for reduction of albuminuria in patientswith
type 2 diabetes and diabetic kidney disease: A multicenter randomized double-blind parallel
controlled clinical trial. Diabetes care 45, e113–e115. doi:10.2337/dc22-0607

Frontiers in Pharmacology frontiersin.org12

Yu et al. 10.3389/fphar.2023.1215996

https://doi.org/10.1001/jama.286.4.421
https://doi.org/10.3389/fgene.2019.00507
https://doi.org/10.1016/j.phymed.2015.02.002
https://doi.org/10.1001/jama.2010.39
https://doi.org/10.1001/jama.2010.39
https://doi.org/10.3389/fmed.2022.863275
https://diabetesatlas.org/
https://diabetesatlas.org/
https://doi.org/10.1152/ajprenal.00456.2015
https://doi.org/10.3390/nu10111703
https://doi.org/10.3390/nu10111703
https://doi.org/10.2337/diabetes.55.03.06.db05-1013
https://doi.org/10.1053/j.ackd.2017.10.011
https://doi.org/10.1038/s41440-022-00990-5
https://doi.org/10.1093/chromsci/47.3.206
https://doi.org/10.1053/ajkd.2001.27442
https://doi.org/10.3389/fgene.2022.799224
https://doi.org/10.1002/ptr.6818
https://doi.org/10.1002/ptr.6818
https://doi.org/10.1186/s13063-016-1774-6
https://doi.org/10.1016/j.phymed.2020.153231
https://doi.org/10.1136/bmj.m997
https://doi.org/10.1136/bmj.m997
https://doi.org/10.1038/nrd4626
https://doi.org/10.1155/2019/2697672
https://doi.org/10.1038/s41581-020-0329-y
https://doi.org/10.1038/s41581-020-0329-y
https://doi.org/10.1007/s00125-005-1785-4
https://doi.org/10.1681/ASN.2006070778
https://doi.org/10.1126/science.aar2131
https://doi.org/10.1056/NEJMoa011489
https://doi.org/10.1056/NEJMoa011489
https://doi.org/10.1681/ASN.2019090966
https://doi.org/10.1681/ASN.2019030218
https://doi.org/10.1007/s00439-019-02081-x
https://doi.org/10.1007/s00439-019-02081-x
https://doi.org/10.1111/dom.14007
https://doi.org/10.1152/ajprenal.00315.2002
https://doi.org/10.2337/diabetes.52.11.2848
https://doi.org/10.1038/nrdp.2015.18
https://doi.org/10.1038/s41598-022-04880-1
https://doi.org/10.1016/s0001-2092(06)62377-6
https://doi.org/10.1021/acs.jmedchem.9b01237
https://doi.org/10.1021/acs.jmedchem.9b01237
https://doi.org/10.1080/14728222.2019.1624721
https://doi.org/10.1111/nep.13149
https://doi.org/10.1007/s12079-022-00685-z
https://doi.org/10.1016/j.kint.2020.09.003
https://doi.org/10.1111/iju.13187
https://doi.org/10.1056/NEJMc1602469
https://doi.org/10.1053/j.ajkd.2014.01.431
https://doi.org/10.1053/j.ajkd.2014.01.431
https://doi.org/10.1136/bmjopen-2018-025653
https://doi.org/10.1136/bmjopen-2018-025653
https://doi.org/10.2337/dc22-0607
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1215996

	Evaluation of the efficacy of Abelmoschus manihot (L.) on diabetic nephropathy by analyzing biomarkers in the glomeruli and ...
	1 Introduction
	2 Materials and methods
	2.1 Animals and treatment
	2.2 Hematoxylin and eosin staining analysis
	2.3 Selection of markers in the glomerulus and proximal and distal convoluted tubules
	2.4 Immunohistochemical staining and HALO analyses
	2.5 Real-time RT–PCR
	2.6 Statistical analysis

	3 Results
	3.1 Confirmation of the efficacy of HK capsule on the reduction of albuminuria and proteinuria
	3.2 Comparison of the renal index and histopathological changes of the kidneys
	3.3 Col4a3 expression in the glomerular basement membrane
	3.4 Slc5a2 and slc34a1 expressions in the proximal convoluted tubules
	3.5 Slc12a3 and slc4a1 expressions in distal convoluted tubules

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


