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Editorial on the Research Topic

Advances in the research of diabetic nephropathy
The increased prevalence of diabetes is associated with an increased incidence of

diabetic nephropathy, which is estimated to affect approximately 40% of patients with

diabetes. Diabetic Nephropathy, or Diabetic Kidney Disease (DKD), refers to the

deterioration of kidney function in patients affected by type 1 and type 2 diabetes. To

date, diabetic kidney disease is the leading cause of kidney failure and the single highest

cause of diabetic mortality. Nevertheless, research has yet to reveal a definitive

mechanism for the association between hyperglycemia and damage to the kidneys.

Through this Research Topic, the heterogeneity of diabetic nephropathy etiology and

the underlying molecular mechanisms was explored. To this end, genetic and epigenetic

factors associated with nephropathy were considered, as well as the role of oxidative

stress and ferroptosis. Also pertinent to this topic was how the oxidative-stress pathway

can be modulated to prevent or reverse diabetic nephropathy. Additionally, a special

focus was given to early biomarkers that can lead to a better understanding and early

detection of the disease.

In this special issue, several articles focused on the use of early diagnostic markers for

diabetic nephropathy. To use lipidomics to compare the kidney cortex of normal and

diabetic rats, Hou et al. showed a unique signature of lipid molecules associated with

DKD kidney. They used targeted lipidomic approach spanning 437 lipid species and 25

lipid classes to study changes in the kidney cortex in normal and DKD rat model. The

main characteristics of DKD lipidome are changes in side chain composition and

unsaturated bonds. Neutral lipids exhibiting a higher degree of unsaturation and side

chains of linoleic acid were the most lipids associated with DKD. Additionally, Glyceride

lipids, lysophospholipids, and sphingolipids showed a significant increase in the DKD
frontiersin.org01
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kidney cortex. Taken together, the authors documented lipid

changes associated with increased kidney damage, which can be

used to better understand the pathophysiology and early

detection of kidney damage in people with diabetes.

In another study, Wang et al. explored, in a retrospective

cohort, the association of the trajectory of serum Cystatin C level

with diabetic kidney disease development [2]. It was shown that

the Cystatin C level was higher in people with diabetes.

Additionally, once the people with diabetes were divided into

low, middle, and high increasing Cystatin C levels, people in the

middle and high increasing Cystatin C classes had higher

incidence of diabetic kidney disease.

Furthermore, Wei et al. and Ali et al. showed that increased

serum VEGF-B level and N-Cadherin levels were associated with

diabetic kidney disease [3; 4]. Wei et al. showed that the

circulating level of VEGF-B was associated with renal

impairment. The diabetic population was divided based on

eGFR, showing that serum VEGF-B level was an independent

risk factor of eGFR<90 mL/min/1.73m2. Ali et al. measured the

plasma level of N-Cadherin in a group of healthy controls and in

people with T2D with and without DKD. It was shown that the

plasma level of N-Cadherin was significantly higher in the DKD

compared to the diabetic patients without DKD, and with the

non-diabetic control group [4].

Additionally, a few articles also focused on the

pathophysiology of DKD. Zhang et al. utilized RNA-Seq to

identify novel genes involved in developing diabetic kidney

diseases. They measured mRNA gene expression from

glomeruli isolated from db/db and db/m mice with

albuminuria. Gene expression analysis showed that genes

upstream of glycolysis, such as Hk1 and Pfkp , were

upregulated, while genes downstream of glycolysis, such as

Pkm and Ldhaw, were downregulated [5]. PFKP was shown to

play a protective role against podocytes damage through the

production of fructose-1,6-bisphosphate. Exogenous fructose-1

and 6-bisphosphate administration was also associated with

improved kidney injury caused by high glucose cytoskeletal

remodeling in podocytes [5]. Taken together, the authors

demonstrated the potential for targeting PFKP for the

treatment of DKD.

To elucidate the role of long non-coding RNA in DKD, Yang

et al. focused on a previously identified lncRNA that high-

throughput RNA-seq identified. The authors showed that the

RNA component of mitochondrial RNAase P (Rmrp) lncRNA

was highly expressed in the kidneys of db/db DKD mice and

glomerular mesangial cells. They showed that Rmrp was

controlled at the transcriptional level by transcription factor
Frontiers in Endocrinology 02
5

Sp-1. Rmrp up-regulated JunD expression through sponge miR-

1a-3p, which may contribute to mesangial cell proliferation and

fibrosis in DKD.

Increased reactive oxygen species and lipid peroxidation has

been linked to an iron-dependant cell death called ferroptosis.

Feng et al. linked ferroptosis and renal damage in diabetic mice

to an increased HIF-1a/HO-1 pathway activity. Two studies

investigated the role of autophagy in the development of kidney

damage. Tang et al. investigated the role of melatonin in the

clearance of damaged mitochondria in the kidney. The authors

first showed that diabetic mice with DKD had abnormal

mitophagy accompanied by increased oxidative stress and

inflammation. Melatonin alleviated kidney damage by

promoting AMPK phosphorylation and the translocation of

mitophagy associated proteins PINK1 and Parkin to the

mitochondria [8]. Wang et al. investigated the impact of

hyperglycemia during a 6 h hyperglycemic clamp where blood

glucose was increased from normal blood glucose of 5.37 ± 0.52

mmol/L to 11.67 ± 1.21 mmol/L, 16.67 ± 2.11 mmol/L, 24.73 ±

3.43 mmol/L. The authors showed that acute hyperglycemia

resulted in renal tubular injury via mitophagy AMPK/mTOR

pathway inhibition. They also showed that this damage could be

inhibited by AMPK activation or mTOR inhibition.
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Comprehensive Lipidome Profiling of
the Kidney in Early-Stage Diabetic
Nephropathy
Biyu Hou 1, Ping He 1, Peng Ma 1, Xinyu Yang 1, Chunyang Xu 2, Sin Man Lam 3,

Guanghou Shui 3, Xiuying Yang 1, Li Zhang 1, Guifen Qiang 1* and Guanhua Du 1*

1 State Key Laboratory of Bioactive Substance and Function of Natural Medicines, Institute of Materia Medica, Peking Union

Medical College, Beijing Key Laboratory of Drug Target, Screening Research, Chinese Academy of Medical Sciences,

Beijing, China, 2 Beijing Obstetrics and Gynecology Hospital, Capital Medical University, Beijing, China, 3 Institute of Genetics

and Developmental Biology, Chinese Academy of Sciences, Beijing, China

Metabolic changes associated with diabetes are reported to lead to the onset of

early-stage diabetic nephropathy (DN). Furthermore, lipotoxicity is implicated in renal

dysfunction. Most studies of DN have focused on a single or limited number of lipids, and

the lipidome of the kidney during early-stage DN remains to be elucidated. In the present

study, we aimed to comprehensively identify lipid abnormalities during early-stage DN;

to this end, we established an early-stage DN rat model by feeding a high-sucrose

and high-fat diet combined with administration of low-dose streptozotocin. Using a

high-coverage, targeted lipidomic approach, we established the lipid profile, comprising

437 lipid species and 25 lipid classes, of the kidney cortex in normal rats and the

DN rat model. Our findings additionally confirmed that the DN rat model had been

successfully established. We observed distinct lipidomic signatures in the DN kidney, with

characteristic alterations in side chain composition and degree of unsaturation. Glyceride

lipids, especially cholesteryl esters, showed a significant increase in the DN kidney cortex.

The levels of most phospholipids exhibited a decline, except those of phospholipids

with side chain of 36:1. Furthermore, the levels of lyso-phospholipids and sphingolipids,

including ceramide and its derivatives, were dramatically elevated in the present DN rat

model. Our findings, which provide a comprehensive lipidome of the kidney cortex in

rats with DN, are expected to be useful for the identification of pathologically relevant

lipid species in DN. Furthermore, the results represent novel insights into the mechanistic

basis of DN.

Keywords: diabetic nephropathy, lipidomics, glomerular filtration barrier, lipotoxicity, sphingolipids

INTRODUCTION

Diabetes mellitus (DM) is a metabolic disorder characterized by hyperglycemia and is accompanied
by an increased risk of macrovascular and microvascular complications (1). As one of the most
common microvascular complications of diabetes, diabetic nephropathy (DN) is characterized by
altered glomerular filtration and proteinuria, resulting in end-stage renal disease (ESRD), which
makes timely diagnosis and prevention critical (2). Although hyperglycemia and hypertension are
known to drive the onset and progression of DN, intensive glycemic control has only modest
effects and fails to stop DN progression to ESRD and death (3, 4). Therefore, elucidation of the
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mechanisms underlying DN and the development of effective
therapeutic strategies are essential for the prevention of renal
dysfunction (5).

Abnormal lipid metabolism is associated with prediabetes,
type 1, and type 2 DM (T2DM). Metabolic changes induced
by diabetes lead to glomerular hypertrophy, glomerulosclerosis,
tubulointerstitial inflammation, and fibrosis. Renal lipotoxicity
has been implicated in renal dysfunction as well as several
pathological hallmarks of DN patients (4, 6, 7). As important
biomolecules, lipids have many essential biological functions,
which can be identified and quantified by lipidomics (1).
In studies over the last few decades, lipidomic analyses
have been performed to investigate biomarkers indicative of
DN progression. Zhu et al. performed normal-phase liquid
chromatography coupled with time-of-flight mass spectrometry
(NPLC-TOF/MS) to analyze plasma phospholipids in T2DM
and DN patients, and we identified two new biomarkers that
distinguish healthy individuals, T2DM, and DN patients (8).
Zhao et al. used gas chromatography (GC)/TOF/MS in tandem
to analyze the effect of the Chaihuang–Yishen formula on
the lipidome in progressive DN induced by uninephrectomy
combined with streptozotocin (STZ) injection (9). Most previous
studies have focused on a single or a limited number of lipids
and lack analysis of the side chains. Sas et al. found the negative
correlation with levels of ceramides (Cer) C16:0 and C24:1
in plasma and kidney tissue in diabetic mice (6). Zhao et al.
focused on several kinds of phospholipids and sphingomyelins
in progressive DN (9), whereas Kumari performed an integrated
lipidomic analysis of urinary exosomes in DN patients to
identify glycerol lipids that may be involved in phospholipid
and sphingolipid metabolism (10). Chen et al. reported that
perturbations in fatty acid and triglyceride (TG) metabolism are
strongly correlated with phospholipids in patients with advanced
chronic kidney disease (11). However, a comprehensive lipidomic
analysis of early-stage DN has not been reported to date, and
the physiological and molecular mechanisms associated with DN
development remain to be identified.

In this study, we established an early-stage DN rat model
by feeding rats a high-sucrose and high-fat diet (HFD)
combined with STZ injection. We found that diabetic rats
exhibited early-stage DN symptoms with microalbuminuria,
injured renal function, basement membrane thickening, and
glomerular hypertrophy. Further, using a high-coverage and
targeted lipidomic approach, we identified a comprehensive
lipidome of the kidney cortex, comprising 437 lipid species and
25 lipid classes. We additionally sought to identify pathologically
relevant lipid species via comparison of the kidney lipidome
between normal and diabetic rats. The findings offer new insights
into the mechanistic basis of DN and may be useful for the
development of potential novel therapeutic strategies against
this disease.

MATERIALS AND METHODS

Reagents and Internal Standards
STZ was purchased from Sigma Chemical Co, USA. Chloroform
and methanol were purchased from Merck (Merck Pte. Ltd.,

China). d5-Triacylglycerol (TAG)(16:0)3, d5-TAG(14:0)3,
d5-TAG(18:0)3, d5-diacylglycerol (DAG)(1,3-16:0), d5-
DAG(1,3-18:1), and cholesteryl-2,2,3,4,4,6-d6 octadecanoate
cholesterol-26,26,26,27,27,27-d6 were obtained from Avanti
Polar Lipids (Alabaster, AL, USA). Phosphatidylinositol (PI)-
d31(16:0/18:1) was obtained from Echelon Biosciences,
Inc. (Salt Lake City, UT). Phosphatidylcholine (PC)-
d31(16:0/18:1), phosphatidylethanolamine (PE)-d31(16:0/18:1),
phosphatidylserine (PS)-d31(16:0/18:1), phosphatidic acid
(PA)-d31(16:0/18:1), PA(17:0/17:0), phosphatidylglycerol (PG)-
d31(16:0/18:1), lyso-bisphosphatidic acid (LBPA)-(14:0/14:0),
lyso-PC(LPC)-17:0, lyso-PE(LPE)-17:1, lyso-PS(LPS)-17:1,
Cer-d18:1/17:0, glucosylceramide (GluCer)-d18:1/8:0,
and galactosylceramide (GalCer)-d18:1/8:0, d31-16:0,
and d8-20:4 were obtained from Avanti Polar Lipids
(Alabaster, AL).

Animal Experiments
Animals
All animal experiments were approved by the Animal Care
Committee of the Institute of Materia Medica, Chinese Academy
of Medical Sciences. Male Sprague–Dawley (SD) rats (130–150 g)
were provided by Beijing HFK Bioscience Co. Ltd. (Beijing,
China) and housed in a temperature-controlled and humidity-
controlled specific-pathogen free (SPF) barrier system, with a
12-h light/12-h dark cycle.

Establishment of Diabetic Nephropathy Rat Model
The DN rat model was induced as previously described
(2). Briefly, after feeding with a high-sucrose and HFD for
4 weeks (standard diet supplemented with 10% sucrose, 10%
lard stearin, 2% cholesterin, and 0.5% cholic acid), rats were
intraperitoneally injected with 30 mg/kg of STZ dissolved in
0.1 M of citrate buffer (pH 4.4). Three days after injection,
rats with fasting blood glucose (FBG) levels between 10 and
20 mM were identified as diabetic rats and selected for
continued feeding of HFD (10% lard stearin, 2% cholesterin,
and 0.5% cholic acid) for another 8 weeks (DN group). An
age-matched control group (NC group) was injected with
citrate buffer and fed a normal diet throughout the duration
of the experiment. Each group contained six rats. FBG levels
were measured using an ACCU-CHEK R© active glucometer
(Roche). Serum fructosamine, blood TGs, and total cholesterol
(TCHO) were detected with an automatic analyzer (TOSHIBA
Acute TBA-40FR, TOSHIBA, Tokyo, Japan) at the end of the
experimental period.

Renal Function Analysis
At the eighth week, we performed 24-h urine collection
from rats housed in metabolism cages with free access
to water and food. The kidney coefficient was calculated
as the ratio of kidney weight to body weight. Twenty-
four-hour urinary albumin was assessed by ELISA assay
(CUSABIO, Wuhan, China). Urinary creatinine (CR) levels
were determined using a commercial assay kit (Jiancheng
Biotech Co., Ltd., Nanjing, China). CR clearance (Ccr) was
calculated using the formula: Ccr (µl/min) = (Ucr/Pcr) × urine
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volume (µl/min), as previously described (2, 12). After
completion of the experiments, rats were humanely sacrificed,
and blood samples were collected. Serum CR, blood
urea nitrogen (BUN), and serum N-acyl-β-glucosidase
(NAG) activity was assessed in accordance with the
manufacturer’s instructions.

Renal Histopathology Analysis
Rats were humanely sacrificed, and their left kidneys were fixed in
10% (w/v) neutral formaldehyde, dehydrated with a graded series
of alcohol, and embedded in paraffinwax. Paraffin sections (4µm
thick) of kidney were subjected to hematoxylin–eosin (HE),
periodic acid-Schiff (PAS), and periodic acid-silver methenamine
(PASM) staining following the standard staining protocols. The
sections were imaged with a microscope (Nikon Eclipse Ti-U,
Nikon Corporation, Tokyo, Japan).

Dewaxed sections were blocked with 5% bovine serum
albumin (BSA) after antigen retrieval. Sections were then
incubated with primary antibody against CD68 (1:100; CST,
USA) followed by incubation with horseradish peroxidase
(HRP)-conjugated goat anti-rabbit IgG (Dako, Wuhan, China).
CD68 expression was visualized by diaminobenzidine (DAB)
(Dako, Wuhan, China) staining. The sections were then imaged
with a microscope (Nikon Eclipse Ti-U, Nikon Corporation,
Tokyo, Japan).

Kidney Cortex Lipidome Analysis
Sample Preparation and Lipid Extraction
Prior to tissue collection, kidneys were perfused to exclude the
possible interference from the blood. Frozen kidney cortex tissue
was deactivated with a 900-µl mixture of chloroform:methanol
(1:2) containing 10% deionized H2O. Finely cut pieces were
homogenized and incubated for 1 h at 4◦C. Next, 300 µl
of chloroform and 400 µl of deionized H2O were added
to the sample. The mixture was vortexed vigorously for
1 min and centrifuged for 5 min at 12,000 rpm, at 4◦C.
The organic phase in the lower layer was transferred to
a new tube, and 500 µl of chloroform was added for
another extraction step. The combined extracts were dried
using a SpeedVac (Geneva, UK) and stored at −80◦C for
further analysis.

Quantitative Lipidomic Analysis
A comprehensive lipidomic platform based on an Exion
ultra-performance liquid chromatography (UPLC) coupled
with Sciex QTRAP 6500 Plus was used. UPLC-MS/MS
analyses were conducted in electrospray ionization (ESI)
mode, with conditions as follows: curtain gas = 20, ion spray
voltage = 5,500 V, temperature = 400◦C, ion source gas 1 = 35,
and ion source gas 2 = 35. Briefly, polar lipids were separated
using a Phenomenex Luna 3µm of silica column (inner diameter
150 × 2.0 mm) with two mobile phases: mobile phase A
(chloroform:methanol:ammonium hydroxide, 89.5:10:0.5)
and mobile phase B (chloroform:methanol:ammonium
hydroxide:water, 55:39:0.5:5.5). Gradient separation was
conducted as follows: the gradient was maintained with 95%
A for 5 min and then linearly reduced to 60% in 7 min and

held for 4 min, after which it declined to 30% and was then
held for 15 min; finally, the original gradient was applied and
maintained for 5 min. PC-d31(16:0/18:1), PEd31(16:0/18:1),
PS-d31(16:0/18:1), PI-d31(16:0/18:1), PA-d31(16:0/18:1),
PA(17:0/17:0), PG-d31(16:0/18:1), LBPA-(14:0/14:0), LPC-
17:0, LPE-17:1, LPS-17:1, Cer-d18:1/17:0, GluCer-d18:1/8:0,
and GalCer-d18:1/8:0, d31-16:0, and d8-20:4 were used as
internal standards to spike individual lipids. Separation of
TAGs and DAGs was carried out with modified reversed-
phase HPLC/ESI/MS/MS, as described previously, with a
Phenomenex Kinetex 2.6 µm of C18 column (4.6 × 100 mm)
(13). Isocratic elution was used to separate lipids with a
mobile phase of chloroform:methanol:0.1 M ammonium
acetate (100:100:4), at a flow rate of 160 µl/min for 20 min.
d5-TAG(16:0)3, d5-TAG(14:0)3, and d5-TAG(18:0)3 were
used to spike individual TAG. d5-DAG(1,3-16:0) and d5-
DAG(1,3-18:1) were used to spike individual DAG based on
Neutral miss MS/MS technology. Free cholesterol (Cho), free
fatty acids (FFAs), sterols, and their esters were analyzed by
HPLC–MS–atmospheric pressure chemical ionization (APCI)
mode with a Phenomenex Kinetex column of 2.6 µm of
C18 (4.6× 100 mm).

Statistical Analysis
Data are presented as means ± standard error of the mean
(SEM). Differences between NC andDN groups were determined
by statistical analysis using the unpaired two-tailed Student’s t-
test. Principal component analysis (PCA) was implemented using
MetaboAnalyst (http://www.metaboanalyst.ca/). Data were auto-
scaled before analysis. A value of P < 0.05 was considered to
indicate statistically significant results.

RESULTS

Confirmation of the Rat Model of
Early-Stage Diabetic Nephropathy
Eight weeks of HFD feeding combined with low-dose STZ
injection resulted in the induction of elevated blood glucose and
fructosamine levels in the DN group of rats (Figures 1A,B).
Furthermore, serum lipid levels were significantly increased,
as evidenced by elevated TG and TCHO (Figures 1C,D).
As shown in Figures 1E–G, the kidneys in the DN group
exhibited hypertrophy (ratio of kidney weight to body weight).
Significantly increased CR and BUN indicated damaged
glomerular filtration function. The 24-h urinary albumin
levels in DN rats increased to 14.21 µg/ml, and the Ccr rate
declined to 999.26 µl/min (Figures 1H,I). In addition, elevated
NAG suggested compromised tubular function in diabetic rats
(Figure 1J). Further, we observed increased glomerular size in
DN rats and mesangial expansion with increased red staining
areas in diabetic glomeruli stained with PAS (Figure 1K).
PASM staining revealed that basement membranes in DN rats
were thickened in comparison with those of the NC group
(Figure 1L); this phenomenon is indicative of early-stage DN.
These findings confirm the successful induction of early-stage
DN in the rat model.
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FIGURE 1 | Confirmation of the early-stage diabetic nephropathy (DN) rat model. After diabetic nephropathy was induced by feeding high-fat diet (HFD) combined

with injection of low-dose streptozotocin (STZ) for 8 weeks, (A) fasting blood glucose; (B) fructosamine; serum level of (C) TG and (D) TCHO; (E) kidney coefficient;

serum level of (F) creatinine and (G) BUN; (H) 24-h microurinary albumin; (I) creatinine clearance; and (J) N-acyl-β-glucosidase (NAG) activity were determined.

(K) Periodic acid-Schiff (PAS) staining and (L) periodic acid-silver methenamine (PASM) staining were conducted to examine renal structural changes. Data are

presented as means ± SEM, n = 6 per group; ***P < 0.001.

General Lipid Composition of the Kidney
Cortex in Early-Stage Diabetic
Nephropathy
High-coverage, targeted lipidomic analysis of the kidney
cortex revealed 437 lipid species and 25 classes (see
Supplementary Material). PCA of the whole lipidome showed
clear differences between the data for the NC group and the
DN group, suggesting a contrasting lipidome signature between
normal and DN (Figure 2A). Detailed changes in lipid class
are shown in Figure 2B, with a distinguishing pattern observed
for glycerides and phospholipids as well as sphingolipids.
Glycerides, including TAG, DAG, FFAs, Cho, and cholesteryl
esters (CE), were significantly increased in the kidneys of the
DN group. Interestingly, the levels of some phospholipids,
such as PSs, were decreased; and those of lyso-phospholipids,

such as LBPAs, were increased in the DN group. Volcano plot

analysis with false discovery rate (FDR) < 0.05 and fold change
(FC) > 1.5 was performed using Student’s t-test after quality

control. Of the 149 species that were differentially expressed,

114 species from 11 classes were significantly elevated; most

of these belonged to TAG, CE, and LBPA classes. Among the
lipid species that exhibited a significant decrease in levels,

phospholipids, including PE, were predominant (Figure 2C).

Heatmap analysis of overall lipid species in terms of chain length

and unsaturated bonds showed a similar alteration pattern with
the total quantities of lipid classes. However, some specific lipid

species, such as DAG with 38C or DAG with four unsaturated

bonds, and PS 34C or PS with one to two unsaturated bonds,

showed different alterations as compared with TAG, CE, and
LBPA (Figures 2D,E).
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FIGURE 2 | General analysis of lipidomic profiles in the kidney cortex of diabetic nephropathy (DN) and normal rats. (A) Principal component analysis (PCA) of whole

lipidome of the two groups. (B) Volcano plot of all lipid species detected in the two groups. Data are shown as ratios of DN/NC, false discovery rate (FDR) < 0.05, and

fold change > 1.5 is highlighted. Heatmap analysis of (C) main lipid class, (D) overall enrichment of chain length for lipid species, and (E) overall quantification of

unsaturated bonds for lipid species; n = 6 per group.

Homogeneous Increases in Glyceride and
Sterol Lipids in Early-Stage Diabetic
Nephropathy
Analysis of the changes in total carbon and unsaturated bonds of

glycerides showed that the most drastic alterations, representing

a 2.9- to 3.3-fold increase, were observed in TAG with 50–52C

in DN rats. However, the content was lower than that of DAG

and FFA (Figure 3A). Interestingly, DAG with 38C was the only

glyceride species in DN kidneys to exhibit a decrease, with a 30%

reduction observed in comparison with that in normal rats. TAG

and FFA with two unsaturated bonds showed the most marked
increase, whereas DAG with four unsaturated bonds showed
a significant decrease (Figure 3B). Because TAG was the most
altered glyceride lipid class, we analyzed the concentration and
relative differences in its side chains (Figure 3C). The horizontal
axis of the bubble plot indicates the FC of TAG (DN/NC),
whereas the vertical axis indicates the concentration of TAG lipid
species in the DN kidney cortex. Each dot represents a TAG
species and was assigned a color on the basis of the number
of unsaturation bonds in its side chain. The size of each dot
represents the –log2 (P-value) obtained by comparing the NC
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FIGURE 3 | Differences in glycerides, fatty acids, and sterol lipids between normal and diabetic nephropathy (DN) rats. (A) Changes in the numbers of total carbons

were analyzed for free fatty acid (FFA), diacylglycerol (DAG), and triacylglycerol (TAG) total concentrations. (B) Analysis of the changes in the number of unsaturated

bonds in FFA, DAG, and TAG lipid species. (C) Bubble map showing the differences in TAG species content between the two groups, with the sizes of circles

representing the level of significance calculated by –log 2 (P), colored by the number of unsaturated side chains. The content of DAG species (D), FFA species

(E), and CE species (F) was analyzed. Data are presented as means ± SEM, n = 6 per group; *P < 0.05, **P < 0.01, ***P < 0.001.

and DN groups. As shown in Figure 3C, the majority of dots
were distributed to the right side of the plot with log2 (FC) larger
than 0, indicating that most TAG species were increased in the

kidney cortex of DN. TAGwith side chains containing one to two
unsaturated bonds (blue dots and orange dots) were the major
components of the overall TAG class. TAG with unsaturated
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FIGURE 4 | Phospholipid remodeling in the kidney cortex of diabetic nephropathy (DN) and normal rats. (A) Total content of each phospholipid class. Ratio heat plot

analysis of (B) phosphatidylethanolamine (PE), (C) phosphatidylinositol (PI), (D) phosphatidic acid (PA), (E) phosphatidylcholine (PC), (F) phosphatidylserine (PS), and

(G) phosphatidylglycerol (PG) lipid species. The color bars represent the ratio of DN/NC in each lipid species, with the relative abundance of the normal group fixed as

a value of 1. Only statistically significant changes are shown. Data are presented as means ± SEM, n = 6 per group; *P < 0.05, **P < 0.01, ***P < 0.001.

side chains including 18:0 and 16:0, especially TAG 50:1(16:0),
TAG 52:2(16:0), and TAG 52:4(16:0), showed the most marked
alterations. Both DAG and FFA with 18C were significantly
increased in DN kidneys (Figures 3D,E). In the CE class, each
CE species was significantly elevated, particularly CE with 18C
side chains, including 18:2, 18:1, and 18:0, with a 12- to 28-fold
increase relative to normal rats (Figure 3F). Collectively, neutral
lipid content; increased unsaturation for TAG, DAG, and fatty
acids; and a homogeneous increase in CE were observed in the
cortex of early-stage DN kidneys.

Remodeling of Phospholipids in
Early-Stage Diabetic Nephropathy
As shown in Figure 4A, the comprehensive alterations in the
relative abundance of phospholipids were analyzed. The total
class content of PE, PA, and PS exhibited uniform reduction.
Ratio heat plots were generated using the normalized intensity

of the DN group compared with that of the NC group, in which
the relative abundance within the NC group was assigned a fixed
value of 1 (Figures 4B–H). Lipids with side chains of 36:1 and
36:2, including PE, PA, PI, PS, and PC, showed a heterogeneous
increase in DN kidneys. Although no gross perturbations in PG
or PI content were observed, those of PG 32:1 and PG 34:1
decreased significantly. Furthermore, PI with more than four
double bonds showed a significant decrease in the DN kidney
cortex. Taken together, the results show that remodeling of the
kidney cortex during early-stage DN was characterized by a
reduction in phospholipids, except in those with side chains of
36:1 or 36:2.

Diverse Alterations in Lyso-Phospholipids
During Early-Stage Diabetic Nephropathy
LBPA plays a crucial role in macrophage biology and function
(14). Here, we observed a drastic alteration in LBPA in DN
rats. As shown in Figure 5A, most LBPA molecules contained
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FIGURE 5 | Diabetic nephropathy differentially affected the abundance of lyso-phospholipids. After diabetic nephropathy (DN) was induced by feeding high-fat diet

(HFD) in combination with injection of low-dose streptozotocin (STZ) for 8 weeks, (A) the content of specific species of lyso-bisphosphatidic acid (LBPA) within the

kidney cortex was analyzed; n = 6 per group. (B) Immunohistochemical staining of CD68, at 400× magnification, and quantitative analysis of positivity in kidney

glomeruli are shown. Five glomeruli were assessed for each slide; n = 3 per group. Content of specific species of (C) lyso-phosphatidylcholine (LPC),

(D) lyso-phosphatidylethanolamine (LPE), (E) (LPI), (F) LPS, and (G) LPA in the kidney cortex was analyzed; n = 6 per group. Data are presented as means ± SEM;

*P < 0.05, **P < 0.01, ***P < 0.001.

long-chains (C34, C36, and C38). Unsaturated acyl-chains,
especially LBPA (36:2), increased by 2- to 4-fold in the
DN group, with a 7.3-fold increase observed relative to the
normal group. The significant increase in LBPA indicated
the activation of macrophages in kidneys in the DN group,
which was confirmed by the detection of detection of higher
levels of the macrophage marker CD68 in DN glomeruli
(Figure 5B). We examined other lyso-phospholipids, including
LPC, LPE, LPI (lyso-phosphatidylinositols), LPS, and LPA
(lyso-phosphatidic acids). Among them, the levels of LPC
with side chains of LPC(16:1), LPC(18:2), LPC(22:5), and
LPC(22:6) significantly increased, whereas LPC with side chains
of LPC(16:0), LPC(18:3), and LPC(20:5) decreased in the DN
kidney cortex (Figure 5C). Interestingly, unsaturated LPEs,
including LPE(16:0) and LPE(18:0), were reduced in the DN
group, whereas LPE(18:2) showed an increase of 50% in
comparison with the normal group (Figure 5D). All LPI species

decreased in the DN group (Figure 5E). The composition of LPS
showed the same pattern as that of LPE, in that LPS containing

unsaturated fatty acid chains, such as LPS(16:0) and LPS (18:0),
was reduced, whereas LPS(18:1) was significantly increased
(Figure 5F). As shown in Figure 5G, LPA(16:0) decreased by
25%, whereas LPA(18:1) increased by 30% in the DN kidney
cortex. Collectively, LBPA exhibited a homogeneous increase,
whereas other lyso-phospholipids showed variable changes. The
precise pathological relationships between these various lipid
species during DN require further investigation.

Comprehensive Changes in Sphingolipids
During Early-Stage Diabetic Nephropathy
Sphingolipids, which are enriched in the kidney cortex,
play important roles in the regulation of cellular function
(5). In the current study, we analyzed several classes of
sphingolipids and their species. As shown in Figure 6A, most
sphingolipids were increased in DN rats without alteration
of total sphingomyelin. Globotriaosylceramide (Gb3) showed
a decreasing tendency in DN, although the decrease was not
significant (Figure 6B). Although the total Cer significantly
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FIGURE 6 | Sphingolipids were significantly altered in the diabetic kidney cortex. Total content of sphingolipid classes (A) and specific species of Gb3

(B), glucosylceramide (GluCer) (C), galactosylceramide (GalCer) (D), and monosialo-dihexosyl gangliosides (GM3) (E) were analyzed. Data are presented as

means ± SEM, n = 6 per group; *P < 0.05, **P < 0.01, ***P < 0.001.

increased, the changes in ceramide derivatives were not
consistent. GluCer markedly decreased, whereas GalCer and
monosialo-dihexosyl gangliosides (GM3) increased significantly.
We then examined the alteration of species in detail. Results
showed that all species of GluCer greatly increased, especially
GluCer d18:1/22:0, which increased by 6.25-fold in the DN
kidney cortex (Figure 6C). Interestingly, in the DN group, most
GalCer species decreased by 20–40% compared with those in
the normal group, except for GalCer d18:0/22:0 (Figure 6D).
GM3, the most abundant ganglioside, is characterized by the
presence of sialic acid groups linked to the ceramide skeleton
structure. As shown in Figure 6E, compared with those in the
NC group, all GM3 species were significantly increased in DN
rats; in particular, the most abundant species of GM3, which
contained one unsaturated bond, was intensely elevated. Specific
GM3 species were identified in three classes on the basis of

their number of unsaturated bonds; among these, GM3 with a
side chain of 24 carbons was predominant. Moreover, differences
in GM3 between the NC and DN groups were positively
correlated with chain length, except in GM3 d18:1/18:1, which
was decreased by 4.66-fold in the DN kidney cortex. Collectively,
marked alterations were observed in sphingolipids in the early-
stage DN model, as evidenced by a homogenous increase in
GM3 and diverse changes in GluCer and GalCer. Such changes
may serve as potential biomarkers; however, further studies are
required to verify this.

DISCUSSION

Abnormal lipid accumulation induces detrimental changes to
renal lipidmetabolism that promotes insulin resistance, oxidative
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stress, and endoplasmic reticulum (ER) stress. These changes
ultimately result in deterioration of renal structure and function
(15). The most detrimental effect of abnormal lipid accumulation
is damage to the glomerular filtration barrier (GFB) as a result of
degradation of the glycocalyx, which induces podocyte death and
mesangial cell instability (16). These injuries lead to increased
GFB permeability, which is a hallmark of, and central event
in, DN progression. Lipotoxicity promotes the development
of early-stage DN prior to epithelial–mesenchymal transition
(EMT) (17). Therefore, comprehensive lipidome analysis is
crucial to the identification of potential biomarkers of DN
and elucidation of the mechanistic basis of DN. Herein, we
applied a high-coverage, targeted lipidomic approach to analyze
the lipidome of the kidney cortex in early-stage DN rats,
and we identified a lipid profile comprising 437 lipid species
from 25 classes. Glycerolipids, sterol lipids, phospholipids, and
sphingolipids were additionally identified in this study.

Neutral lipids are closely associated with DN progression.
In this study, neutral lipids, such as TAG, DAG, FFA, Cho,
and CE, were found to be major components of the kidney
lipidome. The observed increase in blood lipids was accompanied
by a homogeneous increase in glyceride lipids in the DN
kidney cortex. Podocytes are the main site of excess lipid
accumulation in DN (7); however, these cells are particularly
sensitive to lipid accumulation and undergo induction of insulin
resistance or cell death readily as a result of this phenomenon
(18). In this study, a significant increase in FFA chain length
and degree of unsaturation was observed in the DN kidney
cortex. Elevated FFAs not only induced aggravated dyslipidemia
and diabetes by increasing plasma TAG but also induced
podocyte injury and exacerbated proteinuria by stimulating
aberrant micropinocytosis by podocytes (19). Further, fatty acid
metabolites, DAG, and ceramides were also elevated. Excessive
accumulation of FFA in non-adipose organs results in toxicity
and death of tubular epithelial cells in the diabetic kidney (20).
A notable finding in this study was that highly unsaturated
TAG species markedly accumulated in the cortex of DN kidneys,
indicative of susceptibility to lipid peroxidation. Downregulation
of fatty acid β-oxidation pathways as well as TAG hydrolase,
including PPAR-α, carnitine palmitoyltransferase 1 (CPT1), acyl-
CoA oxidase (ACO), and L-FABP, has been strongly linked to
glomerular hyperfiltration and inflammation as evidenced by
studies of biopsies fromDMpatients (7). Such TAG species might
therefore be potentially relevant to inflammatory processes in DN
progression. In a previous study, CE with 23C containing two to
four unsaturated bonds was positively related to diabetes (21),
and CE with 20C was positively related to T2DM development
in women with previous gestational DM (22). Interestingly, in
this study, CE with 20C containing two to four unsaturated
bonds dramatically increased by 15- to 23-fold in the kidney
cortex of early-stage DN model rats. Further, an increase in
the side chains of linoleic acid (18:2) was observed in TAG,
DAG, FFA, and CE, indicating that linoleic acid plays an
important role in DN progression. Wang et al. confirmed that
linoleic acid served as a potential indicator of the occurrence
and development of DN (23). Furthermore, we observed a
dramatic increase in CE containing linoleic acid (18:2) in the DN

kidney cortex, with a 28.3-fold increase relative to normal rats.
However, further investigation is necessary to establish whether
linoleic acid or glycerides can serve as positive indicators for
DN progression.

Although phospholipids constitute the minority of the
kidney cortex lipidome, they carry out many crucial biological
functions such as the maintenance of cellular membrane
stability and regulation of cell signaling (24). In this study,
significantly altered phospholipid metabolism was characterized
by remodeling of polyunsaturated PI as well as PE. In a
previous study, phospholipidomic analysis of human plasma
demonstrated that PI C18:0/22:6 could be used to discriminate
healthy individuals from T2DM or DN patients (8). Consistent
with this previous finding, we observed significantly decreased
PI 40:6 as well as PI 38:6 in the early-stage DN rat model
in this study. Amadori-glycated PE formation triggers lipid
peroxidation and may serve as a pathogenic factor during
DN (25, 26). However, using matrix-assisted laser desorption
ionization imaging mass spectrometry (MALDI IMS), Grove
et al. found that Amadori-PEs played only a minor role in DN
pathogenesis (24). Here, we observed a homogeneous decline
in PE with or without plasmalogen bonds. Decreased PE in the
DN cortex has also been observed in progressive DN induced
by uninephrectomy with a single intraperitoneal injection of
STZ (9). These observations indicate that PE plays an important
role in the maintenance of renal function. Although the total
amount of PC barely changed, there was a significant decrease
in total PE within the DN kidney cortex. Hence, the ratio
of PC/PE increased drastically, which has been reported to
contribute to ER stress (27). The conversion of PE to PC
is catalyzed by phosphatidylethanolamine N-methyltransferase
(Pemt). Glomerular hypertrophy and albuminuria have been
shown to be significantly attenuated in Pemt-deficient mice as
a result of a decrease in the ratio of PC/PE and alleviation
of ER stress (28). Interestingly, although most phospholipids
declined, a specific side chain, 36:1, was increased in almost every
phospholipid, including PE, PI, PA, PG PC, and PS. In addition,
PC(36:1) has been reported to be independently associated with
increased risk for T2DM (29). However, the 36:1 side chain of
phospholipids has been rarely reported. The potential for this
side chain to serve as a specific biomarker for DN, that is, to
distinguish DM from DN, requires further study.

LBPA, also known as bis(monoacylglycerol)phosphate, is
crucial for macrophage biology and activity because of its unique
role in lysosomal function and storage (14). In this study, elevated
LBPA levels were observed in the DN kidney cortex; most
of the increased LBPA contained long-chain unsaturated fatty
acids, indicating intrinsic regulation of macrophages in DN. The
upregulation of CD68 protein levels is consistent with enhanced
macrophage infiltration into diabetic glomeruli. Previous studies
have revealed that LPA and LPC participate in the pathogenesis of
chronic kidney disease through receptor-dependent promotion
of proliferation, inflammation, and fibrosis within the kidney
(30, 31). Although saturated LPC is usually associated with pro-
inflammatory conditions, polyunsaturated LPC is considered to
prevent the inflammatory response. In this study, we observed
significant accumulation of LPC(18:1), LPC(18:2), LPC(22:5),
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LPC(22:6), and LPA(18:1) in the kidneys of DN rats. These
results are partially consistent with Saulnier-Blache’s observation
of the urinary lipidome in T2DM patients, in which LPC(18:0)
and LPC(18:1) were significantly elevated, along with macro-
albuminuria and mildly reduced estimated glomerular filtration
rate (eGFR) (32). Although LPA and LPC are known to promote
renal inflammation and tubulo-interstitial fibrosis, some species
of LPA and LPC, such as LPC(16:0) and LPC(16:1), are rarely
reported in the normal kidney but significantly decreased
in the kidneys of DN rats. However, the mechanisms by
which these lyso-phospholipids influence the progression of DN
are unknown.

It has been reported that sphingolipid accumulation
contributes to the development of diabetic kidney disease (33).
Consistent with this report, we observed that most sphingolipids
were dramatically elevated in the kidney cortex of early-stage
DN rats. In the current study, we examined ceramides and
their derivatives, including GluCer, GalCer, SM, GM3, and Gb3.
Consistent with the results of Liu et al. in a type 1 diabetic rat
model (33), most ceramides were greatly increased in the present
DN rat model. However, in a type 2 db/db mouse model of DN,
ceramides were decreased in the kidney cortex and increased in
the plasma (6). One possible explanation for this discrepancy
related to DN stage; in the type 2 DN rat model used in this
study, kidney cortex tissue was obtained shortly after onset,
during the early stages of DN. Sas et al. examined the renal
cortex of diabetic mice 24 weeks after the onset of severe renal
fibrosis (6). Partial confirmation of this hypothesis was provided
by the work of Geoffroy, who demonstrated that the activity and
expression of neutral ceramidase was elevated in the diabetic
glomeruli 4 days after induction of diabetes but decreased after
28 days (34).

GluCer, which is one of the simplest subclasses of
glycosphingolipids (GSLs), is generated from ceramide UDP-
Glc:ceramide glucosyltransferase (35). Increasing evidence has
been reported for the key role of GSLs in insulin resistance
(36). In a previous study, GluCer was found to be increased
in early-stage DN (9 weeks) and to increase further with
advanced DN (17 weeks), with elevated GSLs mediating renal
mesangial hypertrophy (37). However, this previous study did
not distinguish individual species of GSLs. Applying advanced
lipidomics, we distinguished between the individual species
of GSLs on the basis of fatty acyl groups and, unexpectedly,
found that the levels of most GalCer species decreased in the
DN kidney cortex. Ceramides with the α-anomeric linkage of
a galactose sugar are lipid antigens, such as α-GalCer, which
strongly activates natural killer (NK) T-cells (38) and inhibits
the development of T-cell-mediated autoimmune type 1 diabetes
(30, 31). Furthermore, Uchida et al. reported that administration
of α-GalCer caused damage to renal vascular endothelial cells
as well as tubular epithelial cells and ultimately led to acute
kidney injury (39). However, few reports have demonstrated a
relationship between GalCer and the progression of DN. Because
inflammation is key to the onset and progression of DN, further
investigation is required to determine how decreased GalCer
in DN disrupts the balance of inflammatory mediators and

the mechanisms underlying the resulting toxic effects against
glomerular endothelial cells.

GM3, the most abundant ganglioside and predominant lipid
in the kidney, is involved in a variety of cellular functions
including signal transduction, proliferation, differentiation, and
apoptosis (40, 41). Interestingly, our results showed that GM3,
especially GM3 containing one unsaturated bond, increased 2- to
4-fold in the DN kidney cortex. In contrast, Kwak et al. observed
a decrease in GM3 in STZ-induced diabetic rat glomeruli and the
consequent loss of a charge-selective filtration barrier in the renal
glomeruli (42). Other studies have shown that GM3 compromises
cell regeneration of the GFB through VEGF and AKT pathways
(43, 44). Further, GM3 is an important component of lipid
rafts (45), which are key to renal SGLT2 and Na/K/Cl co-
transporters (46). Therefore, increased GM3may in turn increase
tubular reabsorption and efferent arterial hydrostatic pressure
by upregulating Na+-glucose co-transporter activity, resulting
in the decreased glomerular filtration. Furthermore, podocyte
function depends on the integrity of lipid rafts, which are largely
composed of sphingolipids, including gangliosides (47). In the
current study, not all GM3s showed a marked increase; only
GM3 containing the oleic acid (18:1) side chain, including GM3
d18:1/24:0, GM3 d18:1/22:0, and GM3 d18:1/24:1, was elevated.
Although GM3 has been reported to exert deleterious effects on
renal function and structure, few studies have sought to identify
the species that are related to the progression of DN. The results
from the present lipidomic analysis of GM3 in the kidneys of our
DN rat model may offer new insights into the mechanistic basis
of DN.

In conclusion, the comparison of the lipidome of the kidney
cortex of normal and diabetic rats revealed a distinguishing
signature for the DN kidney lipidome, which is characterized
by changes in side chain composition and unsaturated bonds.
Neutral lipids comprised themajority of the DN kidney lipidome,
with most exhibiting a higher degree of unsaturation and side
chains of linoleic acid, which may serve as potential markers for
DN. Substantial changes were observed in the least abundant
lipid classes, especially phospholipids and sphingolipids such
as ceramide and GM3. These may exert deleterious effects on
the GFB during early-stage DN. The present results provide a
detailed overview of the lipidome of the kidney cortex in DN;
additionally, the findings offer new insights into the mechanistic
basis of DN and reveal pathologically relevant lipid species.
However, further investigation is required to identify specific
biomarkers for the timely diagnosis of DN.
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Aim: Acute hyperglycemia is closely related to kidney injury. Oxidative stress activation
and notable mitochondria damages were found under acute hyperglycemia treatment in
our previous work. In the present study, we explored the dose-effect relationship and the
pivotal role of mitophagy in acute hyperglycemia induced tubular injuries.

Methods: Forty non-diabetic SD rats were randomly divided and treated with different
concentrations of hyperglycemia respectively during the 6-h clamp experiment. Renal
morphological and functional alterations were detected. Rat renal tubular epithelial cells
were treated with different concentrations of glucose for 6 h. Markers and the regulation
pathway of mitophagy were analyzed.

Results: Significant tubular injuries but not glomeruli were observed under both light and
electron microscope after acute hyperglycemia treatment, which manifested as
enlargement of tubular epithelial cells, disarrangement of epithelial cell labyrinths and
swelling of mitochondria. Urinary microalbumin, b2-MG, CysC, NAG, GAL, and NGAL
were increased significantly with the increase of blood glucose (P < 0.05). ROS was
activated, mitochondrial membrane potential and LC3-II/LC3-I ratio were decreased but
P62 and BNIP3L/Nix were increased in hyperglycemia groups (P < 0.05), which were
reversed by AMPK activation or mTOR inhibition.

Conclusion: Acute hyperglycemia causes obvious tubular morphological and functional
injuries in a dose-dependent manner. Acute hyperglycemia could inhibit mitophagy
through AMPK/mTOR pathway, which would aggravate mitochondria damage and
renal tubular impairment.

Keywords: acute hyperglycemia, mitophagy, mitochondria, renal tubule, kidney injury
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INTRODUCTION

Diabetes mellitus (DM) is becoming a more threatening public
health problem not only because of its high prevalence, but also
owing to its high incidence and poor outcomes of vascular
complications such as diabetic kidney disease (DKD). People
have used to concentrate on the bad effects of chronic,
longstanding hyperglycemia for a long period, but neglect the
injuries resulting from acute hyperglycemia. In peoples’ traditional
view, acute hyperglycemia occurred in diabetic ketosis and
hypertonic hyperglycemia state could induce a series of
metabolic disorders; in addition, acute hyperglycemia could
suppress the insulin secretion function of b-cells transiently
which is called “acute hyperglycemic toxicity”. We often
encounter patients with diabetic ketosis accompanied by
transient albuminuria, who are usually misdiagnosed as “diabetic
kidney disease”. Does it mean rapidly elevated blood glucose could
also lead to “acute hyperglycemic renal toxicity”? Patients admitted
in intensive care unit (ICU) with acute hyperglycemia usually have
a high prevalence of acute kidney injury (AKI), and strict control of
blood glucose could obviously improve this outcome (1). In order
to investigate the specific effects of acute hyperglycemia, we used
hyperglycemic clamp in non-diabetic conscious rats keeping blood
glucose concentration around 16.7 mmol/L for 6 h, and detected
obvious morphological and reabsorption functional injuries of
renal tubular epithelial cells in our previous work (2).

The abnormal increase of reactive oxygen species (ROS) in
renal tubular epithelial cells is the pivotal mechanism of renal
tubular injury (3, 4). In our previous study, we found acute
hyperglycemia could lead to obvious renal oxidative stress
activation and notable mitochondria damages including
mitochondria swelling and irrecognizable mitochondrial crista
(2). ROS is mainly produced by mitochondria, and excess ROS
accumulation can aggravate mitochondria damages and even cell
apoptosis (5). Clearing away damaged mitochondria in time is
crucial for cellular homeostasis. Cells clear away damaged
organelles and other components through autophagy to keep a
stable state. The insufficiency of mitophagy can lead to ROS
accumulation in cells which will aggravate cell injury and involve
in the occurrence and development of many renal diseases.
Autophagy is up-regulated and plays a protective role in drug
induced acute kidney injury or acute ischemic renal injury (6–9);
while it is down-regulated in both type 1 and type 2 diabetic rats
(10–13). But what role might mitophagy play in acute
hyperglycemia induced kidney injury is still unknown. In this
study, we explored the dose-injury relationship of acute
hyperglycemia induced renal tubular injury and investigated
the possible role of mitophagy and its regulation pathway in
acute hyperglycemia induced renal tubular injury.
MATERIALS AND METHODS

Animals
Forty male Sprague-Dawley rats (body weight 250–280 g) supplied
by Beijing HuaFuKang Bioscience Co., LTD were included in this
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study. All rats were maintained at 20–25°C and 50%–60% humidity
on a 12-h–12-h light-dark cycle with free access to food and water.
This study was permitted by the Tianjin Medical University Animal
Committee, and all the animals were maintained according to the
guidelines for the care and use of laboratory animals.

Surgical Preparation
All animals received surgical placement of catheters into the left
internal jugular vein which were then externalized to the back of
the neck under anesthesia (10% chloral hydrate, 0.3 ml/kg body
weight) after 1 week of adaptation. All the rats regained their
presurgical body weight and kept in a good health condition
before the clamp, which were preformed 5 days after surgery.

Hyperglycemia Clamp Study and Sample
Collection
Rats were randomly assigned to four groups, control group,
hyperglycemia group A (HG-A, 11.1 mmol/L), hyperglycemia
group B (HG-B, 16.7 mmol/L), and hyperglycemia group C
(HG-C, 25.0 mmol/L), 10 in each group. Rats were kept in a
postabsorptive state before the clamp, and stayed awake in the
fixator during the clamp. A 6-h hyperglycemia-clamp procedure
was performed as described in our previous study (2). 50% glucose
solution was infused continuously through the catheters at the
speed of 0.4–1.0, 0.6–1.2, or 1.8–2.5 ml/h, respectively, to keep
blood glucose concentrations maintained around 11.1, 16.7, or
25.0 mmol/L in each hyperglycemia group after a bolus injection
for about 3–5 min to raise blood glucose to the target level rapidly.
Normal saline was infused in control group at the same speed as
that in hyperglycemia group. Blood glucose level was determined
from the tail vein every 5 min. Twenty-four–hour urine samples
were collected in metabolic cages after clamp for the detection of
urinary microalbumin (UMA), b2-microglobulin (b2-MG), N-
acetyl-beta-D-glucosaminidase (NAG), galactosidase (GAL),
neutrophil gelatinase-associated lipocalin (NGAL), and Cystatin
C (CysC). Blood sample was collected from the femoral artery for
serum creatinine (Scr), blood urea nitrogen (BUN) analysis, and
creatinine clearance rate (Ccr) was calculated. Kidneys were
isolated immediately upon the time rats were sacrificed. The left
kidney was frozen for western blot and RT-PCR analysis, and the
right one was kept for morphological observation.

Morphological Observation
The kidney tissue was fixed with 4% paraformaldehyde and
embedded in paraffin. Tissue sections with 4-um thickness were
prepared, dewaxed in xylene, rehydrated in decreasing
concentrations of ethanol and stained with hematoxylin-eosin
(HE) stain. After staining, tissue sections were dehydrated in
increasing concentrations of ethanol and xylene and sealed with
gum. The changes of glomerular and tubular morphology were
observed using light microscope (OLYMPUS IX5O/BX5O).

Kidney tissue specimens (1 mm3) were fixed in 2.5%
glutaraldehyde and 1% osmium tetraoxide, dehydrated with
gradient alcohol (50%, 70%, 90%, and 100%) and
epoxypropane. Samples were then oriented longitudinally and
December 2020 | Volume 11 | Article 536213

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Wang et al. Acute Hyperglycemia Inhibit Tubular Mitophagy
embedded in Epon 812. Ultrathin sections were cut into 50 mm ±
using ultramicrotome and then dyed with uranyl acetate and lead
citrate. Transmission electron microscope (HITACHI-7500) was
used to observe glomerular and tubular morphology
and autophagosome.

Renal Function Analysis
The Scr and BUN were tested using Hitachi 7600A-020
automatic biochemical analyzer, and Ccr which represented
glomerular filtration function was calculated as described
previously (14). Urinary UMA, b2-MG, NAG, and GAL were
measured with Roche analyzer, and urinary NGAL and CysC
were detected using enzyme linked immunosorbent assay
(ELISA) Kits according to the manufacturers’ protocol (Wuhan
Huamei Bioengineering Co., Ltd).

Cell Culture and Treatments
Rat renal tubular epithelial cells (NRK-52E cells) purchased from
Chinese Academy of Sciences Cell Library were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) containing 10%
fetal bovine serum (Tianjin Bacchus Biotechnology Co., Ltd.) and
1% penicillin/streptomycin (Gibco) at 37°C and 5% CO2, and the
3–5 passages of cells were used. Cells were exposed to different
concentrations of glucose (5.5, 11.1, 16.7, or 25.0 mmol/L) for 6 h.
3-(4, 5-dimethylthiazol-2-yl) -2, 5-diphenyltetrazolium bromide
(MTT) assay was used to assess cell viability. NRK-52E cells were
treated with hyperglycemia (16.7 mmol/L) in the presence or
absence of 5’-AMP- activated protein kinase (AMPK) activator 5-
Aminoimidazole-4-carboxamide1-b-D-ribofuranoside (AICAR)
(500umol/L, MedChem Express) or mammalian target of
rapamycin complex (mTOR) inhibitor rapamycin (50nmol/L,
MedChem Express) for 6 h in order to detect the role of AMPK
or mTOR in acute hyperglycemia induced kidney injury. Total
RNA and protein were extracted for further analysis. Studies were
replicated three times.

ROS and Mitochondrial Membrane
Potential Detection
Cells were incubated with H2-DCFDA (Cat. NO: KGAF018,
KeyGEN BioTECH) for ROS detection. Media was aspirated
from the cells grown in 24-well plates and the cells were washed
twice with 500 ml PBS. 10mM H2-DCFDA was added to the
monolayer of cells. The plate was incubated in the dark at 37°C
for 30 min. After incubation, cells were washed with 500-ml PBS
and then observed using fluorescence microscope (Olympus
Corp., Tokyo, Japan).

Mitochondrial Membrane Potential Assay Kit (5,5’,6,6’-
tetrachloro-1,1’,3,3’-tetraethylbenzimidazolcarbocyanine iodide,
JC-1) (Beijing Solarbio Science & Technology Co., Ltd) was used
for quantifying changes in mitochondrial membrane potential
(MMP) in NRK-52E cells. JC-1 exhibits potential-driven
accumulation in mitochondria, decreased red fluorescence and
corresponding increased green fluorescence suggest depolarized
mitochondria. Cells grown in 24-well plates were incubated with
JC-1 dyeing working solution in the dark at 37°C for 20 min. After
incubation, cells were washed with JC-1 dyeing buffer and examined
using fluorescence microscope (Olympus Corp., Tokyo, Japan).
Frontiers in Endocrinology | www.frontiersin.org 321
Western Blotting
Renal tissues and cells were homogenized in RIPA buffer
containing Protease/Phosphatase Inhibitor Cocktail (Beijing
Suo Lai Bao Technology Co., Ltd.) after washing with PBS, and
total protein concentration was estimated using BCA Protein
Assay Kit (Wuhan Doctorate Bioengineering Co., Ltd.). Protein
samples (40-80mg) were submitted to SDS-PAGE and then
transferred to nitrocellulose membranes. Membranes were
blocked for 2 h in 5% non-fat milk and then incubated with
primary antibodies against LC3 (1:1,000, Cell Signaling),
SQSTM1/p62 (1:1,000, Abcam), BNIP3L/Nix (1:1,000, Cell
Signaling), mTOR (1:1,000, Cell Signaling), Phospho-mTOR
(1:1,000, Cell Signaling), AMPKa (1:1,000, Cell Signaling),
Phospho-AMPKa (1:1,000, Cell Signaling), SGLT2 (1:1,000,
Abcam), and b-actin (1:500, Sanjian Biotechnology) at 4°C
overnight. After being washed with TBST, the membranes
were incubated with peroxidase-conjugated secondary
antibodies (1:5000, Ai Meijie Technology Co., Ltd, China). The
reactive bands were detected using the ECL system (Advansta).
Signal intensity was then assessed using automatic gel imaging
system (SYNGENE). Studies were replicated 3 times.

RT-PCR Analysis
Total RNA was extracted from rat kidneys and cells using Trizol
Reagent (Thermo Fisher, USA). The cDNA was synthesized
using Reverse Transcription Kit (Thermo Fisher, USA)
according to the following protocol: 25°C for 5min, 42°C for
60min, 70°C for 5 min. All primers were designed and
synthesized by Beijing oak Biotech Corp. Primers are listed in
Table 1. Then Quantitative real-time PCR was performed using
the SYBR® Premix Ex TaqTM Kit (Dalian Bioengineering Co.,
Ltd.) with primers on Applied Biosystems (BIO-RAD, USA)
according to the following protocol: 95°C for 1min, 94°C for 10s,
60°C for 15s, 72°C for 15s, 40 cycles. The mRNA expression
levels were calculated according to the 2−DDCT method (15). The
b-actin mRNA expression was used as reference control. Studies
were replicated 3 times.

Statistical Analysis
SPSS 20.0 was used to analyze the data. All values were tested for
normality and homogeneity of variance. Normally distributed
values were expressed as means ± SD. Independent t-test was
TABLE 1 | Primer sequences used in the RT-PCR analysis.

Genes Primer sequences

LC3B Forward, 5′-CGAACAAAGAGTGGAAGATGTC-3′
Reverse, 5′-AGGCTTGGTTAGCATTGAGC-3′

P62 Forward, 5′-AGTCGGAGCGGGTTCTCTAT-3′
Reverse, 5′-GTGACACACATTCCAGCGAT-3′

BNIP3L/Nix Forward, 5′-GCACTTCAGCAATGGGAATG-3′
Reverse, 5′-GCTCTGTTGGTATCTTGTGGTGT-3′

SGLT2 Forward, 5′-GGTCATTGCCGCGTATTTCC-3′
Reverse, 5′-ATGTTGCTGGCGAACAGAGA-3′

AMPK Forward, 5′-TTCTGTCTGCCGTGGACTACT-3′
Reverse, 5′-CAGCCTTCCTGAGATGACCT-3′

mTOR Forward, 5′-CCAGGAAATACCCTCTCCATC-3′
Reverse, 5′-GAAGGTCACAAAGCCGTCTT-3′
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used to compare differences between two groups. One-way
analysis of variance was used to analyze the differences among
multiple groups. Parameters that were not normally distributed
were expressed as (P25, P75) and compared using Rank sum test.
Values of P < 0.05 were considered statistically significant.
RESULTS

The Establishment of Acute
Hyperglycemia Model
During the hyperglycemic clamp, as shown in Figure 1, the
blood glucose level in each hyperglycemia group increased
significantly compared with that in control group [11.67 ± 1.21
mmol/L, 16.67 ± 2.11 mmol/L, 24.73 ± 3.43 mmol/L vs. 5.37 ±
0.52 mmol/L, P < 0.05].

Renal Morphological Alterations Under
Acute Hyperglycemic State
We detected the renal glomerular and tubular morphology
alterations in rats using both optical microscope and transmission
electron microscope under different concentrations of acute
hyperglycemia treatment.

Under optical microscope, swelling of tubular epithelial cells
and tubular stenosis in each hyperglycemic group were noticed,
which became more severe with the increase of blood glucose.
However, no obvious differences in glomeruli were detected
compared with that in control group (Figure 2A).

Under transmission electron microscope, we detected obvious
foot process fusion, glomerular basement membrane thickening
and endothelial cell window enlargement in acute hyperglycemia
groups (Figure 2B). Compared to glomerular cells, more serious
damages were observed in tubular epithelial cells including the
disarrangement of epithelial cell labyrinths, swelling of
mitochondria, irrecognizable mitochondrial crista and even
apoptotic manifestation of nucleus, which also became more
Frontiers in Endocrinology | www.frontiersin.org 422
obvious with the increase of blood glucose concentration
(Figure 2C).

Alterations in Renal Function
No significant differences were found for the plasma level of SCr,
BUN and CCr reflecting glomerular filtration function as well as
the ratio of kidney-body weight reflecting the degree of kidney
hypertrophy between each two groups (P > 0.05). However, 24-h
UMA increased significantly in hyperglycemia groups compared
with that in control group, which increased gradually with blood
glucose increase (16.40±0.85mg/24h, 32.00±4.95mg/24h, 32.70±
4.67 mg/24 h vs. 10.25 ± 0.84 mg/24 h, P < 0.05) (Figure 3A).

Urinary b2-MG and CysC were used to assess the
reabsorption function of renal tubules, while NAG, GAL and
NGAL were used to evaluate injuries of tubular epithelial cells.
All these indicators increased significantly in hyperglycemia
groups compared with that in control group (P < 0.05). As
shown in Figure 3B, urinary GAL and NGAL began to increase
significantly since blood glucose reached 11.1 mmol/L (P < 0.05),
and urinary NAG, b2-MG and CysC began to elevate
significantly since blood glucose reached 16.7 mmol/L (P <
0.01 for NAG, CysC and P < 0.05 for b2-MG vs. Control).

Acute Hyperglycemia Could Induce
Obvious Mitochondria Injuries and ROS
Production
We observed obvious mitochondrial morphological changes
after rats were treated with different concentrations of glucose,
which shown as swelling of mitochondria, mitochondrial
fragmentation, irregular arrangement and irrecognizable
mitochondrial crista under transmission electron microscope
(Figure 4A). We also investigated the MMP changes with JC-1
staining, and detected gradually decreased MMP with the
increased glucose concentration, as evidenced by increased
green fluorescence and decreased red fluorescence (Figure 5F).
Mitochondria is the major site of ROS production. After 6-h
FIGURE 1 | Blood glucose level during hyperglycemic clamp in different groups. N = 10 in each group. Data were expressed as means ± SD in each group.
Control, control group; HG-A, hyperglycemia group A; HG-B, hyperglycemia group B; HG-C, hyperglycemia group C.
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hyperglycemia treatment, ROS accumulated gradually in tubular
epithelial cells with the glucose concentration increase
(Figure 5C).

Acute Hyperglycemia May Induce Renal
Tubular Injury Through Mitophagy
Inhibition
Under transmission electron microscope, swelling of
mitochondria and irrecognizable mitochondrial crista with
abnormally accumulated autophagosome containing partial
degraded mitochondria were detected in hyperglycemia groups,
which were more serious with the increase of blood glucose
concentration (Figure 4A). P62 reflecting the inhibition of
autophagy, ratio of LC3-I to LC3-II reflecting the formation
of autophagosome and BNIP3L/Nix mediating the recognition of
damaged mitochondria during the process of mitophagy were
studied in the present study. We detected the decrease of LC3-II/
LC3-I ratio accompanied with the increase of P62 and BNIP3L/
Nix in hyperglycemia groups (P < 0.05) (Figures 4B, C).

Renal tubular epithelial cells contain large amount of
mitochondria, and are more sensitive to oxidative stress. From
Frontiers in Endocrinology | www.frontiersin.org 523
the results of both morphological and functional alterations
mentioned above, we could conclude that renal tubular injuries
were more severe than that of glomerulus under acute
hyperglycemic state. We then treated renal tubular epithelial
cells (NRK-52E cells) with different concentrations of glucose to
study the effects of acute hyperglycemia on tubular
epithelial cells.

As shown in Figures 5A, B, no obvious differences of cell
viability were found in MTT assay among the four groups (P >
0.05). Consistent with the results in vivo, we also detected the
gradually down-regulated LC3-II/LC3-I ratio accompanied with
the gradually up-regulated P62 and BNIP3L/Nix in
hyperglycemia groups (P < 0.05) (Figures 5D, E).

SGLT2/AMPK/mTOR Pathway Played a
Key Role in Acute Hyperglycemia Induced
Mitophagy Inhibition in Renal Tubular
Epithelial Cells
SGLT2 mediates glucose uptake of tubular epithelial cells. The
SGLT2 level was elevated after 6-h hyperglycemia treatment both
in vivo and in vitro in this study (P < 0.05 for HG-C vs. Control).
A

B

C

FIGURE 2 | Renal morphological alterations under acute hyperglycemic state. (A) Renal morphological alterations under optical microscope. Arrow “a” indicates
swelling of tubular epithelial cells and tubular stenosis, arrow “b” indicates fragmentation of tubular epithelial cells. (B) Ultrastructural alterations of glomerulus. Arrow
“a” indicates thickening of glomerular basement membrane; arrow “b” indicates fusion of foot process; arrow “c” indicates enlargement of glomerular endothelial cell
window; and arrow “d” indicates apoptosis of endothelial cells. (C) Ultrastructural alterations of renal tubular epithelial cells. Disorder of tubular epithelial cell
labyrinths, vesicles development (arrow a), apoptotic changes of nucleus (arrow b) were noticed in tubular epithelial cells and swelling or apoptosis of nucleus (arrows
c and d) were indicated in renal tubular vascular endothelial cells in hyperglycemia groups. Control, control group; HG-A, hyperglycemia group A; HG-B,
hyperglycemia group B; HG-C, hyperglycemia group C.
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The ratio of p-AMPK/AMPK were decreased and p-mTOR/
mTOR were increased by high glucose treatment (P < 0.05 for
HG-B and C vs. Control) (Figure 6). In order to study the role of
AMPK/mTOR in mitophagy inhibition, we further treated NRK-
52E cells in hyperglycemic group (16.7 mmol/L) with AMPK
activator AICAR or mTOR inhibitor rapamycin (RAPA), and
detected decreased ROS production, improved MMP, increased
LC3-II/LC3-I ratio and decreased P62 and BNIP3L/Nix
Frontiers in Endocrinology | www.frontiersin.org 624
compared with those in hyperglycemia group (P < 0.05)
(Figure 7).
DISCUSSION

As the prevalence of diabetes is increasing rapidly, people are
used to concentrate more on chronic hyperglycemia, the main
A

B

FIGURE 3 | Renal glomerular function, 24-h UMA and renal tubular function alterations. N = 10 in each group. (A) Renal glomerular function and 24-h UMA
changes. (B) Renal tubular function alterations. Values were expressed as means ± SD in each group. *P < 0.05 vs. Control; #P < 0.001 vs. Control; &P < 0.05 vs.
HG-A. Control, control group; HG-A, hyperglycemia group A; HG-B, hyperglycemia group B; HG-C, hyperglycemia group C. BUN, blood urea nitrogen; Scr, serum
creatinine; Ccr, creatinine clearance rate; 24-h UMA, 24-h urinary microalbumin; NAG, N-acetyl-b-D-glucosaminidase; NGAL, neutrophil gelatinase-associated
lipocalin; GAL, b-D-galactosidase; b2-MG, b2-microglobulin; CysC, Cystatin C.
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clinical sign of diabetes, and its poor outcomes. But acute
hyperglycemia, often occurs in diabetic patients with
ketoacidosis and hyperosmolar states and non-diabetic patients
with severe injuries, is usually neglected. Studies have revealed a
strong relationship between acute hyperglycemia and kidney
injuries. Albuminuria occurs commonly in new diagnosed
diabetic patients especially those with diabetic ketosis, who are
usually misdiagnosed as “diabetic kidney disease”. For critically
Frontiers in Endocrinology | www.frontiersin.org 725
ill patients with or without pre-diagnosed diabetes, acute
elevated blood glucose could increase the incidence of acute
kidney injury, and strict control of blood glucose could improve
this outcome (1, 16–18). Animal studies also proved that acute
hyperglycemia induced by anesthetics or serious burns could
lead to glomerular filtration function impairment and tubular
dilatation (19, 20). Acute hyperglycemia is usually diagnosed as
random blood glucose higher than 10.0 mmol/L or 11.1 mmol/L
A

B

C

FIGURE 4 | Mitophagy was inhibited in the kidney under acute hyperglycemic state. N = 10 in each group. (A) Swelling of mitochondria, mitochondrial
fragmentation, irregular arrangement and irrecognizable mitochondrial crista observed using transmission electron microscope (black arrow). Abnormal
autophagosome accumulation under transmission electron microscope (red arrow). (B, C) Alterations of mitophagy related markers in different groups. Values are
presented as means ± SD in each group. *P < 0.05 vs. Control; &P < 0.05 vs. HG-B. Control, control group; HG-A, hyperglycemia group A; HG-B, hyperglycemia
group B; HG-C, hyperglycemia group C.
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A B

D

E

F

C

FIGURE 5 | Mitophagy was inhibited in NRK-52E cells under acute hyperglycemic state. (A, B) Morphology and viability of NRK-52E cells. (C) ROS detection in
NRK-52E cells (200*). (D, E) Alterations of mitophagy related markers in NRK-52E cells in different groups. (F) Mitochondrial membrane potential changes in NRK-
52E cells (200*). Values are presented as means ± SD in each group. *P < 0.05 vs. Control. Control, control group; HG-A, hyperglycemia group A; HG-B,
hyperglycemia group B; HG-C, hyperglycemia group C.
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on admission (21). In our previous study, we used hyperglycemic
clamp to mimic the acute hyperglycemia state, and detected
obvious glomerular and tubular injuries (2). In the present study,
we further demonstrated that acute hyperglycemia could lead to
renal glomerular and tubular injuries in a dose-dependent
manner, and tubular injuries appeared more obvious.
Hyperglycemic clamp was used in this study to increase the
blood glucose of rats rapidly to a specific stable level. In this
model, rats are kept fully conscious which can avoid the impacts
of drugs, anesthetization or surgery on kidney. We also found
that mitochondria in tubular epithelial cells were seriously
injured and mitophagy was inhibited by acute hyperglycemia
through AMPK/mTOR regulation.

Renal tubules manifested to be more seriously damaged under
acute hyperglycemic treatment in the present study. Tubular
morphological changes could be detected since blood glucose
reached 11.1 mmol/L under both light and electron microscope,
and became more obvious with blood glucose concentration
increase. Urinary microalbumin (UMA), a traditional marker
representing damages of glomerular filtration barrier and
glomerular hyperfiltration, increased gradually in a dose-
dependent manner since blood glucose reached 11.1 mmol/L. In
recent years, UMA is believed to be primarily controlled by renal
tubular epithelial cells, which represents tubular reabsorption
dysfunction defined as “diabetic tubulopathy” (22–24). A good
correlation was found between urinary albumin excretion and
Frontiers in Endocrinology | www.frontiersin.org 927
markers of tubular dysfunction. Tubular injury has been
described to be a better predictor in the progression of renal
disease for diabetes (25). Functions and its critical role of tubular
epithelial cells are attracting more people’s eyes in recent years, and
indicators of tubular injuries with higher sensitivity and specificity
are springing up rapidly. Combining multiple indicators could
provide more details about the type, location, severity and even
the underling pathophysiological process of tubular injuries.

Plasma low molecular weight proteins (LMWP) b2-MG and
CysC are freely filtered through glomerular filtration membrane
and almost reabsorbed by proximal tubular epithelial cells. The
raise of urinary b2-MG and CysC reflect the impaired proximal
tubular reabsorption (26). In the present study, urinary b2-MG
and CysC elevated significantly with blood glucose increase since
blood glucose concentration reached 11.1 mmol/L, which
represented acute hyperglycemia could induce obvious tubular
reabsorption dysfunction in a dose-dependent manner. While
urinary NAG, GAL, and NGAL are substances directly from
renal tubular cells, and excreted in urine as a result of tubular
epithelial cell damages. All these indicators increased significantly
in hyperglycemia groups compared with those in control group
(P < 0.05). Urinary GAL and NGAL even began to increase
significantly since blood glucose reached 11.1 mmol/L (P <
0.05). In this study, we could conclude that acute hyperglycemia
could induce obvious morphological and functional damages of
tubular epithelial cells in a dose-dependent manner.
A B

DC

FIGURE 6 | SGLT2/AMPK/mTOR pathway changes under acute hyperglycemic state both in vivo (A, B) and in vitro (C, D). Values are expressed as means ± SD in
each group. *P < 0.05 vs. Control. Control, control group; HG-A, hyperglycemia group A; HG-B, hyperglycemia group B; HG-C, hyperglycemia group C. SGLT2,
sodium glucose co-transporter 2; AMPK, 5’-AMP-activated protein kinase; mTOR, mammalian target of rapamycin complex.
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Renal tubule is responsible for the reabsorption, secretion, and
excretion of many important molecules and is susceptible to various
kinds of harmful factors such as ischemia, hypoxia, and oxidative
stress because of its structural and functional characteristics. Proximal
tubular epithelial cells are very vulnerable to high glucose damage, as
they cannot decrease glucose transport to prevent excessive changes
of intracellular glucose concentration when exposed to hyperglycemia
Frontiers in Endocrinology | www.frontiersin.org 1028
(27). Blood supply of tubular epithelial cells could also be easily
damaged according to its structural characteristics. Impaired
microcirculation had been observed in healthy persons with acute
elevated blood glucose (28, 29).

Tubular epithelial cells contain large amounts of mitochondria
for their energy requirement, and an impairment of mitochondrial
bioenergetics can result in renal functional decline. In our previous
A

B

D

C

FIGURE 7 | Damages could be reversed by AMPK activation or mTOR inhibition. (A) ROS changes in NRK-52E cells (200*). (B, C) AMPK/mTOR signaling pathway
of mitophagy in NRK-52E cells in acute hyperglycemia group (16.7 mmol/L). (D) Mitochondrial membrane potential changes in NRK-52E cells (200*). Values are
expressed as means ± SD in each group. *P < 0.05 vs. Control. Control, control group; HG, hyperglycemia group. AMPK, 5’-AMP-activated protein kinase; mTOR,
mammalian target of rapamycin complex. AICAR, 5-Aminoimidazole-4-carboxamide1-b-D-ribofuranoside; RAPA, rapamycin.
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study, mitochondria in tubular epithelial cells were seriously
damaged, and oxidative stress was obviously activated after 6-h
hyperglycemia treatment (2). Oxidative stress activation in the
kidney is the direct consequence of hyperglycemia, and is thought
to be the core mechanism of tubular epithelial cell injuries (3, 4).
In the present study, ROS increased gradually after 6-h
hyperglycemia treatment on renal tubular epithelial cells, which
indicated that acute hyperglycemia could activate oxidative stress
in a dose-dependent manner. Intermittent glucose excursion,
compared with constant hyperglycemia, was proved to activate
more oxidative stress (30). Patients with isolated postprandial
hyperglycemia had markedly higher urine albumin excretion,
which suggested that the magnitude of glycemic spike but not
the baseline glucose concentration had bad effects on urinary
albumin excretion, and oxidative stress activation and free radicals
generation caused by acute increase of blood glucose levels maybe
the underlying mechanism (31). Mitochondria are the major
source and organelle target of ROS, and mitochondrial
dysfunction will trigger excessive ROS accumulation. Obvious
mitochondrial morphological injuries and MMP decrease were
also detected after 6-h hyperglycemia treatment. So, we concluded
that acute hyperglycemia could cause serious mitochondrial
damage and oxidative stress activation. Under the condition of
damaged mitochondria accumulate, excess ROS increase, which
would further aggravate tubular epithelial cell injuries.

Autophagy is a lysosome degradation pathway that plays an
important role in maintaining intracellular homeostasis and cell
integrity through removing protein aggregates and damaged or
excess organelles. Autophagy was up-regulated and provided a
protected effect in acute kidney injuries induced by drugs or
toxins (6–9). While in both type 1 and type 2 diabetic models,
autophagy was usually inhibited in tubular epithelial cells
participating in the pathogenesis of DKD (11, 32). But what role
may autophagy play in acute hyperglycemic kidney injuries is still
not clear. LC3 is the core of autophagy. The conversion of LC3-II to
LC3-I is considered as the formation of autophagosome. P62, which
anchored to the autophagosome interacting with LC3, is usually
degraded by autolysosome. P62 accumulates when autophagy is
attenuated. In the present study, we detected the accumulated p62
and decreased expression of LC3-II/LC3-I after 6-h hyperglycemia
treatment both in vivo and in vitro, which suggested the inhibited
autophagy under acute hyperglycemic treatment.

Excess oxidative stress activation could aggravate mitochondria
damages and even cell apoptosis, and clearing away damaged
mitochondria through mitophagy in time is crucial for cellular
homeostasis. Mitophagy, firstly proposed by Lemasters in 2005 (33),
was defined as selectively clearance of damaged or malfunctioning
mitochondria. In the kidney, mitophagy mainly occurs in proximal
tubules. Mitophagy is an important component of mitochondrial
quality control, which is critical for cell survival. If damaged
mitochondria number exceed the clearance capacity of
mitophagy, ROS accumulates, which forms a vicious circle of
mitochondria injury. The observed accumulation of damaged
mitochondria indicates impairment in the mitophagy system.

In the present study, we further explored the pivotal role of
mitophagy and its regulatory pathway in acute hyperglycemia
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induced renal tubular injuries both in vivo and in vitro. Mitophagy
was inhibited in a dose-dependent manner in tubular epithelial
cells both in vivo and in vitro after acute hyperglycemia treatment,
which was in consistence with long term hyperglycemia treatment
(12, 13). The accumulated BNIP3L/Nix was detected in renal
tubular cells under acute hyperglycemia treatment in this study.
Nix, also known as BNIP3L, is a BH3-only proapoptotic protein.
BNIP3L/Nix locates on the mitochondrial outer membrane, and
was found to be important for mitochondrial elimination during
erythroid cell maturation. BNIP3L/Nix was reported to depolarize
mitochondria (34). CCCP induced superoxide burst could be
suppressed by the deletion of Nix (35).

Kidney plays an important role in maintaining the
homeostasis of blood glucose. Approximately, 180-g glucose
filters through glomerulus in a healthy person every day, and is
almost all reabsorbed by renal tubules, among which nearly 90%
is reabsorbed by renal proximal tubules through sodium glucose
co-transporter 2 (SGLT2). In the present study, SGLT2 increased
gradually in hyperglycemia groups which aggravated glucose
reabsorption in renal tubular epithelial cells. P62 accumulation
decreased in type 1 diabetic mice after sglt2 knocking out, which
suggested SGLT2 might be involved in the regulation of
autophagy activity by regulating glucose reabsorption (36).

AMPK and mTOR play a central role in the regulation of
autophagy initiation. AMPK is a metabolic master-switch that
regulates and maintains cellular energy homeostasis. Loss of
sensitivity of AMPK activation to cellular stress impairs metabolic
regulation, increases oxidative stress and apoptosis, and reduces
autophagic clearance. AMPK activation will then turn off mTOR
signaling and resulting in autophagy induction (37).

Activating mTOR signaling pathway could aggravate podocytes
damage and glomerular filtration rate decline in patients with DKD
(38). Acute glucose challenge could suppress cardiac AMPK
phosphorylation and mitochondria enzyme activities in non-
diabetic rats (39). Acute hyperglycemia could enhance ischemic
brain damage though mTOR pathway activation, which could be
relieved by mTOR inhibitor rapamycin (40). ROS production can
reduce AMPK activation, then form a vicious circle that contributes
to mitochondrial damage and perhaps further enhance
ROS production.

Our results also showed that acute hyperglycemia could improve
the phosphorylation level of mTOR, but decrease phosphorylation
level of AMPK both in renal tissues of healthy rats and NRK-52E
cells. Restoration through AMPK activation or mTOR inhibition
could improve mitophagy activity, decrease ROS production and
improve MMP in NRK-52E cells, suggesting AMPK/mTOR
pathway was directly involved in the regulation of mitophagy
inhibited by acute hyperglycemia induced tubular injuries.

Our study still has some limitations. First, gene knockout or
overexpression model should be used to further verify the
possible regulation pathway of acute hyperglycemic tubular
injury; second, the reversibility of acute hyperglycemic tubular
injury should be discussed in the future study.

In conclusion, acute hyperglycemia could lead to obvious tubular
morphological and functional injuries when the blood glucose level
was greater than 11.1 mmol/L, and behaved in a dose-dependent
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manner. Acute hyperglycemia could inhibit mitophagy through
AMPK/mTOR pathway, which would aggravate damaged
mitochondria accumulation and renal tubular injuries. The
protective role of mitophagy improvement under acute
hyperglycemic stress is in urgent need to be verified in the future.
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Background: Ferroptosis is a recently identified iron-dependent form of cell death as a
result of increased reactive oxygen species (ROS) and lipid peroxidation. In this study, we
investigated whether ferroptosis aggravated diabetic nephropathy (DN) and damaged
renal tubules through hypoxia-inducible factor (HIF)-1a/heme oxygenase (HO)-1 pathway
in db/db mice.

Methods: Db/db mice were administered with or without ferroptosis inhibitor Ferrostatin-
1 treatment, and were compared with db/m mice.

Results: Db/db mice showed higher urinary albumin-to-creatinine ratio (UACR) than db/
m mice, and Ferrostatin-1 reduced UACR in db/db mice. Db/db mice presented higher
kidney injury molecular-1 and neutrophil gelatinase-associated lipocalin in kidneys and
urine compared to db/m mice, with renal tubular basement membranes folding and
faulting. However, these changes were ameliorated in db/db mice after Ferrostatin-1
treatment. Fibrosis area and collagen I were promoted in db/db mouse kidneys as
compared to db/m mouse kidneys, which was alleviated by Ferrostatin-1 in db/db mouse
kidneys. HIF-1a and HO-1 were increased in db/db mouse kidneys compared with db/m
mouse kidneys, and Ferrostatin-1 decreased HIF-1a and HO-1 in db/db mouse kidneys.
Iron content was elevated in db/db mouse renal tubules compared with db/mmouse renal
tubules, and was relieved in renal tubules of db/db mice after Ferrostatin-1 treatment.
Ferritin was increased in db/db mouse kidneys compared with db/m mouse kidneys, but
Ferrostatin-1 reduced ferritin in kidneys of db/db mice. Diabetes accelerated nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase-derived ROS formation in mouse
kidneys, but Ferrostatin-1 prevented ROS formation derived by NADPH oxidases in db/
db mouse kidneys. The increased malondialdehyde (MDA) and the decreased superoxide
dismutase (SOD), catalase (CAT), glutathione peroxidases (GSH-Px) were detected in db/
db mouse kidneys compared to db/m mouse kidneys, whereas Ferrostatin-1 suppressed
MDA and elevated SOD, CAT, and GSH-Px in db/db mouse kidneys. Glutathione
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peroxidase 4 was lower in db/db mouse kidneys than db/m mouse kidneys, and was
exacerbated by Ferrostatin-1 in kidneys of db/db mice.

Conclusions: Our study indicated that ferroptosis might enhance DN and damage renal
tubules in diabetic models through HIF-1a/HO-1 pathway.
Keywords: ferroptosis, diabetic nephropathy, renal tubular injury, heme oxygenase-1, hypoxia-inducible factor-1a
INTRODUCTION

Ferroptosis is a recently identified iron-dependent cell death,
which is characterized by the increase of reactive oxygen species
(ROS) to lethal levels (1). Iron is required for various vital
processes such as heme synthesis, iron-sulfur cluster synthesis,
and deoxyribonucleic acid synthesis (2). Iron also plays a critical
role in the active sites of numerous enzymes which participate in
the formation of nicotinamide adenine dinucleotide phosphate
(NADPH) oxidases, xanthine oxidase, lysyl oxidase, and
mitochondrial complex I and III (3).

However, the excess of iron in the cell damages cellular
functions by producing ROS and ultimately leads to cell death
(4). The formation of intracellular ROS is mainly through
NADPH oxidases (5), which is regulated by iron (3). Lipid
peroxidation is the damage by ROS on polyunsaturated fatty
acids in cellular membranes or organelle membranes (6).
Ferroptosis has been documented to be induced by lipid
peroxidation which is caused by iron overloading (1). Iron-
dependent lipid peroxidation is the oxidative process which is
regulated by enzymatic antioxidants, such as superoxide
dismutase (SOD), catalase (CAT), and glutathione peroxidases
(GSH-Px) (6). GSH-Px includes multiple isoenzymes with
different subcellular locations presenting distinct tissue-specific
expression patterns (7). Glutathione peroxidase 4 (GPX4) is a
specific and important regulator of ferroptotic cell death, since
GPX4 can inhibit ferroptosis by repression of phospholipid
peroxidation (8).

Heme is a main source of iron that synthesized (9). Heme
oxygenase (HO)-1 is a phase II enzyme that metabolizes heme
into biliverdin/bilirubin, carbon monoxide, and ferrous iron
(10). HO-1 can be induced by a wide spectrum of cues,
including inflammatory mediators, oxidants, and physical or
chemical stimuli (10). Recent studies have suggested that HO-1
has a dual role in ferroptosis. The increasing studies have
demonstrated that HO-1 acts as a key mediator in the cause
of ferroptosis and plays a causative role for the development of
several diseases (11–13), although there have been some
researches indicating that HO-1 has protective effects against
oxidative stress-related disorders (14). Hypoxia-inducible
factor (HIF) is a heterodimer composed of a constitutive b-
subunit and one of at least two different oxygen-dependent a-
subunits (HIF-1a and -2a). The activity of HIF is mainly
regulated by oxygen-dependent proteolysis of the a-subunits
(15). HO-1 is one of the HIF target genes (15). Therefore, HIF-
1a also regulates ferroptosis and is associated with the
expression of GPX4 (16).
n.org 233
Diabetic nephropathy (DN) is the leading cause of end-stage
renal disease. The previous studies of DN have mainly focused
on glomeruli. However, recent data have shown that defects in
tubules also result in albuminuria or proteinuria (17). Clinical
observations in patients with type 1 diabetes highlighted the early
involvement of the tubules in generating albuminuria (18).
Subsequently, diabetic rats showed the decreased reabsorption
of albumin in proximal tubules compared with the controls,
despite of no promotion in glomerular filtration rate in diabetic
rats (19). Additionally, no significant difference in glomerular
sieving coefficient between diabetic rats and the controls was
observed, while albuminuria presented in the diabetic rats (20). A
good correlation has been found between urinary albumin
excretion and the markers of tubular dysfunction. All these
researches suggested that albuminuria might origin from renal
tubules in DN (21). Thus, the causative factor of renal tubular
injury in DN is supported by diabetic patients and experimental
models, as well as credible pathogenetic mechanisms (22).

Intra-renal oxidative stress plays a critical role in the initiation
and development of DN. There is considerable evidence that
hyperglycemia causes oxidative stress through the increased
generation of ROS, which plays a key role in DN (23). The
increased MDA, the main aldehyde product of lipid peroxidation
(24), and the decreased SOD, CAT, and GSH-Px were also noted
in kidneys of diabetic animals (25, 26). For the sensitivity of renal
tubules to oxidative stress and lipid peroxidation (27), ferroptosis
often occurs in tubules during the development of renal diseases
(28, 29). However, the researches of relation between ferroptosis
and DN have been few in number. A recently published study
reported that ferroptosis involved in renal tubular cell death in
diabetic nephropathy (30). While clearly of great importance,
there were still some limitations in that study. In vitro part of the
research, renal tubular cells were not cultured under high glucose
condition; in vivo study, the injury of renal tubules was not
detected, and diabetic models were not treated with ferroptosis
inhibitor to verify the role of ferroptosis in DN. Thus, it is
necessary to further investigate whether ferroptosis enhanced
renal tubular injury caused by diabetes (30).

It has been demonstrated that ferroptosis plays a crucial role
in renal ischemia injury (1). DN is one of the diabetic
microvascular complications. Renal ischemia has been
considered as one of the major causes of DN (31). The high
energy requirements and dependence on aerobic metabolism
render renal tubules especially susceptible to hypoxia (17).
Chronic hypoxia due to renal ischemia induces the increase of
HIF-1a in renal tubules of diabetic models, with the elevated
HO-1 level (32). Degradation of heme by the excessive HO-1
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leads to iron overloading which causes oxidative stress and lipid
peroxidation. Recent studies have documented the great effects of
iron accumulation in kidneys on the progression of DN (33, 34).
These studies suggested that the process of ferroptosis might
affect the development of DN, diabetic renal tubular injury in
particular, through HIF-1a/HO-1 pathway. However, few
studies have explored it.

Furthermore, diabetic renal tubular injury contributes to renal
fibrosis (35), and ferroptosis is regarded as the cause of fibrosis
(36, 37). It has been proven that tubular epithelial cells under high
glucose condition exhibited higher activation of pro-inflammatory
and pro-fibrotic signal pathways, which led to progressive fibrosis
(38). Given that the degree of renal tubular dysfunction associates
well with the extent of renal fibrosis, diabetic tubular injury might
be recognized as the reason of renal fibrosis (39). Moreover, our
previous study showed that endothelial-specific prolyl
hydroxylase domain protein-2 knockout (PHD2ECKO) mice,
with the upregulated expression of HIF-a due to the deficient
PHD2 which degrades HIF, presented significant renal fibrosis
(40). However, whether ferroptosis-induced-renal fibrosis is
regulated by HIF-1a/HO-1 pathway has been unclear.

Therefore, in this study, we aimed to investigate whether
ferroptosis involved in tubular injury and fibrosis through HIF-
1a/HO-1 pathway in kidneys of diabetic mouse models.
MATERIALS AND METHODS

The animal experiments were approved by the Animal Ethics
Committee of Beijing Chao-Yang Hospital, Capital Medical
University and were performed in accordance with animal
care guidelines of Beijing Chao-Yang Hospital, Capital
Medical University.

Experimental Animal Models
and Treatment
Eight-week-old male C57BLKs/J db/m and db/db mice were
purchased from Nanjing Biomedical Research Institute of
Nanjing University, Nanjing, China. Mice were divided into 3
groups (n = 9 for each group): (1) db/m group, (2) db/db group,
and (3) db/db+Fer1 group. Db/db mice were given daily
intraperitoneal injections of either 0.1% DMSO (diluted in 0.9%
NaClwith 20%SBE-b-CD) for db/dbgroupor1mg/kgFerrostatin-
1 (MCE,NJ, USA) for db/db+Fer1 group for 10weeks starting at 10
weeks of age. Ferrostatin-1 was dissolved in DMSO first, and was
diluted in 0.9%NaClwith 20%SBE-b-CD.Thefinal concentrations
of Ferrostatin-1 andDMSOwere 0.2mg/ml and 0.1%, respectively.

The mice were housed in clear plastic cages (n = 3/cage) at
22°C on a 12:12 h light-dark cycle (lights on 08:00–20:00 h), with
free access to standard rodent chow and tap water. After 10-week
administration, all mice were placed in metabolic cages
separately to take 24 h urine. After 10 weeks, all mice were
anesthetized by intraperitoneal injection of a mixture of Rompun
10 mg/kg (Bayer Korea, Ansan, Gyeonggi-Do, Korea) and Zoletil
30 mg/kg (Virbac, Carros, France). The kidneys were rapidly
dissected for subsequent analyses. Blood was collected from the
left ventricle and centrifuged, stored at -80°C.
Frontiers in Endocrinology | www.frontiersin.org 334
Measurements of Blood and
Urinary Parameters
Fastingbloodglucose concentrationwasmeasuredusingHemoCue
B-Glucose kit (HemoCueAB, Angelholm, Sweden). Fasting insulin
concentration was measured using radioimmunoassay kit (Linco
Reasearch, St Charles, MO, USA). Serum and urine creatinine
values were measured using HPLC (Beckman Instruments,
Fullerton, CA, USA). Urinary albumin value was measured by an
immunoassay (Bayer, Elkhart, IN, USA). Urinary albumin-to-
creatinine ratio (UACR) was calculated as urine albumin/urine
creatinine (mg/mg). Urinary kidney injury molecular-1 (KIM-1)
and neutrophil gelatinase-associated lipocalin (NGAL)
concentrations of mice were measured with ELISA (R&D
systems, MN, USA). Serum iron ion, ferritin, and transferrin were
determined with ELISA (Lai Er Bio-Tech, Hefei, China). All assays
were performed according to the manufacturer’s protocol.

Light Microscopic Study
The renal tissues fixed in neutral-buffered 10% formalin solution
(SF93-20; Fisher Scientific, Pittsburgh, PA, USA). Paraffin
sections were prepared in 8 µm. Apoptosis in kidneys was
detected by TUNEL (Boster, Wuhan, China). Hexamine silver
staining was performed to detect the injury of renal tubules.
Masson’s trichrome staining and Sirius red staining were
performed to measure the degree of renal fibrosis. Then, slices
were washed with distilled water, and were dipped in Lillie
staining solution (Solarbio Life Sciences, Beijing, China) for 30
min. Subsequently, slices were immersed in nucleus staining
solution (Solarbio Life Sciences, Beijing, China) for 5 min, after
washed by distilled water. Finally, dehydrated slices were used for
measuring iron content after washed with distilled water again.
The renal samples were also embedded in frozen optimal cutting
temperature compound (4585; Fisher Health Care, Houston, TX,
USA). Frozen sections were also prepared in 8 µm. ROS (frozen
sections) was measured by dihydroethidium staining in fresh
frozen sections. All analyses were performed by image-analysis
software (Image J, NIH, Bethesda, MD, USA).

Western Blot Analyses
Mouse renal tissues were collected and homogenized in lysis
buffer. The homogenates were centrifuged at 16,000×g at 4°C
for 15 min. A bicinchoninic acid protein assay kit (Pierce
Co, Rockford, IL, USA) was used to analyze the protein
concentrations. Equal amounts (20 µg) of the protein were
separated by 10% sodium dodecyl sulfate polyacrylamide gel
electrophoresis geland transferred to a polyvinylidene difluoride
membrane. The membranes were blocked with 5% nonfat dry
milk in Tris-buffered saline and incubated with the following
primary antibodies overnight: cleaved caspase-3 (1:1000; Abcam,
Cambridge, MA, USA), KIM-1 (1:1,000; Abcam, Cambridge, MA,
USA), NGAL (1:1,000; Abcam, Cambridge, MA, USA), collagen I
(1:1,000; Abcam, Cambridge, MA, USA), HIF-1a (1:1,000; Novus
Bio, Littleton, CO, USA), HO-1 (1:1,000; BD transduction, San
Jose, CA, USA), ferritin heavy chain (1:1000; Abcam, Cambridge,
MA, USA), gp91 phox (1:1,000; BD transduction, San Jose, CA,
USA), GPX4 (1:1,000; Abcam, Cambridge, MA, USA), and b-actin
(1:1,000; Cell Signaling, Danvers, MA, USA). After washed, the
February 2021 | Volume 12 | Article 626390

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Feng et al. Ferroptosis, DN, and HIF-1a/HO-1 Pathway
membranes were incubated for 2 h with a secondary antibody
coupled to horseradish peroxidase (1:5,000; Santa Cruz, CA, USA).
Densitometric analyses were carried out with image acquisition
and analysis software (Bio-Rad).

SAssessment of Oxidative Stress
Parameters in Mouse Renal Tissues
MDA was measured by thiobarbituric acid method, SOD was
measured by xanthine oxidase method, GSH-Px was measured
by NADPH method, and CAT was determined by coloration
method in the renal tissue sample homogenates using
commercial kits (Beyotime Institute of Biotechnology,
Shanghai, China), according to the manufacturer's protocols.

Statistical Analyses
All analyses were performed using Statistical Package for Social
Sciences version 20.0 (SPSS, Inc., Chicago, IL, USA). Data are
expressed as means ± S.E.M. The significance of differences in
the means of corresponding values among groups was
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determined by using the one-way ANOVA. The significance of
differences between two values was determined using LSD test. In
all statistical tests, all tests were two-sided, and P values <0.05
were considered significant.
RESULTS

Assessment of Physical and
Biochemical Characteristics
As shown in Figure 1, body weight, kidney weight, blood
glucose, and insulin were significantly higher for db/db mice
than db/m mice, and there was no difference in body weight,
kidney weight, blood glucose, and insulin in db/db mice between
with and without Ferrostatin-1 treatment (Figures 1A–D). All
mice in three groups were similar in serum creatinine (SCR)
(Figure 1E). In addition, db/db mice presented higher UACR
than db/m mice, and db/db+Fer1 group had the significantly
decreased level of UACR compared with db/db group (Figure
1F), suggesting that ferroptosis was involved in DN.
A B

D
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C

FIGURE 1 | Physical and biochemical characteristics in db/m, db/db, and db/db+Fer1 groups. (A). Body weight. (B). Kidney weight. (C). Blood glucose.
(D). Insulin. (E). Serum creatinine (SCR). (F). Urinary albumin-to-creatinine ratio (UACR). Male mice, n = 9/group. *P < 0.05, vs db/m group; #P < 0.05, vs db/db
group. Db/m, db/m mice; db/db, db/db mice without Ferrostatin-1 treatment; db/db+Fer1, db/db mice with Ferrostatin-1 treatment. Data are means ± S.E.M.
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Assessment of Renal Tubular Injury
Since the renal tubules are vulnerable to metabolic disorders and
ischemia, defects in tubules might be the primary cause of
albuminuria in DN (17). To determine if there was ferroptosis-
related renal tubular injury in diabetic mice, we detected the
levels of KIM-1 and NGAL, the markers of renal tubular damage.
Western blot showed that diabetes promoted the expression of
KIM-1 and NGAL in the mouse kidneys, but ferroptosis
inhibitor Ferrostatin-1 reduced the expression of KIM-1 and
NGAL in db/db mouse kidneys (Figures 2A, B). Consistent with
these changes, urinary KIM-1 and NGAL were increased in db/
db group compared with db/m group, and were decreased after
Ferrostatin-1 treatment in db/db mice (Figures 2C, D).
Furthermore, hexamine silver staining showed that diabetes led
to fold and fault of renal tubular basement membranes (Figure
2E). However, Ferrostatin-1 treatment improved the injury of
renal tubular basement membranes in db/db mice. These results
indicated that ferroptosis enhanced diabetic renal tubular injury.
Frontiers in Endocrinology | www.frontiersin.org 536
Assessment of Renal Fibrosis
The previous researches have provided a strong evidence of
ferroptosis to accelerate fibrosis (36, 37). Thus, we examined renal
fibrosis. As shown in Figure 3, Masson’s staining and Sirius red
staining showed that diabetes significantly enhanced mouse renal
fibrosis, and Ferrostatin-1 treatment reduced renal fibrosis in
diabetic mice (Figures 3A–C). Western blot analysis further
showed that diabetes promoted the expression of fibrosis
associated protein-collagen I in mouse kidneys, and Ferrostatin-1
treatment depressed the expressionof collagen I in kidneys of db/db
mice (Figure 3D). These results indicated that ferroptosis
accelerated renal fibrosis in diabetic mice.

Assessment of HIF-1a and HO-1 in
Mouse Kidneys
Subsequently, we measured the expression of HIF-1a and HO-1 in
mouse kidneys, sinceHO-1has been suggested to act as a critical role
in ferroptosis (10), andHIF-1a adjusts the expression of HO-1 (15).
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C

FIGURE 2 | Renal tubular injury in db/m, db/db, and db/db+Fer1 groups. (A, B). Representative photographs and quantification of kidney injury molecular-1 (KIM-1)
(A) and neutrophil gelatinase-associated lipocalin (NGAL) (B) in mouse kidneys measured by western blot. (C, D). Quantification of urinary KIM-1 (C) and NGAL (D)
levels measured by ELISA. (E) Representative photographs of mouse kidneys by hexamine silver staining staining. Male mice, n = 6-9/group. *P < 0.05, vs db/m
group; #P < 0.05, vs db/db group. Db/m, db/m mice; db/db, db/db mice without Ferrostatin-1 treatment; db/db+Fer1, db/db mice with Ferrostatin-1 treatment.
Data are means ± S.E.M.
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As exhibited in Figure 4, western blot showed that the levels of HIF-
1a andHO-1were increased indb/dbmousekidneys comparedwith
db/m mouse kidneys, while Ferrostatin-1 treatment decreased the
levels ofHIF-1a andHO-1 inkidneys of db/dbmice (Figures4A,B).
These results suggested thatHIF-1a/HO-1pathwaymight involve in
ferroptosis-induced DN.

Assessment of Iron Content
Iron overloading is a risk factor for many disorders, because iron
regulates considerable enzymes which are involved in lipid
Frontiers in Endocrinology | www.frontiersin.org 637
peroxidation and oxidative stress (2, 3). Ferroptosis is a form
of regulated cell death resulting from iron overloading (1).
Therefore, we measured the iron content in mouse kidneys
and blood. As shown in Figure 5, Lillie staining showed that
diabetes increased the iron content in mouse renal tubules, which
was relieved in diabetic mouse renal tubules after Ferrostatin-1
treatment (Figures 5A, B). Western blot showed that the
expression of ferritin heavy chain was increased in db/db
mouse kidneys compared with db/m mouse kidneys, but
Ferrostatin-1 reduced the expression of ferritin heavy chain in
A
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C

FIGURE 3 | Renal fibrosis in db/m, db/db, and db/db+Fer1 groups. (A–C). Representative photographs and quantification of renal fibrosis by Masson’s staining
(blue) (A) and Sirius red staining (red) (B) (six sections per mouse were analyzed). (D). Representative photographs and quantification of collagen I in mouse kidneys
measured by western blot. Male mice, n = 6/group. *P < 0.05, vs db/m group; #P < 0.05, vs db/db group. Db/m, db/m mice; db/db, db/db mice without
Ferrostatin-1 treatment; db/db+Fer1, db/db mice with Ferrostatin-1 treatment. Data are means ± S.E.M.
A B

FIGURE 4 | The expression of hypoxia-inducible factor (HIF) -1a and heme oxygenase (HO) -1 in mouse renal tissues. (A, B). Representative photographs and
quantification of HIF-1a (A) and HO -1 (B) in mouse kidneys measured by western blot. Male mice, n = 6/group. *P < 0.05, vs db/m group; #P < 0.05, vs db/db
group. Db/m, db/m mice; db/db, db/db mice without Ferrostatin-1 treatment; db/db+Fer1, db/db mice with Ferrostatin-1 treatment. Data are means ± S.E.M.
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kidneys of db/db mice (Figure 5C). Additionally, db/db group
had higher serum iron ion, ferritin, and transferrin in
comparison to db/m group, but Ferrostatin-1 treatment
inhibited these parameters in db/db mice (Figures 5D–F).
These results showed that diabetes contributed to iron
overloading in mouse renal tubules, but ferroptosis inhibitor
alleviated iron overloading in renal tubules of db/db mice.

Assessment of ROS Formation in Mouse
Kidneys
Next, we detected ROS formation in mouse renal tissues. As
presented in Figure 6, dihydroethidium staining showed that
diabetes exacerbated ROS formation in mouse kidneys, while
Ferrostatin-1 treatment depressed ROS formation in db/db
mouse kidneys (Figures 6A, B). Moreover, diabetes resulted in
a similar increased expression of NADPH oxidase subunit-gp91
phox in mouse kidneys, whereas Ferrostatin-1 treatment
lessoned gp91 phox in db/db mouse kidneys (Figure 6C).
These findings documented that diabetes promoted NADPH
oxidase-derived ROS formation in mouse kidneys, which was
suppressed by ferroptosis inhibitor Ferrostatin-1 treatment in
diabetic mouse kidneys.
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Assessment of Lipid Peroxidation and
GPX4 in Mouse Kidneys
Then, we assessed oxidative stress and lipid peroxidation in
mouse renal tissues. As exhibited in Figure 7, compared with db/
m group, the enhanced MDA and the reduced SOD, CAT and
GSH-Px in mouse kidneys were noted in db/db group. In
contrast, Ferrostatin-1 treatment resulted in the reduction on
MDA and the enhancement on SOD, CAT and GSH-Px in
kidneys of db/db mice (Figures 7A–D). Importantly, we
measured the expression of GPX4 in mouse kidneys. Western
blot showed that diabetes caused the decreased expression of
GPX4 in mouse kidneys, but Ferrostatin-1 treatment increased
the expression of GPX4 in kidneys of db/db mice (Figure 7E).
These findings further indicated that lipid peroxidation induced-
ferroptosis was involved in DN, which was improved by
ferroptosis inhibitor Ferrostatin-1.

Assessment of Renal Apoptosis
Apoptosis has been found to play a role in renal injury and
fibrosis induced by diabetes (41). Therefore, we detected mouse
renal apoptosis. As shown in Figure 8, TUNEL assay showed
that diabetes significantly promoted mouse renal apoptosis, but
A
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C

FIGURE 5 | Iron content in db/m, db/db, and db/db+Fer1 groups. (A, B). Representative photographs and quantification of iron content (blue) in kidneys by Lillie
staining (six sections per mouse were analyzed). (C). Representative photographs and quantification of ferritin heavy chain in mouse kidneys measured by western blot.
(D–F). Quantification of serum iron ion (D), ferritin (E), and transferrin (F) measured by ELISA. Male mice, n = 6–9/group. *P < 0.05, vs db/m group; #P < 0.05, vs db/db
group. Db/m, db/m mice; db/db, db/db mice without Ferrostatin-1 treatment; db/db+Fer1, db/db mice with Ferrostatin-1 treatment. Data are means ± S.E.M.
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Ferrostatin-1 treatment did not relieve renal apoptosis in diabetic
mice (Figures 8A, B). Moreover, western blot analysis showed
that diabetes enhanced the expression of apoptosis associated
protein-cleaved caspase-3 in mouse kidneys, while Ferrostatin-1
treatment did not suppress the expression of cleaved caspase-3 in
kidneys of diabetic mice (Figure 8C). These results showed that
diabetes accelerated apoptosis in mouse kidneys, but ferroptosis
inhibitor Ferrostatin-1 treatment could not improve apoptosis in
mouse kidneys.
DISCUSSION

In present study, we found that diabetes increased UACR level in
mice, and diabetic state enhanced tubular injury, promoted
fibrosis, elevated the levels of HIF-1a and HO-1, accelerated
tubular iron overloading, and exacerbated ROS formation,
oxidative stress, and lipid peroxidation in mouse kidneys. On
the contrary, ferroptosis inhibitor Ferrostatin-1 decreased the
level of UACR in diabetic mice, and Ferrostatin-1 improved
tubular injury, reduced fibrosis, repressed the expression of HIF-
1a and HO-1, suppressed tubular iron overloading, and
inhibited ROS formation, oxidative stress, and lipid
peroxidation in diabetic mouse kidneys.

Ferroptosis is a kind of regulated cell death characterized by
iron-dependent accumulation of lipid peroxides. Ferroptosis
associates well with renal ischemia injury (1) that is one of the
major causes of DN (31). Our present research showed that
diabetic mice presented higher UACR than control mice, but
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ferroptosis inhibitor Ferrostatin-1 reduced the level of UACR in
diabetic mice, suggesting that ferroptosis was involved in the
pathogenesis of DN, and inhibition of ferroptosis can protect
against DN.

Initially, the underlying mechanism of albuminuria in DN has
been attributed to the increased glomerular leakage. While great
importance, changes in glomeruli may not be the main
determinant in the prognosis of DN. As renal tubular injury
participates in the development of DN, interest in the
mechanism of DN has transferred to the renal tubules (35). As
a result of emerging evidence supporting a role for ferroptosis in
damaging renal tubules (28–30), we detected the damage of renal
tubules in diabetic mice. In current study, diabetic mice
presented higher KIM-1 and NGAL, the markers of renal
tubular damage, both in kidneys and in urine, as compared to
non-diabetic mice, with renal tubular basement membranes
folding and faulting by hexamine silver staining. However,
these changes about renal tubular injury were ameliorated in
diabetic mice after ferroptosis inhibitor Ferrostatin-1 treatment.
These results provided a strong evidence of ferroptosis to
participate in renal tubular injury in diabetic mice.

Ferroptosis has been considered as a trigger of many diseases,
and it is also associated with fibrosis (36, 37). Because renal
tubular dysfunction is correlated with the extent of renal fibrosis,
tubular injury induced by diabetes is identified as the cause of
renal fibrosis (39). In current study, both Masson’s staining and
Sirius red staining showed that there was a significant increase in
the renal fibrosis area in diabetic mice as compared to non-
diabetic mice. Consistent with the changes of renal fibrosis
A
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FIGURE 6 | ROS formation in mouse renal tissues. (A, B). Representative photographs and quantification of ROS formation (red) in mouse kidneys by
dihydroethidium staining (six sections per mouse were analyzed). (C). Representative photographs and quantification of gp91 phox in mouse kidneys measured by
western blot. Male mice, n = 6/group. *P < 0.05, vs db/m group; #P < 0.05, vs db/db group. Db/m, db/m mice; db/db, db/db mice without Ferrostatin-1 treatment;
db/db+Fer1, db/db mice with Ferrostatin-1 treatment. Data are means ± S.E.M.
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fractional area, the expression of fibrosis-associated protein-
collagen I was significantly increased in diabetic mouse kidneys
as compared to non-diabetic mouse kidneys. However, all
changes of renal fibrosis were alleviated by ferroptosis inhibitor
Ferrostatin-1 treatment in diabetic mice, which suggested that
ferroptosis induced renal fibrosis in diabetic mice.

Previous studies have demonstrated intra-renal hypoxia in
clinical patients and experimental models with diabetes (32, 42).
The renal tubules are susceptible to the damage from metabolic
disorders and hypoxia that are the pathogenesis of diabetes
influencing the kidneys (39). The adaptation of hypoxia is
mainly conferred through HIF-1a, which induces the
expression of HO-1 (15) and regulates ferroptosis (10). HIF-1a
and HO-1 have been demonstrated to serve the dual roles in
multiple models of kidney injury, including DN. There have been
some studies about the significant protective role of HIF-1a/HO-
1 pathway (43). However, several recent studies have validated
the promoted HIF-1a and HO-1 levels in kidneys of diabetic
models (32). Furthermore, in contrast to the protective role in
Frontiers in Endocrinology | www.frontiersin.org 940
kidneys, our previous studies exhibited that the upregulated
expression of HIF-a caused significant renal fibrosis (40), and
that the increased HO-1 and iron overloading were presented in
kidneys of hypertensive mice (44). Morover, genetic knockdown
and pharmacological inhibition of HO-1 validated that
activation of HO-1 triggers ferroptosis through iron
overloading and subsequently excessive production of ROS and
lipid peroxidation (11, 13). It is possible that these conflicting
results are due to the poly-pharmacotherapy or other
confounding variables of the experimental models, such as
species, strains, gender, age and the diseases of models. These
discrepancies might also be caused by differences in assays used
in different researches. In current study, the increased levels of
HIF-1a and HO-1 were observed in diabetic mouse kidneys
compared with non-diabetic mouse kidneys. By contrast,
ferroptosis inhibitor Ferrostatin-1 treatment reduced the levels
of HIF-1a and HO-1 in kidneys of diabetic mice. These findings
suggested that ferroptosis might enhanced DN through HIF-1a/
HO-1 pathway.
A B

D

E

C

FIGURE 7 | Lipid peroxidation and GPX4 in mouse renal tissues. (A–D). Quantification of malondialdehyde (MDA) (A), superoxide dismutase (SOD) (B), catalase
(CAT) (C) and glutathione peroxidases (GSH-Px) (D) in mouse kidneys. (E). Representative photographs and quantification of glutathione peroxidase 4 (GPX4) in
mouse kidneys measured by western blot. Male mice, n = 6–9/group. *P < 0.05, vs db/m group; #P < 0.05, vs db/db group. Db/m, db/m mice; db/db, db/db mice
without Ferrostatin-1 treatment; db/db+Fer1, db/db mice with Ferrostatin-1 treatment. Data are means ± S.E.M.
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The increased HO-1 contributes to more iron accumulation
by accelerating degradation of heme. Iron is essential for cell
survival. Iron overloading is a known risk factor for various
disorders. Ferroptosis is a form of regulated cell death that is
induced by iron overloading (1). Renal iron accumulation has
been proposed to promote the progression of DN (33, 34).
However, Ferrostatin-1 can form a complex compounded with
iron (45). Previous studies have found that ferroptosis inhibitor
Ferrostatin-1 alleviated atherosclerosis lesion and inhibited the
iron accumulation in HFD-fed ApoE-/- mice (46), protected
against early brain injury and decreased the iron content in
subarachnoid hemorrhage rats (47), and inhibited death of
microglia and alleviated iron overloading induced by nitrogen-
doped graphene quantum dots (48). In current research, Lillie
staining showed that there was more iron accumulation in
diabetic mouse renal tubules compared with non-diabetic
mouse renal tubules, but iron overloading was relieved in renal
tubules of diabetic mice after Ferrostatin-1 treatment. Ferritin
and transferrin are regulated by HO-1, and the elevated HO-1
Frontiers in Endocrinology | www.frontiersin.org 1041
increases the levels of ferritin and transferrin (49). Western blot
showed that ferritin heavy chain was promoted in diabetic mouse
kidneys compared with non-diabetic mouse kidneys, while
Ferrostatin-1 treatment decreased ferritin heavy chain in
kidneys of diabetic mice. Additionally, diabetic mice had
higher serum iron ion, ferritin, and transferrin than non-
diabetic mice, but Ferrostatin-1 treatment inhibited these
parameters in diabetic mice. These results showed that diabetes
contributed to iron overloading in mouse renal tubules, but
inhibition of ferroptosis alleviated iron accumulation in diabetic
mouse renal tubules.

Ferroptosis occurs as a result of elevated ROS levels due to the
increased intracellular iron concentration (1). Renal ROS
generation in diabetes is predominantly mediated by NADPH
oxidases (50). The excess of ROS caused by hyperglycemia plays
a dominant role in DN (23). The current study showed that
diabetes resulted in a significant elevation of ROS formation in
mouse kidneys, and ferroptosis inhibitor Ferrostatin-1 induced
the reduction of ROS formation in diabetic mouse kidneys.
A

B

C

FIGURE 8 | Renal apoptosis in db/m, db/db, and db/db+Fer1 groups. (A, B). Representative photographs and quantification of renal apoptosis by TUNEL assay
(six sections per mouse were analyzed). (C). Representative photographs and quantification of cleaved caspase-3 in mouse kidneys measured by western blot. Male
mice, n = 6/group. *P < 0.05, vs db/m group; #P < 0.05, vs db/db group. Db/m, db/m mice; db/db, db/db mice without Ferrostatin-1 treatment; db/db+Fer1, db/db
mice with Ferrostatin-1 treatment. Data are means ± S.E.M.
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This was accompanied by a significant increased expression of
NADPH oxidase subunit-gp91 phox in diabetic mouse kidneys
compared with non-diabetic mouse kidneys, and ferroptosis
inhibitor Ferrostatin-1 treatment suppressed gp91 phox in
diabetic mouse kidneys. These findings indicated that diabetes
accelerated NADPH oxidase-derived ROS formation in mouse
kidneys, but inhibition of ferroptosis prevented ROS formation
derived by NADPH oxidases in diabetic mouse kidneys.

Iron overloading results in the overproduction of ROS, which
contributes to an excess of oxidative stress and lipid peroxidation
owing to insufficient antioxidant pathways (6). MDA is the main
aldehyde product of lipid peroxidation (24). The enzymatic
antioxidants consist of SOD, CAT, GSH-Px, etc (6). Recent
researches have verified the increased MDA and the decreased
SOD, CAT and GSH-Px in kidneys of diabetic animals compared
with kidneys of the controls (25, 26). GPX4 has been identified to
specifically prevent ferroptosis by suppression of phospholipid
peroxidation. Ferrostatin-1 is an antioxidant and generates the
same anti-ferroptotic effect as GPX4 proven by previous researches
(45). Our current findings presented the increased MDA and the
decreased SOD, CAT, and GSH-Px in diabetic mouse kidneys
compared to non-diabetic mouse kidneys. However, ferroptosis
inhibitor Ferrostatin-1 treatment repressed MDA, and promoted
SOD, CAT, and GSH-Px in diabetic mouse kidneys. Moreover,
GPX4 was lower in diabetic mouse kidneys than non-diabetic
mouse kidneys, whereas GPX4 was increased by ferroptosis
inhibitor Ferrostatin-1 treatment in kidneys of diabetic mice.
These data supported that lipid peroxidation induced-ferroptosis
deteriorated DN in db/db mice.

In addition, previous researches have documented that
apoptosis has involved in diabetic renal injury (41). Our current
results showed that apoptosis damaged diabeticmouse kidneys, but
inhibition of ferroptosis could not reverse the diabetic damages in
mouse kidneys, indicating that Ferrostatin-1 protected against DN
through another mechanism instead of apoptosis, and ferroptosis
might play a critical role in pathogenesis of DN.
CONCLUSIONS

In summary, diabetes led to the increased UACR in mice, and
diabetes further resulted in a significant mouse renal tubular
injury and mouse renal fibrosis, a promotion of HIF-1a and HO-
Frontiers in Endocrinology | www.frontiersin.org 1142
1 levels in mouse kidneys, an elevation of iron accumulation in
mouse renal tubules, and an increase of lipid peroxidation due to
the enhanced ROS generation in kidneys of mice; however,
inhibition of ferroptosis decreased the UACR in diabetic mice,
and inhibition of ferroptosis alleviated renal tubular injury and
renal fibrosis in diabetic mice, repressed the levels of HIF-1a and
HO-1 in diabetic mouse kidneys, reduced iron accumulation in
renal tubules of diabetic mice, and prevented lipid peroxidation
by decreasing ROS generation in kidneys of diabetic mouse
models. Our study indicated that the process of ferroptosis
might aggravate albuminuria, damage renal tubules, and
enhance renal fibrosis in diabetic models through HIF-1a/HO-
1 pathway, which may contribute to the further study on the
pathogenesis of DN and provide a therapeutic target for DN.
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Diabetic nephropathy (DN) is a serious complication of diabetes mellitus. Long non-coding
RNAs (lncRNAs) are regulators in DN progression. However, the regulatory mechanisms
of multiple lncRNAs in DN remain to be determined. Our aim was to investigate the
function and molecular mechanism of lncRNA RNA component of mitochondrial RNAase
P (Rmrp) in DN. Here, we observed that the expression of Rmrp was up-regulated in the
kidney of db/db DNmice and high glucose induced glomerular mesangial cells (MC). More
importantly, the abnormal transcription of Rmrp was induced by nuclear transcription
factor Sp1, which promotes the proliferation and production of fibrotic markers in MC.
Subsequently, we screened the miRNAs related to Rmrp and found that Rmrp and miR-
1a-3p are co-localized at the subcellular level of MC, and Rmrp could directly binds to
miR-1a-3p. Further mechanism research demonstrated that the elevated miR-1a-3p
significantly attenuated the proliferation and fibrosis-promoting effects induced by up-
regulation of Rmrp. At the same time, we also investigated that miR-1a-3p can directly
bind to Jun D proto-oncogene (JunD), thereby regulating the protein level of JunD. Rmrp-
induced proliferation and fibrogenesis were reversed by co-transfection with JunD siRNA.
In summary, Sp1 induced lncRNA Rmrp could drive the expression of JunD via sponging
miR-1a-3p in DN progression.

Keywords: diabetic nephropathy, Rmrp, mesangial cells, miR-1a-3p, JunD
INTRODUCTION

The increasing global prevalence of diabetic nephropathy (DN) is closely associated with end-stage
renal disease (1, 2). Glomerular mesangial enlargement is the basic pathophysiological mechanisms
of DN and a recognized feature in the early of DN process. This lesion in mesangial tissue is initially
due to the mesangial cells (MC) proliferation and extracellular matrix (ECM) accumulation (3, 4).
Although hyperglycemia is the main determinant in the mesangial change of DN, the current
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interventions and medication are not ideal (5). Therefore, it is an
urgent need to illustrate the mechanisms of DN.

Long non-coding RNAs (lncRNAs) are identified as
RNAs>200 nucleotides and play important regulatory roles in
many diseases (6, 7). In the past decade, researchers demonstrate
lncRNAs that play key modulators in DN pathogenesis. For
instance, LRNA9884 could promote renal inflammation by
regulating MCP-1 transcriptional level in DN mice (8). In
addition, a recent study also found that glomerular ECM and
hypertrophy are regulated by lncRNA lncMGC, which is
provoked by endoplasmic reticulum stress (9). Nevertheless,
the potential roles, biogenesis process and molecular functions
of lncRNAs in DN are still largely unclear.

MicroRNAs (miRNAs) as small non-coding RNAs are
demonstrated to play an important agent in cellular processes
and molecular mechanism of the disease state, including DN
(10, 11). Many miRNAs have been exhibited to a negative
effect on gene expression and function at the transcriptional
and post-transcriptional regulation. One classic hypothesis
of miRNA function is the competitive endogenous RNA
(ceRNA) hypothesis that RNA transcripts can band to
miRNA-complementary sequence and regulate each other by
competing specifically for shared miRNAs (12). Mounting
evidence shows that lncRNAs could act as ceRNAs to bind
with miRNA and free its target genes for translation in DN
(13). It has been reported that lncRNA-NR_033515 could
promote MC proliferation and trigger fibrogenesis-related
proteins by targeting miR-743b-5p in DN (14). Our previous
study also showed lncRNA H2k2 could serve as ceRNA activates
Trim11/Mek pathway via binding the miR-449a/b and promotes
mesangial cell proliferation in DN (15).

By using high-throughput RNA-seq, we recently reported the
involvement of lncRNAs in the kidney of DNmice and identified
lncRNAs associated with DN (16, 17). In the current study, we
found that lncRNA RNA component of mitochondrial RNAase
P (Rmrp) is the high expressed lncRNAs in the DN mice and
high glucose induced-MC. Rmrp as a non-coding RNA
(ncRNA), is located on mouse chromosome 4 (Chr4:
43492785-43493059) and having a length of 275 bp, and is a
part of the RNase MRP complex functioning in mitochondrial
and ribosomal RNA processing (18). The full-length Rmrp is
highly conserved between human and mouse (84% homology)
(19). However, there is no report about Rmrp in DN up to now.
More importantly, we found that transcription factor Sp-1 might
mediate the transcription of Rmrp. We further proved that
Rmrp up-regulated JunD expression through sponge miR-1a-
3p, which may contribute to MC proliferation and fibrosis in
DN. Collectively, Our results provide novel insight into the
functions of RMRP in DN.
MATERIALS AND METHODS

Animal Tissue Specimens
The kidney tissue stripped from C57BL/BKS background db/db
male mice (Leprdb/+Leprdb) or age-matched male genetic control
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db/m mice (m+/+ Leprdb), that were purchased from Nanjing
Biomedical Research Institute (Nanjing, China). As we
previously published (16), the levels of blood glucose,
albuminuria and creatinine were detected in db/db mice and
db/m mice, and the 8 weeks of age of db/db mice were regarded
as the early stage of DN. The tissue specimens were stored in
liquid nitrogen until further use. All procedures follow
Chongqing Medical University’s facility guidelines for animal
experiments and management. The study was approved by the
Ethics Committee of Chongqing Medical University.

Cell Culture
Mouse glomerular endothelial cell (MGEC), glomerular
mesangial cells (MC), glomerular podocyte cells (MPC5) and
renal tubular epithelial cells (TCMK-1) were preserved in our
laboratory. MPC5 were cultured in RPMI 1640 medium
(Invitrogen, CA, USA). MGEC, MC and TCMK-1were
cultured in DMEM medium (Gibco, CA, USA). As previously
reported (17), these cells were stimulated with glucose at 5.5
mmol/L glucose and 19.5 mmol/L mannitol (low glucose MC,
LMC) or at 25 mmol/L glucose (high glucose MC, HMC).

Vector Construction, Small Interfering
RNA, and Cell Transfection
The full length of Rmrp was amplified in MCs and was cloned
into the lentivirus vector LV5 (GenePharma, Shanghai, China).
The full length of Sp1 was amplified from cDNA and was cloned
into pcDNA3.1 (Genecreate Biotech, Wuhan, China). Vectors
were identified by enzyme digestion identification (Rmrp over-
expression lentivirus digested by BamHI and NotI; Sp-1 over-
expression plasmid digested by BamHI and EcoRV). The empty
sequence (NC) of LV5 and pcDNA3.1 vector was used as
controls, respectively. Small interfering RNAs (siRNAs)
targeting Rmrp were designed and purchased by Ribo Biotech
(Guangzhou, China); JunD siRNAs, Ap-1siRNAs and negative
control (siNC) were designed and purchased by Sangon Biotech
(Shanghai, China). MiR-1a-3p mimic, inhibitor and matched
negative controls were provided by GenePharma. Lentivirus
containing Rmrp were generated in 293T cells. MCs were
infected with the lentivirus and selected with puromycin
(Gibco). The transfections were performed with Lipofectamine
3000 (Invitrogen) according to the manufacturer’s instructions.
The sequences of siRNA, mimics, inhibitor and negative control
in this study were listed in Supplementary Table 1.

RNA Extraction, Nuclear-Cytoplasmic
Fractionation, and qRT-PCR Assays
All the processes were executed with the manufacturer’s
instructions. Cytoplasmic and nuclear RNA were isolated by
PARIS™ Kit (Invitrogen). TRIzol® Reagent (Invitrogen) was
used to extract total RNA from tissues or cell. The PrimeScript
RT kit (Takara, Dalian, China) was applied to the reverse
transcription of RNA. The TB Green Premix Ex Taq (Takara)
and CFX Connect™ Real-Time PCR Detection System (Bio-Rad,
CA, USA) were used to perform the quantitative real-time PCR
(qRT-PCR). Relative expression changes of genes were calculated
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by the 2−DDCt method. All the primer sequences were displayed in
Supplementary Table 2.

Fluorescence In Situ Hybridization
Cy3-labeled Rmrp and FITC-labeled miR-1a-3p fluorescence
probe were synthesized by GenePharma (Shanghai, China).
FISH analysis was performed using a FISH kit (GenePharma,
Shanghai, China) according to the manufacturer’s instructions.
The images were observed with the fluorescence microscope
(Leica, Wetzlar, Germany) and analyzed with Image-Pro Plus
(Media Cybernetics, Bethesda, MD, USA).

Immunohistochemistry
The detailed method was performed as previously reported (20).
Briefly, Paraffin-embedded renal tissues were sectioned at 4 µm
thickness. Antigen retrieval was used with citrate buffer for 15
min in a microwave oven at 95–98°C. Endogenous peroxidase of
renal tissues was occluded by 3% H2O2 for 20 min at room
temperature. Next, the sections were blocked with 0.5% Triton
and 10% normal goat for 30 min at room temperature and then
incubated with anti-JunD (1:100, Abcam) at 4°C for 12 h.
Subsequently, the sections were washed with PBS three times
and carried out with biotinylated secondary antibody at room
temperature for 30 min. The diaminobenzidine (Zhongshan
Biosciences, Beijing, China) was applied to the chromogenic
reaction and hematoxylin was used to stain the nuclei for the
sections. The immunohistological images were observed by light
microscopy (Leica).

Cell Proliferation and Flow
Cytometric Analysis
Cell proliferation rate was measured by 5-ethynyl-2’-
deoxyuridine (EdU) assays according to the manufacturer’s
instructions. Flow cytometric analysis was performed as
previously reported (15).

Western Blot Analysis
The proteins were extracted by cold RIPA lysis buffer, quantified
and electrophoresed by SDS-PAGE (8, 10, or 12%). Next, the
target protein transferred onto PVDF membranes (Millipore,
Massachusetts, USA). The membranes were blocked with 5%
skimmed milk at room temperature, and then incubated with
primary antibodies overnight at 4°C. Antibodies against Cyclin
D1 (1:1000, Abcam), CDK4 (1:1000, Abcam), Fibronectin
(1:1000, Abcam), Collagen IV (1:400, Abcam), JunD (1:1000,
Abcam), Sp1 (1:1000, Millipore), b-actin (1:5000, Abcam). The
second day, the membranes were incubated with goat anti-rabbit
HRP-IgG secondary antibodies (1: 5000, Beyotime, Shanghai,
China) for 90 min. The immune response bands were detected by
an enhanced chemiluminescence (ECL) system (Millipore). The
semi-quantified data of bands were using ImageJ software.

Dual-Luciferase Reporter Assay
Based on the experimental design for Sp1 binding sites, the
100bp sequence before and after the P1, P2, or P3 sites of Rmrp
promoter was synthesized and constructed into pGL3-basic
luciferase reporter vector (WT). Meanwhile, the binding sites
Frontiers in Endocrinology | www.frontiersin.org 346
of P1, P2, or P3 sequence were mutant and constructed into
pGL3-basic vector (Mut). According to the manufacturer’s
protocol, the above vectors were co-transfected with
pcDNA3.1-Sp1 vector, respectively. To verify the seed-
sequence complementation between miR-1a-3p and Rmrp, the
wild-type (wt) or seed-sequence mutant (mut) of full-length
Rmrp was constructed by Ribo Biotech (Guangzhou, China),
and co-transfected with mimics NC or miR-1a-3p or in MC,
respectively. Meanwhile, MC and the over-expressed Rmrp of
MC were co-transfected with the wt-JunD 3’ UTR reporter
plasmid or mut-JunD 3’ UTR and mimics NC or miR-1a-3p
(Ribo Biotech, Guangzhou, China). After 48 h transfection, the
activities of firefly and Renilla luciferase were measured by the
Dual-Glo Luciferase Assay System (Promega, WI, USA).

Chromatin Immunoprecipitation Assay
The detailed method was performed as previously reported (20).
In brief, according to the protocol of Millipore EZ-ChIP kit
(Millipore), the protein-DNA complex were combined with anti-
Sp1 antibody (Millipore) overnight at 4°CC. 1% the protein-
DNA complex was reserved as input control. Normal rabbit IgG
(Millipore) was used as the negative control of anti-Sp1 antibody.
Immunoprecipitate complexes were collected with protein G
Sepharose. After washing and extracting, the purified genomic
DNA fragments were analyzed by qRT-PCR. All the primer
sequences were displayed in Supplementary Table 2.

RNA Immunoprecipitation Assay
The detailed method was performed as previously reported (21).
In brief, EZ-Magna RIP kit (Millipore) was performed to the RIP
assays. The Ago2 antibody (Abcam) was used to combine the
Ago2-dependent complex and normal rabbit IgG (Millipore) was
used as negative control. One tenth of the lysate was reserved as
input control. The enrichment levels of miR-1A-3p and Rmrp
were analyzed by qRT-PCR.

Statistical Analysis
All statistical analyses were conducted by GraphPad Prism 7.0
(GraphPad Software, San Diego, CA). The data are presented as
mean ± standard deviation (SD). Student’s t-test or one-way
ANOVA were used for statistical comparisons as indicated.
p< 0.05 was considered as statistically significant.
RESULTS

LncRNA Rmrp Is Significantly
Up-regulated in DN
In order to further explore the expressions of Rmrp in DN
progression, qRT-PCR was applied to determine the expression
level of Rmrp in 8W and 12W DN mice and the age-matched
normal mice, which were conserved in our laboratory (16). The
results demonstrated that Rmrp was significantly up-regulated in
the kidney of DN mice (Figure 1A). To observe the effect of
glucose on the expression of Rmrp in glomerular endothelial cell
(MGEC), glomerular mesangial cells (MC), glomerular podocyte
cells (MPC5) and renal tubular epithelial cells (TCMK-1), we
August 2021 | Volume 12 | Article 690784
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cultured four types of cells in low glucose levels (5.5 mM glucose
and 19.5 mM mannitol) or high glucose levels (25 mM) medium
for 48 hr. In high glucose levels, the expression of Rmrp was the
most up-regulated in MC (Figure 1B). Subsequently, RT-PCR
and FISH assays were used to detect the subcellular localization
of Rmrp. The qRT-PCR results showed that Rmrp was markedly
higher in the cytoplasm of high glucose-induced MC (HMC)
than in the cytoplasm of low glucose induced MC (LMC)
(Figure 1C). Similarly, FISH assays revealed that Rmrp was
mainly localized in the cytoplasm of MC and in the glomerulus
of DN mice (Figures 1D, E). These data suggested that
lncRNA Rmrp might participate in the mesangial cell
dysfunction of DN.
Frontiers in Endocrinology | www.frontiersin.org 447
Rmrp Promotes Proliferation and
Fibrosis in MC
To explore the biological effects of Rmrp in DN, we constructed
the overexpression lentivirus of Rmrp and designed three Rmrp
siRNAs (siRmrp-1, siRmrp-2, and siRmrp-3). The results of
qRT-PCR showed that the expression of Rmrp in LMC
transfected with Rmrp lentivirus was significantly up-regulated
(Supplementary Figure 1A). Meanwhile, the knockdown effect
of siRmrp-1 and siRmrp-2 were better to that of siRmrp-3 in
HMC (Supplementary Figure 2B). Thus, siRmrp-1 and siRmrp-
2 were selected for further study.

In our previous studies, we found that high glucose possess
MC proliferation and fibrosis (21). Thus, we wondered to know
A B

D

E

C

FIGURE 1 | Rmrp is up-regulated in DN. (A) Relative expression of Rmrp was identified by quantitative real-time PCR (qRT-PCR) in the renal tissues of db/db DN
mice and normal mice at 8 or 12 weeks of age (n=5/group). (B) Relative expression of Rmrp was determined by qRT-PCR in four types of renal cells cultured under
low (5.5 mmol/L glucose) or high glucose (25 mmol/L glucose) conditions. (C) Nuclear-cytoplasmic fractionation assay showed that Rmrp was mainly observed in
the cytoplasm of H-MCs by qRT-PCR; b-actin was the cytoplasm control and U6 was the nucleus control. (D) FISH was performed to observe the cellular location
of Rmrp (red) in LMC and HMC (Scale bar: 50 mm); the nuclei were stained with DAPI. The nuclei were stained with DAPI. (E) The localization of Rmrp (red) was
observed by FISH and quantitative analysis in the renal tissue of db/db DN mice and the normal group (Scale bar: 50 mm). Data were represented as the mean ± SD
of three independent experiments; *p < 0.05, **p < 0.01.
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the role of Rmrp in these findings. The EdU assays, cell cycle
analysis and western blot were used to detect cell growth
predominance. Through EdU assay and quantitative analysis,
the proportion of cell proliferation was increased after
overexpression of Rmrp in LMC, and was attenuated in HMC
which knock down of Rmrp (Figure 2A). The flow cytometry
analysis displayed that the percentage of G1 phase was declined
and S phase ratio was raised after overexpression of Rmrp in
Frontiers in Endocrinology | www.frontiersin.org 548
LMC, while the percentage of cells were arrested in G1 phase and
less cells were progressed through to the S phase after silencing
Rmrp in HMC (Figure 2B). Furthermore, western blot assay
demonstrated that overexpression of Rmrp increased the
expression of G1 phase-related proteins Cyclin-dependent
kinase 4 (CDK4) and Cyclin D1 in LMC, while the protein
levels of CDK4 and Cyclin D1 was reversed once Rmrp was
restrained in HMC (Figure 2C). Similarly, we found that
August 2021 | Volume 12 | Article 690784
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FIGURE 2 | Rmrp regulated cell proliferation and fibrosis in MC. (A) cells proliferating were performed by EdU after transfection of Rmrp siRNA in HMC, or over-
expression Rmrp in LMC (Scale bar, 100 mm). (B) Cell cycle analysis was performed using flow cytometry in MC transfected with si-Rmrp and Rmrp (+). (C) The
expressions of cell-cycle-related proteins Cyclin D1 and Cyclin-dependent kinase 4 (CDK4) regulated by Rmrp were analyzed by western blot. (D) The fibrosis-
related protein expression of Collagen IV (Col-IV) and Fibronectin (FN) in LMCs transfected with Rmrp (+) and in HMC transfected with siRmrp was analyzed by
western blot. Data were represented as the mean ± SD of three independent experiments; *p < 0.05, **p < 0.01, and ***p < 0.001.
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Collagen IV (Col-IV) and Fibronectin (FN) as the renal fibrosis
biomarkers, were significantly enhanced after overexpression of
Rmrp in LMC and were declined in HMC transfected with Rmrp
siRNA (Figure 2D). Collectively, our results showed that high
Rmrp expression drove cell proliferation and fibrosis in MCs,
whereas inhibition of Rmrp alleviated cell proliferation
and fibrosis.

Transcription Factor Sp1 Activated
Expression of lncRNA Rmrp in MC
As a preceding study of the whole transcriptome analysis in DN
mice, we find some transcription factors are abnormal expression
in the progression of DN (16). The study indicates that
transcription factors play an important role in lncRNA
dysfunction (22). To explore the potential transcriptional
regulators of Rmrp promoter in MC, the binding sites of
Frontiers in Endocrinology | www.frontiersin.org 649
potential transcription factors were scanned by online
bioinformatics tool (http://jaspar.genereg.net). After analyzing
the potential transcription factors of Rmrp promoter and the
aberrant transcription factors in our previous RNA-seq data of
DN mice (16), the Specificity protein 1 (Sp1) was found 8
putative binding sites on Rmrp promoter. To explore the
effects of Sp1, the expression of Sp1 were evaluated in the
kidney of DN mice and HMC by western blot. The results
showed that Sp1 protein was significantly up-regulated in the
kidney of DN mice and HMC (Figures 3A, B). Therefore, we
hypothesized that elevated Sp1 might regulated the expression
level of Rmrp in the transcription, and selected 3 binding sites
with scores > 9 for further study. Sp1 expressing plasmids or
siRNA were constructed respectively, and qRT-PCR showed that
the expression level of Sp1 was changed accordingly
(Supplementary Figure 2). Correspondingly, the results
A B

D

EF

C

FIGURE 3 | Sp1 enhance the Rmrp expression in the transcription. (A) Western blot and quantitative analysis of Sp1 in the kidneys of DN mice and normal mice.
(B) Western blot and quantitative analysis of Sp1 levels in HMC and LMC. (C) The expression of Rmrp was detected by qRT-PCR in HMC with transfection of Sp1
siRNA or in LMC with Sp1 overexpression plasmids. (D) Schematic illustration revealed the three predicted positions of SP1 and the wild type (WT) and mutant (Mut)
sequences in -2000bp Rmrp promoter. (E) The relative luciferase activities were detected in cells co-transfected with Sp1 overexpression plasmids and luciferase
reporter plasmids containing wild type or mutant Rmrp promoter sequence. (F) ChIP-qPCR assays were performed to determine the potential Sp1 binding site
to the promoter of Rmrp in MC; IgG was used as a negative control. Data were represented as the mean ± SD of three independent experiments; *p < 0.05,
**p < 0.01, and ***p < 0.001.
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revealed that Sp1 overexpression vectors significantly increased
the expression level of Rmrp inMC (Figure 3C), whereas the Sp1
siRNA annihilated the level of Rmrp (Figure 3D). Furthermore,
we want to explore whether the Sp1 could bind on the potential
sites to accelerate the transcription activity of Rmrp, thus the 3
binding sites of the wild type (WT) or mutant (Mut) Rmrp
sequence were integrated into luciferase reporter plasmids,
respectively (Figure 3B). The results revealed that the
luciferase activity of the P3 sites but not mutant P3 sites was
promoted by Sp1 in Rmrp promoter (Figure 3E). Similarly, the
results of ChIP-qPCR further confirmed that Sp1 could bind to
the P3 sites in the promoter of Rmrp (Figure 3F). These data
demonstrated that transcription activity of Rmrp was mediated
by transcription factor Sp1.

LncRNA Rmrp Acts as a Sponge for
miR-1a-3p
LncRNAs can function as miRNA sponges to regulate target gene
expressions. In order to explore the potential molecular
mechanism of Rmrp, the miRcode database (http://mircode.
org/index.php), miRanda database (http://www.microrna.org)
and RNAhybrid (http://bibiserv.techfak.uni-bielefeld.de/
rnahybrid) were applied for bioinformatics analysis, and the
possibility of Rmrp and miRNA was determined binding site.
The data suggested that miR-1a-3p and miR-206 are potential
downstream targets of Rmrp. Based on the prediction, the
expression of miR-1a-3p and miR-206 were evaluated in the
renal tissue and MC by qRT-PCR. Strikingly, results revealed
that the expression level of miR-1a-3p was decreased in the
kidney of DN mice and HMC (Figures 4A, B). Therefore, we
supposed that miR-1a-3p could be sponged by Rmrp. Next, miR-
1a-3p mimics or inhibitor changed the down-regulation or up-
regulation of miR-1a-3p in MC, respectively (Figure 4C).
Correspondingly, the expression levels of Rmrp was improved
or restrained with miR-1a-3p mimics or inhibitor (Figure 4D).
In addition, miR-1a-3p was silenced after overexpression of
Rmrp in LMC, and was enhanced in HMC which knock down
of Rmrp (Figure 4E). Therefore, the expression of Rmrp and
miR-1a-3p should act as a bidirectional repression.

To explore the exact binding site, the dual-luciferase reporter
assays were applied to evaluate the interaction between Rmrp
and miR-1a-3p. The WT or Mut Rmrp sequence which was
complementary to miR-1-3p was integrated into dual luciferase
reporter plasmids, respectively (Figure 4F). The data showed
that miR-1a-3p mimics significantly suppressed the luciferase
intensity of WT Rmrp sequence, but did not reduce the luciferase
intensity of Mut Rmrp (Figure 4G). This indicates that Rmrp
may directly bind to miR-1a-3p. Moreover, miRNAs could bind
their target gene to regulate RNA expression through RNA-
induced silencing complex (RISC) in an Ago2-dependent
manner (21). To further identify the interactive binding of
Rmrp with miR-1a-3p, the antibody against Ago2 was used to
conduct RIP assay, and IgG as a negative control. Results
revealed that both Rmrp and miR-1a-3p were abundantly
pulled down by Ago2 antibody rather than IgG control
(Figure 4H). Furthermore, FISH assay proved that miR-1a-3p
Frontiers in Endocrinology | www.frontiersin.org 750
was co-localized with Rmrp in the glomerulus of DNmice and in
the cytoplasm of MC (Figures 4I, J). These data confirmed that
Rmrp interacted with miR-1a-3p by directly targeting way in an
Ago2-dependent manner. To summarize, Rmrp might play a
sponge of miR-1a-3p in MC.

MiR-1a-3p Reverses the Effects of lncRNA
Rmrp in MC
In order to prove the interaction between Rmrp and miR-1a-3p
in MC, Rescue experiments were performed by co-transfecting
miR-1a-3p mimic or miR-1a-3p inhibitor with Rmrp vector or
si-Rmrp. The EdU assay showed that the up-regulated Rmrp
increased the proliferation rate of LMC, while these effects were
blocked by miR-1a-3p mimics (Figure 5A). Meanwhile, reduced
HMC proliferation by knockdown of Rmrp was regained with
miR-1a-3p inhibitors. The flow cytometry analysis displayed that
the percentage of S phase was raised after overexpression of
Rmrp in LMC, while these phenomenon were repressed by miR-
1a-3p mimics. Although t the percentage of S phase were down-
regulate by silence of Rmrp, these changes were blocked by miR-
1a-3p inhibitor (Figure 5B). Additionally, western blot results
showed that the miR-1a-3p mimics significantly reduced the
expression Cyclin D1, CKD4, FN and Col-IV promotion caused
by the up-regulation of Rmrp in LMC, while miR-1a-3p
inhibitors could offset the inhibiting effect of siRmrp in the
expression Cyclin D1, CKD4, FN and Col-IV of HMC
(Figure 5C). Therefore, these experiments demonstrated that
Rmrp regulated the proliferation and fibrosis of MC by acting as
a ceRNA to sponge miR-1a-3p.

JunD Is a Direct Target of miR-1a-3p and
Promotes Proliferation and Fibrosis
Through Rmrp/miR-1a-3p/JunD Axis in DN
According to the TargetScan (http://www.targetscan.org/vert_
72/), TarBase V.8 (http://carolina.imis.athena-innovation.gr/
diana_tools/web/index.php?r=tarbasev8%2Findex), and our
previous RNA-seq data of DN mice (16), Jun D proto-
oncogene (JunD) contains conserved target sites of miR-1a-3p.
As known, JunD plays a crucial regulator of cell proliferation
(23) and fibrogenesis (23) in the progression of disease.
Therefore, the qRT-PCR and western blot analysis exhibited
that miR-1a-3p inhibitor could enhanced the RNA and protein
level of JunD in LMC, while miR-1a-3p mimics significantly
reduce the RNA and protein level of JunD inHMC (Figures 6A, B).
Next, we constructed dual-luciferase reporter plasmids embedding
the wild and mutant JunD 3’ -untranslated regions (UTRs),
respectively (Figure 6C). Using dual-luciferase assay, miR-1a-3p
mimics strongly reduced the fluorescent intensity of JunD 3’-UTR
WT luciferase reporter but not that of mutants (Figure 6D).
Interestingly, we found that the fluorescent activity of JunD 3’-
UTR WT reporter plasmids was not influenced by miR-1a-3p
mimics in MC when Rmrp was up-regulated. These data suggest
that miR-1a-3p directly regulated the expression of JunD.

To clarify whether the effect of Rmrp on proliferation and
fibrosis was the interaction with JunD, the JunD expression was
detected by evaluated with immunohistochemistry (IHC) and
August 2021 | Volume 12 | Article 690784

http://mircode.org/index.php
http://mircode.org/index.php
http://www.microrna.org
http://bibiserv.techfak.uni-bielefeld.de/rnahybrid
http://bibiserv.techfak.uni-bielefeld.de/rnahybrid
http://www.targetscan.org/vert_72/
http://www.targetscan.org/vert_72/
http://carolina.imis.athena-innovation.gr/diana_tools/web/index.php?r=tarbasev8%2Findex
http://carolina.imis.athena-innovation.gr/diana_tools/web/index.php?r=tarbasev8%2Findex
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Yang et al. LncRNA Rmrp in Diabetic Nephropathy
western blot in DN mice. The results revealed JunD was
increased in the kidney of DN mice compared with matched
the normal tissues (Figures 6E, F). Meanwhile, the qRT-PCR
data showed that the enhancive effect of Rmrp overexpression on
JunDmRNA level was rescued by miR-1a-3p mimics. The results
showed that Rmrp and miR-1a-3p could be working together to
regulate the expression of JunD (Figures 6G). Additionally, we
designed three JunD siRNAs (siJunD-1, siJunD-2, and siJunD-3).
The qRT-PCR and results showed the knockdown effect of
siJunD-1 was the best in HMC (Supplementary Figure 3).
Frontiers in Endocrinology | www.frontiersin.org 851
Thus, siJunD-1 was selected for further study. Next, the EdU
assay revealed that overexpression of Rmrp was beneficial to MC
proliferation, while these effects were suppressed by JunD siRNA
(Figure 6H). Similarly, the results of Western blot showed that
overexpression of Rmrp increased the expression Cyclin D1,
CKD4, FN and Col-IV, whereas knockdown of JunD could
abolish the effects, respectively (Figure 6I). These results
indicated that Rmrp can act as a sponge for miR-1a-3p by
regulating JunD, thereby promoting proliferation and fibrosis
in MC. As shown in Figure 6J, we found that Rmrp was
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FIGURE 4 | Rmrp functioned as a ceRNA by sponging miR-1a-3p. (A) The expression of miR-1a-3p and miR-206 were detected by qRT-PCR in the renal tissues
of db/db DN mice and normal mice (n = 5/group). (B) The expression of miR-1a-3p and miR-206 were detected by qRT-PCR in LMC and HMC. (C) The expression
levels of miR-1a-3p were detected by qRT-PCR after transfection with miR-1a-3p mimics and inhibitor in MCs. (D) The expression of Rmrp regulated by miR-1a-3p
mimics and inhibitor were detected by qRT-PCR. (E) The expression of miR-1a-3p were detected in LMCs transfected with Rmrp (+) and in HMC transfected with
siRmrp. (F) Schematic illustration revealed the base complementation of miR-1a-3p with Rmrp and mutant (Mut) sequences. (G) Luciferase assay was used to test
relative luciferase activities of Rmrp in MC co-transfected with the indicated miR-1a-3p or control vector. (H) Anti-AGO2 RIP was performed in HMC and the RNA
levels of Rmrp and miR-1a-3p were determined by qRT-PCR. (I) The co-localization of Rmrp and miR-1a-3p was observed in LMC and HMC (Scale bar, 50 mm) by
FISH assay. (J) The co-localization of Rmrp and miR-1a-3p was observed in the renal tissues of db/db DN mice and normal mice by FISH assay and quantitative
analysis (Scale bar, 50 mm). Data were represented as the mean ± SD of three independent experiments; *p < 0.05, **p < 0.01, and ***p < 0.001. ns, no significant.
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significantly upregulated by Sp1 and Rmrp functioned as amiR-
1a-3p sponge to positively regulate JunD expression, thereby
leading to mesangial cell proliferation and fibrosis in DN.
DISCUSSION

It is well known that MC organizes the extracellular matrix
production and degradation to regulate glomerular structure and
function in DN (24). However, the complex mechanisms of MC
activation and the underlying effects have yet to be explored in
DN. In recent years, more and more evidence has demonstrated
that the abnormal lncRNAs could participate in the expression
Frontiers in Endocrinology | www.frontiersin.org 952
and/or function of genes, and modulate the progression of DN.
However, the potential roles of lncRNAs in the progression of
DN are still unknown.

It was previously shown RMRP was important for
mitochondrial DNA replication as the RNA primer and
essential for enzymatic activity (25), but how Rmrp work in
the cross regulation between nucleus and mitochondria remain
largely unclear. Interestingly, in the generation of human disease,
Rmrp was initially identified to be essential for cartilage-hair
hypoplasia (26). Since RMRP was translocated to the cytoplasm
for mitochondrial RNA processing activity (27), it was reported
that the elevation in the expression of RMRP could promote the
progression of diseases, such as lung Cancer (28), atherosclerosis
A

B

C

FIGURE 5 | miR-1a-3p reversed the proliferation and fibrosis of MC induced by Rmrp. (A, B) The cells proliferating and cell cycle analysis were performed to detect
the competition effects of Rpph1 and miR-1a-3p by EdU(Scale bar, 100 mm) and flow cytometry, respectively. (C) The expressions level of Cyclin D1, CKD4, Col-IV
and FN was analyzed after regulation the level of Rmrp, miR-1a-3p or both of them by western blot. Data were represented as the mean ± SD of three independent
experiments; *p < 0.05, **p < 0.01, and ***p < 0.001.
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FIGURE 6 | Rmrp regulated the proliferation and fibrosis of MC via miR-1a-3p/JunD signaling. (A, B) The relative expression of JunD was detected after transfection
with miR-1a-3p mimics and inhibitor by qRT-PCR and western blot. (C) The schematic model revealed the JunD 3’ -UTR wide type (WT) and mutant (Mut) luciferase
reporter vectors. (D) The luciferase reporter assays showed that miR-1a-3p directly inhibited the luciferase activity of JunD 3’ -UTR WT, but lost efficacy when the
Rmrp was up-regulated. (E, F) IHC analysis and western blot assessed JunD expression in the renal tissues of DN and normal mice (Scale bar, 50 mm). (G) The
relative expression of JunD in MC after transfection with Rmrp expression vector or/and miR-1a-3p mimics by qRT-PCR. (H) The cells proliferating were performed
to detect the competition effects of Rmrp and JunD siRNA by EdU (Scale bar, 50 mm). (I) The protein expression of JunD, Cyclin D1, CKD4, Col-IV and FN was
analyzed after regulation the level of Rmrp expression vector, JunD siRNA or both of them by western blot. (J) The schematic diagram illustrates the mechanism of
Rmrp mediated by Sp1 to mesangial cell proliferation and fibrosis through Rmrp/miR-1a-3p/JunD axis in DN. Data were represented as the mean ± SD of three
independent experiments; *p < 0.05, **p < 0.01, and ***p < 0.001. ns, no significant.
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(29) and coronary heart disease (30). Moreover, the functions of
RMRP activated the abundant signaling pathways, which
included PI3K/AKT/mTOR (30), NF-kB (31), TACR1/Erk1/2
(32) and other. It was suggested RMRP should play an important
role/part in the distinct mechanisms of tumor and other diseases.
By using high-throughput RNA-seq, we had found the up-
regulated expression of lncRNAs Rmrp in the kidney of DN
mice (16, 17). Nevertheless, the function of abnormal RMRP in
the progression of DN is poorly known. In this report, we
demonstrated that the lncRNA RMRP was significantly
upregulated in the renal tissues of DN mice and in high
glucose-induced MC damage in vitro. Rmrp promoted the
proliferation of MC as well as the expression of CKD4 and
Cyclin D1, and also fortified the overproduction of Collagen IV
and Fibronectin, which were both critical for ECM components.
Inhibition of Rmrp significantly reversed these above impacts,
implying that the Rmrp could contribute to the progression
of DN.

To further explore the regulatory mechanism of the abnormal
Rmrp expression in DN, we focused on transcription factors
which were contributed to lncRNAs dysregulation. By
bioinformatics analyses, Sp1 was found to possess potential
binding sites in the Rmrp promoter. Sp1 is one such ubiquitous
and multifunctional transcription factor from the Sp/Kruppel-
like family (KLF) (33), and interact with GC-rich motifs of
promoter regions to execute transcriptional activation
function. Sp1 was involved in the dysregulation of multiple
lncRNAs. For instance, Chen et al. reported that lncRNA
ZFAS1 expression was increased in colorectal cancer and was
activated by Sp1 (34). Our result supported that the expression
level of Sp1 had been activated by glucose and in the DN.
Subsequently, the overexpression of Sp1 increased the level of
Rmrp and Sp1 siRNA inhibited the expression of Rmrp.
Furthermore, we used bioinformatics assay, Luciferase
reporter assays and ChIP assay to confirm that Sp1 could
bind to the Rmrp promoter region. These data clearly verified
that Rmrp was transcriptionally activated by Sp1 in the
progression of DN.

Accumulating data indicates that lncRNAs are emerging as
important regulators in gene expression networks by regulate
mRNA stability via associated miRNAs (35). LncRNAs perform
ceRNAs function as miRNA sponges to derepressing miRNA
target gene binding (36). For example, it was reported that
LINC01619 was downregulated in human DN renal biopsy
tissues, and exerted its biological function by binding to miR-
27a to act the FOXO1-mediated ER stress and podocyte injury in
DN (37). In addition, RMRP might promote cell proliferation,
migration, and invasion in non-small-cell lung cancer via
sponging miR-1a-3p (38). To explore the mechanism of Rmrp
in DN, the target miRNAs were analyzed by online databases and
qRT-PCR assay. The results revealed that miR-1a-3p was the
opposite expression compared with Rmrp expression in DN and
there was a bidirectional repression between miR-1a-3p and
Rmrp. FISH assay indicated co-localization of Rmrp and miR-
1a-3p in the sub cellular level of MC. Furthermore, the direct
relationship between Rmrp and miR-1a-3p was further identified
Frontiers in Endocrinology | www.frontiersin.org 1154
by Dual-luciferase reporter assay and RIP assay. It is well known
that a single lncRNA can bind on multiple miRNAs to regulate
gene expression. Whether Rmrp sponges other miRNAs
involved in DN still needs to be explored. Here, in the present
study, the results showed that Rmrp should function interact
with miR-1a-3p by both directly targeting and Ago2-dependent
ways in DN.

Based on the ceRNA hypothesis, miRNAs exert their function
by blocking the translation of target genes or inducing mRNA
degradation (39). MiR-1a-3pa-5p have been reported be
decreased levels as a tumor suppressor and suppresses tumor
progression in colorectal cancer (40), glioblastoma (41) and lung
cancer (42). In diabetic complications, only a few studies have
been reported miR-1a-3p is downregulated in retinal and renal
tissues of STZ-induced diabetic mice (43). However, detailed
mechanisms in the regulatory process of miR-1a-3p need further
elucidation. In this study, we foundmiR-1a-3p was also
downregulated in DN mice and glucose-induced MC, and loss
of miR-1a-3p in mouse MC improved cell proliferation and
fibrosis. Moreover, bioinformatics analysis showed that JunD is a
latent target of miR-1a-3p. Subsequently, we confirmed that
miR-1a-3p might directly bind to the 3’ -UTR JunD by dual-
luciferase assay. Besides, JunD could be modulated by the miR-
1a-3p mimics and inhibitor at the mRNA and protein levels.
Other studies reported JunD expression was increased in hearts
from diet-induced obese mice, and regulated PPARc signaling
leading to cardiac damage (44). miR-548d-3p directly targets
JunD and loss of miR-548d-3p enhances JunD/RSK3 signaling in
the chemotherapy resistant of breast cancer (45). JunD as a
member of the transcription factors Activated Protein-1 (AP-1)
family, is essential as a major gatekeeper in cell proliferation and
fibrogenesis. Studies showed that JunD as a transcription factor
could bind to the TRE site of Cyclin D1 promoter to influence
Cyclin D1 transcription (46). Meanwhile, JunD could up-
regulate the expression of CDK4 through inducing c-MYC
(23). In other studies, the data demonstrated that JunD is
implicated in the transcriptional regulation of fibrosis (47) and
JunD is a mediator of the profibrotic effects of TGF-b (48). The
detailed mechanisms in the regulatory process need further
elucidation. Herein, our results showed JunD was up-regulated
in DN mice and glucose-induced MC. At the same time, we
revealed that the upregulation of JunD mRNA and protein could
be regulated by overexpression of Rmrp. Subsequently, Rmrp-
induced proliferation and fibrogenesis were reversed by co-
transfection with JunD siRNA. In sum, our results further
suggested that Rmrp serves as a ceRNA formiR-1a-3p to
enhance JunD expression and activate proliferation and
fibrogenesis in DN through miR-1a-3p/JunD axis.

In summary, Rmrp expression was found to be increased in
DN and high glucose induced-MC, and the abnormal re-
activation of Rmrp was mediated by transcription factor
SP1.Furthermore, we found that Rmrp might sponge miR-1a-
3p to release JunD expression and activate cell proliferation and
fibrosis during DN. Finally, we hoped that these data would
provide a new glimpse of the underlying mechanism and a new
prospective therapeutic target for DN.
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Background: Glycolysis dysfunction is an important pathogenesis of podocyte injury in
diabetic kidney disease (DKD). Foot process fusion of podocytes and increased
albuminuria are markers of early DKD. Moreover, cytoskeletal remodeling has been
found to be involved in the foot process fusion of podocytes. However, the
connections between cytoskeletal remodeling and alterations of glycolysis in podocytes
in DKD have not been clarified.

Methods: mRNA sequencing of glomeruli obtained from db/db and db/m mice with
albuminuria was performed to analyze the expression profiling of genes in glucose
metabolism. Expressions of phosphofructokinase platelet type (PFKP) in the glomeruli
of DKD patients were detected. Clotrimazole (CTZ) was used to explore the renal effects of
PFKP inhibition in diabetic mice. Using Pfkp siRNA or recombinant plasmid to manipulate
PFKP expression, the effects of PFKP on high glucose (HG) induced podocyte damage
were assessed in vitro. The levels of fructose-1,6-bisphosphate (FBP) were measured.
Targeted metabolomics was performed to observe the alterations of the metabolites in
glucose metabolism after HG stimulation. Furthermore, aldolase type b (Aldob) siRNA or
recombinant plasmid were applied to evaluate the influence of FBP level alteration on
podocytes. FBP was directly added to podocyte culture media. Db/db mice were treated
with FBP to investigate its effects on their kidney.

Results: mRNA sequencing showed that glycolysis enzyme genes were altered,
characterized by upregulation of upstream genes (Hk1, and Pfkp) and down-regulation
of downstream genes of glycolysis (Pkm, and Ldha). Moreover, the expression of PFKP
was increased in glomeruli of DKD patients. The CTZ group presented more severe renal
damage. In vitro, the Pfkp siRNA group and ALDOB overexpression group showed much
more induced cytoskeletal remodeling in podocytes, while overexpression of PFKP and
suppression of ALDOB in vitro rescued podocytes from cytoskeletal remodeling through
regulation of FBP levels and inhibition of the RhoA/ROCK1 pathway. Furthermore,
targeted metabolomics showed FBP level was significantly increased in HG group
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compared with the control group. Exogenous FBP addition reduced podocyte
cytoskeletal remodeling and renal damage of db/db mice.

Conclusions: These findings provide evidence that PFKP may be a potential target for
podocyte injury in DN and provide a rationale for applying podocyte glycolysis enhancing
agents in patients with DKD.
Keywords: PFKP, diabetic kidney diseases, glycolysis, podocyte injury, cytoskeletal remodeling, FBP
INTRODUCTION

Diabetic kidney disease (DKD) is one of the most common and
severe microvascular complications of diabetes. It is the leading
risk factor for progression to end-stage renal disease (ESRD) in
patients with renal failure. DKD is the primary cause of death in
people with diabetes. A total of 3-40% of patients with type 1
diabetes (T1DM) or type 2 diabetes (T2DM) develop DKD,
accounting for 30-47% of ESRD (1, 2). However, existing
treatments for DKD are extremely limited once proteinuria
occurs at the early stage (3). Thus, the identification of
treatment targets for DKD is urgently needed.

The presence of microalbuminuria is marked by a urinary
albumin creatinine ratio (ACR) greater than 30 mg/g, and it is a
marker of early renal damage in diabetic patients (4). Podocytes
have a close relationship with proteinuria because they are
located outside the glomerular basement membrane (GBM)
(5). Hyperglycemia is the most prominent and essential feature
of diabetes, and it can lead to podocyte damage through various
mechanisms, including affecting podocyte metabolism and
cytoskeletal structures (6).

One study suggested that both anaerobic glycolysis and aerobic
glycolysis are crucial energy resources for podocytes (7). Besides,
previous studies indicated that both glycolysis processes were
altered in DKD (8, 9). Notably, one study determined that
pyruvate kinase muscle type 2 (PKM2) deletion in podocytes
accelerated DKD progression (10), proving that glycolysis plays a
critical role in podocytes.

Podocytes exhibit the unique cytoskeletal architecture that is
fundamentally linked to their function in maintaining the kidney
filtration barrier. In addition, cytoskeletal architecture can regulate
the podocyte shape, adhesion, stability, structure, slit diaphragm
insertion, plasticity, and dynamic response to environmental
stimulations (5). Therefore, even slight impairment of the
podocyte cytoskeletal apparatus can result in foot process fusion
in podocytes and proteinuria, finally leading to glomerular disease,
including DKD (6, 11). Hence, it is vital to maintain the normal
structure and function of the podocyte cytoskeleton.

Many glycolytic enzymes anchor to the cytoskeleton, thus,
enzymes and the cytoskeleton are closely related (12). Movement
of the cytoskeleton can affect the activity of glycolytic enzymes
(13), and glycolytic enzymes can also affect the podocyte
cytoskeleton by regulating glucose metabolism (12). However,
the interactions between glycolytic enzyme and podocyte
cytoskeleton have not been reported. Here, we found that the
glycolytic enzyme PFKP can protect the normal cytoskeletal
n.org 258
structure of podocytes through its catalyzed metabolite
fructose-1,6-bisphosphate (FBP).
MATERIALS AND METHODS

Animal Studies
Db/db and db/m male mice (8-9 weeks, 20-40 g) were obtained
(CAWENS, Changzhou, China) and housed in specific
pathogen-free conditions with unrestricted access to food and
water at the Center for Animal Experiments of Wuhan
University. All protocols were approved by the Animal Ethics
Review Board of Wuhan University and performed in
accordance with the guidelines of the National Health and
Medical Research Council of China (No.20200306). For the
mRNA sequencing samples, db/db and db/m male mice (n=30
each) were raised from 8 weeks to 24 weeks, and kidney samples
were harvested at 16 weeks and 24 weeks. The mice were
randomly divided into four groups (n=6 each), db/m+0.1%
DMSO (D2650, Sigma-Aldrich, USA), db/db+0.1% DMSO, db/
m + Clotrimazole (CTZ) (HY-10882, MCE, China), and db/db +
CTZ group. The dosage of CTZ is 100 mg/kg/day for two weeks
by intraperitoneal injection in db/m + CTZ and db/db + CTZ
group since 24 weeks (14). Besides, the mice were divided into
another six groups randomly (n=6 each), db/m+ saline (Baxter,
China), db/db+ saline, db/m + FBP (500 or 1000 mg/kg/day)
(SC-214805, Santa cruz), and db/db + FBP (500 or 1000 mg/kg/
day) group. The dosage of FBP is 500 or 1000 mg/kg/day for two
weeks by intraperitoneal injection in db/m + FBP and db/db +
FBP group beginning at 24 weeks (15, 16). 24-hour urine samples
were collected in metabolic cages, and the urine ACR was
measured every two weeks. The animals were sacrificed, and
their kidneys were perfused with physiological saline before
isolation and storage at -80°C for biochemical and renal
pathological analysis.

Glomerular Isolation, mRNA Sequencing
and Data Analysis
Renal cortices from 24-week-old db/m and db/db mice were
minced and digested with collagenase. Glomeruli were isolated
by successive sieving through 100-, 70-, and 40- mmmesh sieves.
The glomeruli-rich preparation retained on the 40- mm strainer
was rinsed into a cell culture dish, and then glomeruli were
collected into 15ml centrifuge tubes. After centrifugation,
glomeruli were collected into cryopreservation tubes and
stored at -80°C. Total RNA extraction from glomeruli was
January 2022 | Volume 12 | Article 797025
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performed with Trizol reagent (Invitrogen, USA), according to
the manufacturer’s instructions. The RNA concentration was
calculated by a NanoDrop spectrophotometer. mRNA
sequencing analysis was performed by Myhalic Biotechnoligical
Co., Ltd. (Wuhan, China). RNA-seq raw data and processed data
were uploaded to the GEO database (GSE184836). Differentially
expressed genes were determined using DESeq2 (adjusted P <
0.05). Heatmaps of differentially expressed genes identified in
our study were generated by TBtools (17).

Targeted Metabolomics
The harvested podocytes were stored in the refrigerator at -80°C,
and the samples were taken out. 1mLmethanol acetonitrile aqueous
solution (2:2:1, V/V) was added, followed by 60s vortex and low-
temperature ultrasound for 30min, twice, at -20°C. The precipitated
protein was placed for 1h, and 14000RCF was centrifuged at 4°C for
20min. The supernatant was freeze-dried, and the samples were
stored at -80°C. The samples were separated by Agilent 1290
Infinity LC ULTRA performance liquid chromatography system.
Mobile phase: Liquid A was 10 mM ammonium acetate aqueous
solution, and liquid B was acetonitrile. The samples were placed in
an automatic sampler at 4°C, the column temperature was 45°C, the
flow rate was 300 mL/min, and the injection volume was 2 mL. A
5500 QTRAP mass spectrometer (AB SCIEX) was used for mass
spectrometry analysis in negative ion mode. 5500 QTRAP ESI
source conditions are as follows: Source Temperature 450°C, Ion
Source Gas1(Gas1):45, Ion Source Gas2(Gas2):45, Curtain Gas
(CUR):30, ionSapary Voltage Floating(ISVF)-4500 V; MRM mode
was adopted to detect the ion pairs to bemeasured, and the ion pairs
information of all energy metabolites was shown in Supplementary
Data Set 1. The peak area and retention time were extracted by
Multiquant software. The energy metabolite standard was used to
correct the retention time and identify metabolites.

Human Renal Samples
Renal biopsy samples from patients diagnosed with DKD
according to the ADA and KDOQI guideline (18, 19) (3 males
and 3 females; age, 45–55 years; mean age, 49.17 ± 3.43 years) were
obtained from the Division of Nephrology, Renmin Hospital of
Wuhan University, Wuhan, China. The control samples (3 from
males and 3 from females; age, 37–56 years; mean age, 46.17 ± 6.49
years) were para-carcinoma tissues from individuals without other
renal diseases who had tumor nephrectomies, and were obtained
from the Division of Pathology, Renmin Hospital of Wuhan
University, Wuhan, China. The detail clinical information of
these patients was shown in Table S1. This investigation was
performed in accordance with the principles of the Declaration of
Helsinki. The experiment was performed in accordance with the
approved guidelines of Wuhan University and was approved by
the Research Ethics Committee of Renmin Hospital of Wuhan
University. Informed consent was received from the patients.

Reagents and Antibodies
NaCl solution (0.9%) was purchased from Baxter China. Anti-
PFKP antibody (GTX35238, 1:100-1:1000), PKM2 (CST, 4053,
1:1,000), HK1(CST, 2024,1:800) and LDHA(Sigma Aldrich,
QC52376, 1:1000) were used for Western blotting,
Frontiers in Endocrinology | www.frontiersin.org 359
immunofluorescence (IF) staining and immunohistochemical
(IHC) staining. The primary antibodies for Western blotting
against PFKM (ab154804, 1:1000), and PFKL (ab45688, 1:1000)
were all from Abcam (Cambridge, MA). The primary antibodies
for Western blotting against ROCK1 (21850-1-AP, 1:1000),
RhoA (10749-1-AP, 1:1000), a-tubulin (11224-1-AP, 1:1000),
ALDOB (18065-1-AP,1:1000), and alpha-tubulin(11224-1-
AP,1:1000) were purchased from proteintech (Wuhan, China).
Anti-GAPDH (sc-365062, 1:1000) was purchased from Santa
Cruz (Santa Cruz, CA). DAPI and secondary antibodies against
rabbit IgG-HRP(ANT020), IgG-HRP (ANT019), Alexa Fluor
488, 594 conjugated anti-mouse IgG, and anti-rabbit IgG were
obtained from Antgene (Wuhan, China).

Histological and Immunohistochemistry
Examination
Kidney tissues were systemically perfused with cold PBS and 4%
paraformaldehyde (pH 7.4). Harvested kidneys were processed
by a standard protocol for histological examination. Briefly, the
tissues were embedded in paraffin, sectioned at 5 µm, stained
with periodic acid-Schiff stain (PAS), and observed and
photographed under a microscope (Olympus, Tokyo, Japan).
For IHC staining, sections were incubated with the indicated
primary antibodies. Five visual fields from individual groups
were randomly selected to determine the percentage of positive
staining area using ImageJ analysis software.

Cell Culture and Transfection
Conditionally immortalized human podocytes kindly provided
by Dr. Moin A. Saleem (Academic Renal Unit, Southmead
Hospital, Bristol, UK) were cultured under standard
conditions. The medium consisted of RPMI 1640 (HyClone,
USA) containing 10% heat-inactivated fetal bovine serum (FBS;
Gibco, USA), 100 U/mL penicillin G, 100 mg/mL streptomycin
(Invitrogen, USA) and 1× insulin-transferrin-selenium (ITS;
Invitrogen, USA) at 33°C. To induce differentiation, podocytes
were cultured at 37°C for 10-14 days without ITS, and
differentiated podocytes were used in all experiments.
Differentiated podocytes were stimulated with 30 mM high
glucose (HG) for 24 h. For siRNA transfection, we performed
HiPerFect transfection (Qiagen, Germany) according to the
manufacturer’s protocol with Pfkp, and Aldob siRNA and
control siRNA (Qiagen). Briefly, cells were liberated, seeded
into 6-well plates and transfected with serum-free medium
containing 100 nM Pfkp siRNA or control siRNA for 6-8
hours until reaching 70% confluence, after which the cells were
recovered in complete medium and 30 mM HG when necessary.
The sequence of human Pfkp siRNA oligonucleotides in this
study was 5′-GCAACGTAGCTGTCATCAA-3′. The sequence
of human Aldob siRNA oligonucleotides in this study was 5′-
CCAGAGCATTGTTGCCAAT-3′. To overexpress PFKP,
transfection of the Pfkp plasmid (GeneChem, Wuhan, China)
was conducted with X-tremeGENE HP DNA Transfection
Reagent (Roche) according to the manufacturer’s instructions.
A density of 2×105 cells was first seeded into each well of a 6-well
plate and then transfected with complexes containing 2 mg of
Pfkp plasmid or a negative control with pcDNA3.1 and 2 ml of
January 2022 | Volume 12 | Article 797025

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Zhang et al. Podocyte’s Glycolysis Inhibits Cytoskeleton Remodeling
the X-tremeGENE transfection reagent. Then, the cells were
incubated under normal conditions for 24 h at 37°C, recovered in
complete medium and stimulated with 30 mM glucose (HG) as
necessary. Similarly, the Aldob plasmid (GeneChem, Wuhan,
China) was used to overexpress ALDOB. FBP (SC-214805, Santa
Cruz) was added to complete medium at 5 mM or 10 mM. Each
experimental result was confirmed in three independent
podocyte clones.

ATP Production
After treatment, the intracellular ATP content was assessed using
a luciferase ATP detection assay kit (Beyotime, China) according
to the manufacturer’s protocol. Briefly, the cells were harvested
and lysed. Then, the protein content of the supernatant was
determined with a BCA protein kit (Beyotime, China), and the
protein supernatant was mixed with ATP detection solution.
Finally, the luminescence of each sample was measured by a
fluorescence microplate reader.

PFK Enzymatic Activity
The enzymatic activity of PFK was determined using a kit
(BC0530, Solarbio, China) according to the manufacturer’s
protocol. Since PFK catalyzes the conversion of fructose-6-
phosphate and ATP to FBP and ADP, and Pyruvate kinase
and lactate dehydrogenase further catalyze the oxidation of
NADH to NAD+, the decrease rate of NADH was measured at
340 nm to detect PFK activity and the absorbance of each sample
was analyzed by a fluorescence microplate reader.

FBP Level
The level of FBP was measured using a kit (BC2240, Solarbio,
China) according to the manufacturer’s protocol. The reaction of
fructose 1,6-diphosphate with 2,4-dinitrophenylhydrazine catalyzed
by aldolase in acidic medium produces 2,4-dinitrophenylhydrazone,
which is reddish brown in alkaline solution, has a characteristic
absorption peak at 540 nm, and could indicate the level of FBP. A
fluorescence microplate reader analyzed the absorbance of
each sample.

Wound-Healing Assay
Podocytes were seeded into 12-well plates to reach 80%
confluence. Then, a wound was created by scratching with a
pipette tip, and the cultures were washed with PBS to remove cell
debris. Cells stimulated with HG were visualized by light
microscopy at 0 h, 24 h, and 48 h (3 separate fields/well).
Covered surface areas were measured by ImageJ.

Cytoskeleton Staining
Phalloidin (ab176753, Abcam, Cambridge, MA) stained the cell
cytoskeleton. After treatment as described above, the cells were
washed with PBS, fixed in 4% paraformaldehyde, and blocked with
5% bovine serum albumin (BSA). Then, the cells were stained with
phalloidin for 60 min. After three washes, the nuclei were stained
with DAPI. Finally, the results were observed via fluorescence
microscopy. A normal podocyte cytoskeleton structure contains F-
actin distributed as obvious homogenous bundles that traverse the
cell along the axis of the podocyte. Cytoskeletal remodeling signs
Frontiers in Endocrinology | www.frontiersin.org 460
include F-actin assembly in cortical regions, agminated F-actin
along the podocyte periphery, and a slight diffuse F-actin
cytoplasmic distribution (20).

Western Blotting
After treatment, cells or kidney tissue were homogenized in
RIPA lysis buffer with PMSF and protease inhibitor cocktail
(Roche) for 30 min at 4°C. Total proteins were separated in an 8-
10% SDS-PAGE gel and transferred onto PVDF membranes.
Then, the membranes were blocked with 5% milk for 1h. After
blocking with milk, the membranes were incubated with primary
antibodies (PFKP, PFKM, PFKL, PKM2, ALDOB, ROCK1,
RhoA, a-tubulin and GAPDH) overnight at 4°C. The next day,
the membranes were incubated with a secondary antibody
(Antgene, China). After washing the membranes three times,
bands were revealed by an ECL chemiluminescent kit (Biosharp,
China). Finally, the bands were analyzed using a ChemiDocTM
MP Imaging system (Bio-Rad, USA).

Immunofluorescence Staining
After the indicated treatment, cells and tissues were fixed with
4% paraformaldehyde and blocked with 5% BSA. Specific
primary antibodies (PFKP) were then applied overnight at 4°C.
Next, the samples were incubated with fluorescent secondary
antibodies for 1 h. After washing, the nuclei of the samples were
counterstained with DAPI. Fluorescence results were analyzed
using a confocal laser microscope (Olympus, Japan).

Real-Time PCR
Total RNA from cells and kidney tissue was prepared using TRIzol
reagent (Invitrogen, USA). The concentration was measured by a
NanoDrop spectrophotometer. Then, 1 µg RNAwas retrotranscribed
to cDNA using the PrimeScript RT Reagent Kit. PCR amplification
was performed using a SYBR Green Kit (Takara, Japan) with the
following conditions: 95°C for 30 s; followed by 40 cycles of
application at 95°C for 5 s and 60°C for 30 s; and annealing at
60°C for 34 s. All primer sequences are shown in Table S2. The
relative gene expression was quantified by the 2−DDCT method, and
GAPDH was used as an endogenous control.

Statistical Analyses
All experiments were repeated at least 3 times. Quantitative data were
presented as the mean ± SD, and statistical analyses were performed
using SPSS v22.0. Statistical comparisons of groups were performed
using one-way ANOVA, and the least-significant difference (LSD)
test was used for multiple comparisons. Differences for which P<0.05
were considered statistically significant.
RESULTS

Renal Phenotype Alteration of db/db Mice
and Profiling of Genes Involved in Glucose
Catabolism in Glomeruli From db/db and
db/m Mice by mRNA Sequencing
To profile the altered genes in db/db mice compared with db/m
mice, the renal phenotype changes of db/db mice were observed
January 2022 | Volume 12 | Article 797025
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by PAS staining (Figure 1A) and transmission electron
microscopy (Figure 1B), blood sugar test results (Figure 1C),
body weights (Figure 1D), and ACR values (Figure 1E) were
systemically evaluated. PAS staining indicated dilated mesangial
matrix in the glomeruli of db/db mice. Electron microscopy
showed that podocyte foot processes were fused, and the
glomerular basement membrane was thickened in db/db mice
compared with db/m mice. Additionally, db/db mice presented
higher blood sugar levels, body weights, ACR values, and
mortality rates (Figure 1F). Subsequently, the isolated
glomeruli were subjected to mRNA sequencing. Glucose
metabolism-related genes were systemically evaluated between
db/db mice and db/m mice. Intriguingly, several upstream
glycolysis genes were upregulated, including Pfkp and Hk1.
Conversely, downstream glycolysis genes were downregulated,
including Pkm, Ldha, Pdh, etc. (Figures 1G, H). To further
confirm the pattern of glycolysis in DKD, the mRNA expression
of Hk1, Pfkp, Pkm, and Ldha in mouse glomeruli was evaluated
by qPCR. Consistent with the sequencing results, Hk1 and Pfkp
gene expression was elevated in the glomeruli of db/db mice
compared with db/m mice, while Pkm and Ldha expression was
decreased, as shown in Figure 1I. Additionally, the protein
expression pattern was confirmed by immunohistochemical
staining in the glomerular area (Figure 1J).
PFK Expressions in db/m and db/db Mice
The sequencing data suggests that the compromise of
downstream glycolysis could promote the accumulation of
intermediates in upstream glycolysis. As shown in Figure 1H,
Pfkp connects the upstream and downstream portions of the
glycolysis cascade. Hence, exploring Pfkp alteration in db/db
mice was of importance. Since three subtypes of PFK1 have been
reported in rodents, all three subtypes were evaluated in the
glomeruli. Interestingly, PFKP showed elevated expressions in
db/db glomeruli, while the expression of PFKL and PFKM
remained comparable according to IHC staining (Figures 2A, B).
The protein (Figures 2C, D) andmRNA (Figure 2E) levels of PFKP
in the glomeruli of db/db mice and db/m mice were verified by
western blotting and q-PCR, respectively. Double staining of
glomeruli indicated that PFKP was highly enriched in podocytes
from db/db mice (Figure 2F).
PFKP Expression in Podocytes From
Patients With Biopsy-Proved DKD
Based on the above results, PFKP was activated in db/dbmice. The
expression profile of PFKP was tested in patients with biopsy-
proved DKD. Clinical characteristics of DKD patients including
age, serum creatinine (SCr), ACR, and total proteinuria (UTP)
were presented in Figures 3A–D. Then, PAS stain showed the
mesangial expansion and segmental glomerulosclerosis in
glomeruli in patients with DKD (Figure 3E). PFKP staining in
podocyte was enhanced in glomeruli from patients with DKD
compared with that in control subjects. The above pattern was
tested by IHC (Figure 3F) and double immunofluorescent
staining approaches (Figure 3G) respectively.
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Suppression of PFKP Overactivation
Aggravated Renal Damage in
Diabetic Mice
To further investigate the function of PFKP in podocytes, db/db
and db/m mice at 24 weeks of age were administrated
intraperitoneally with CTZ for two weeks to inhibit the activity
of PFKP (21) (Figure 4A). The same volume of solvent with 0.1%
DMSO was injected as the control group. No significant changes
in body weight and blood sugar were found in CTZ-
administrated mice compared with solvent-treated animals.
(Figures S1, S2). However, ACR was significantly higher in
CTZ–administrated db/db mice when compared with solvent-
treated db/db mice (Figure 4C). The pathologic glomerular
sclerosis (Figure 4B) and foot process fusion by TEM
(Figure 4D) were worsened in CTZ–administrated db/db mice
compared with vehicle-treated db/db mice. Moreover, the
mortality of db/db mice with proteinuria at 24-26week age was
deteriorated by CTZ administration (Figure 4E). To a certain
degree, CTZ administration promoted mild proteinuria
(Figure 4C) and modest pathologic changes, including
glomerular sclerosis (Figure 4B) and foot process fusion
(Figure 4D) in db/m mice at comparable age with proteinuria-
onset db/db mice. Conversely, the mortality rate was not
impacted by CTZ administration in db/m mice. In order to
identify the inhibition ability of CTZ on PFKP, IHC and
immunofluorescence double staining were used to evaluate the
expression of PFKP in glomeruli (Figure 4G) and podocyte
(Figure 4F) respectively. In addition, western blotting analyses
indicated that the innate and enhanced protein levels of PFKP
were suppressed by CTZ administration in glomeruli from both
db/m and db/db mice respectively (Figure 4H). Overall, CTZ
accelerated podocyte damage under diabetic conditions, which
indicates that PFKP may play a protective role in podocytes
in DKD.
High Glucose Promoted PFKP Expression
and Cytoskeletal Remodeling in
Podocytes In Vitro
The above CTZ administration indicated that PFKP potentially
plays a protective role in podocytes in physical and stress
conditions in vivo. However, the mechanisms remain to be
elucidated. In subsequent experiments, the expression of PFKP
was analyzed in podocytes exposed to HG in vitro. The three
subtypes of PFK were evaluated in culturing podocytes in vitro
(Figures S3, S4), and it was found that PFKP was the dominant
subtype in podocytes in consist with in vivo studies. The
expression of PFKP was markedly increased in a dose-
dependent manner in the cultured podocytes (0, 10, 15, 20, 25
and 30mM HG) (Figure 5B) over 24h exposure. Similarly, a
time-dependent increase of the PFKP protein level was exhibited
in podocytes under HG (30mM) conditions (0, 6, 12, 18, and
24 h) (Figure 5A). In addition, HG-treated podocytes exhibited a
dramatic increase in PFKP in the cytoplasm, as shown by
immunofluorescence assays (Figure 5C). Furthermore,
mannitol (MA) hypertonic control had no impact on PFKP
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FIGURE 1 | Renal phenotype alteration of db/db mice and profiling of genes involved in glucose catabolism in glomeruli from db/db and db/m mice by mRNA
sequencing. (A) Representative microscopy images and quantification of PAS staining of kidney sections from db/m and db/db mice at 16 and 24 weeks of age
(original magnification ×400). (B) Representative findings of the ultrastructure of capillary loops collected from db/m and db/db mice at different timepoints, as
examined by transmission electron microscopy (original magnification×8,000, ×12,000). (C) Blood sugar of db/m and db/db mice. (D) Body weight of db/m and db/
db mice. (E) Quantitative analysis of ACR (albumin-to-creatinine ratio) in db/m and db/db mice. (F) Survival curve of db/m and db/db mice over time. (G) Gene
expression profiles were compared between glomeruli of db/m and db/db mice, and heat maps were generated based on significantly differential expression of
genes related to glucose metabolism. (H) Schematic flow illustrating the representative genes in the glycolysis cascade. Red text represents upregulated genes,
and blue text represents downregulated genes in the glomeruli of db/db mice in comparison to db/m mice. Akr1b1, aldo-keto reductase family 1, member B1
(aldose reductase); Hk, hexokinase; G6pc, glucose-6-phosphatase, catalytic subunit; Sord, sorbitol dehydrogenase; Pfk, phosphofructokinase; Fbp2, fructose-
1,6-diphosphatase 2; Gapdh, glyceraldehyde 3-phosphate dehydrogenase; Tpi1, triosephosphate isomerase 1; Pgk, phosphoglycerate kinase; Pgm1,
phosphoglucomutase-1; Eno1, enolase 1; Pkm, pyruvate kinase isoenzyme; Pdh, pyruvate dehydrogenase; Ldh, lactate dehydrogenase; Hagh, hydroxyacyl
glutathione hydrolase; Glo1, glyoxalase 1. (I) Relative mRNA expression of Hk1, Pfkp, Pkm and Ldha in the glomeruli of db/m and db/db mice determined by
real-time PCR. (J) Representative immunohistochemistry staining of glomerular HK1, PFKP, PKM2, and LDHA in db/m and db/db mice. For all figures, n=6
independent experiments/group. In all statistical plots, *P < 0.05. Scale bars: 20 µm, HK1, hexokinase 1; PFKP, phosphofructokinase 1 platelet type; PKM2,
pyruvate kinase isoenzyme 2; LDHA, lactate dehydrogenase A.
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expression and distribution in podocytes compared with normal
glucose conditions (Figure 5C). In addition, PFK enzymatic
activity and FBP levels were increased in HG-exposed podocytes
(Figures 5D, E), while ATP production was decreased under HG
exposure (Figure 5F). As PFKP was reported as a cytoskeleton
binding protein, the cytoskeleton assembling pattern was
evaluated in HG-exposed podocytes. Phalloidin labeling
technique was performed to assess F-actin assembling in
podocytes. Interestingly, F-actin rearrangement occurred over
HG exposure in cultured podocytes. F-actin assembling model
switched from being uniformly parallel with long axis of cell
body in control group to being aggregating along cell edge in
HG-exposed podocyte (Figure 5H). Moreover, the wound
healing test indicated that HG exposure promoted podocyte
migration than normal glucose (Figure 5I). RhoA/ROCK1
pathway was reported to be crucial in regulating cytoskeleton
in podocytes (22). In line with F-actin remodeling over HG
Frontiers in Endocrinology | www.frontiersin.org 763
exposure, it was found that RhoA/ROCK1 pathway was activated
in HG-exposed podocytes (Figure 5G).

Deletion of PFKP Aggravated HG-Induced
Cytoskeletal Remodeling in Podocytes
In Vitro
To further investigate the impact of PFKP suppression on
cytoskeletal assembling in vitro, siRNA interference was
performed to silence Pfkp gene, and the efficiency of siPfkp
interference was confirmed by western blot analysis (Figure 6A).
Accordingly, PFK enzymatic activity was suppressed and FBP level,
the converted product of PFKP, was lower in Pfkp-downregulated
podocytes (Figure 6B). In addition, suppressing PFKP by siRNA
activated RhoA/ROCK1 signaling, magnified by HG exposure
(Figure 6D). Morphologically, F-actin assemble remodeling was
induced by suppression of PFKP in podocyte which was worsened
by HG exposure (Figure 6C). Moreover, the migration ability of
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FIGURE 2 | PFK expressions in db/m and db/db mice. (A, B) Representative immunohistochemistry staining of glomerular PFKP, PFKM and PFKL in db/m and db/
db mice. (C, D) Western blotting analysis of the expression of PFKP, PFKM and PFKL in glomeruli of db/m and db/db mice. GAPDH was used as the loading
control. (E) Relative mRNA expression of Pfkp, Pfkm and Pfkl in glomeruli of db/m and db/db mice determined by real-time PCR. (F) Representative
immunofluorescent staining of PFKP in podocyte of glomeruli from db/m and db/db mice. Synaptopodin was used as podocyte markers. For all figures, n=6
independent experiments/group. In all statistical plots, *P < 0.05, ns, No significance. Scale bars: 20 µm, PFKP, phosphofructokinase 1 platelet type; PFKM,
phosphofructokinase 1 muscle type; PFKL, phosphofructokinase 1 liver type.
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podocytes was enhanced by Pfkp interference and accelerated
under HG conditions (Figure 6E).
Overexpression of PFKP Ameliorated
HG-Induced Cytoskeletal Remodeling in
Podocytes In Vitro
As described above, PFKP deletion aggravated podocyte migration
under HG conditions. To further confirm the effect of PFKP on
podocyte migration, a recombinant plasmid (pcDNA3.1-Pfkp) was
transfected into podocytes to overexpress PFKP in vitro. The
efficiency of plasmid transfection was confirmed by western blot
analysis (Figures 7A, B). Accordingly, PFK enzymatic activity and
FBP levels were increased in Pfkp-overexpressed cells
(Figures 7C, D). Moreover, overexpression of PFKP prevented
activation of RhoA/ROCK1 signaling and remodeling of F-actin
assemble even in the presence of HG exposures (Figures 7E, F). In
addition, the wound healing test showed that with pcDNA3.1-Pfkp
transfection, podocyte migration andmovement slowed (Figure 7G).
Frontiers in Endocrinology | www.frontiersin.org 864
Exogenous FBP Ameliorated HG-Induced
Cytoskeletal Remodeling in Podocytes
In Vitro
PFKP is the glycolytic enzyme that catalyzes the phosphorylation
of fructose-6-phosphate (Fructose-6-P) to FBP(Fructose-1,6-P).
The dynamic changes in PFKP and FBP levels suggest that PFKP
may participate in cytoskeletal regulation by regulating FBP levels.
To confirm that, targeted metabolomics was performed to observe
the alterations of the metabolites of glucose metabolism. It showed
that the level of isocitrate, fructose 6-phosphate, FBP, etc. were
significantly increased, while the level of flavin mononucleotide
and lactate decreased (Figure 8A). To further investigate the role
of FBP in podocytes, we used aldolase (ALDO), which is the
enzyme that catalyzes the breakdown of FBP, to control FBP levels
in podocytes. First, the relative mRNA expression of the three
subtypes of Aldo (Aldoa, Aldob, and Aldoc) in cultured podocytes
was assessed by real-time PCR (Figure S5), which showed that
Aldob was the dominant subtype in podocytes. With siAldob, the
RhoA/ROCK1 pathway declined as the level of FBP increased
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FIGURE 3 | PFKP expression in podocytes from patients with biopsy proved DKD. (A) Age of subjects in each group. (B) SCr values of subjects in each group.
(C) ACR values of subjects in each group. (D) UTP values of subjects in each group. (E) Representative microscopy images and quantification of PAS staining of
kidney sections in each group (original magnification ×200). (F) Representative immunohistochemistry staining of glomerular PFKP in each group. (Original
magnification ×200). (G) Representative immunofluorescence staining of PFKP in podocytes in each group. Synaptopodin was used as podocyte markers. For all
figures, n=6 independent experiments/group. In all statistical plots, *P < 0.05, ns, No significance. Scale bars: 20 µm, DKD, diabetic kidney disease; PFKP,
Phosphofructokinase 1 platelet type; SCr, Serum creatinine; UTP, Total proteinuria; ACR, urine albumin/creatinine ratio.
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(Figures 8B, C). No significant cytoskeletal remodeling occurred
in the siAldob group (Figure 8D), and the motility of the
podocytes was unaffected either (Figure 8E). In contrast, when
transfected with a recombinant Aldob plasmid (pcDNA3.1-
Aldob), FBP levels were decreased (Figure 8G), and the RhoA/
ROCK1 pathway was activated (Figure 8F). Moreover,
cytoskeletal remodeling occurred in the pcDNA3.1-Aldob
Frontiers in Endocrinology | www.frontiersin.org 965
group (Figure 8H), and the podocytes’ motility was higher
(Figure 8I). Finally, to prove the protective role of FBP in
podocytes, we treated podocytes with HG and FBP (5 mM and
10 mM). Western blotting showed that HG induced RhoA/
ROCK1 activation was inhibited by FBP (Figure 8J) and the
cytoskeletal remodeling and motility effect in podocytes under
HG conditions were ameliorated (Figures 8K, L).
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FIGURE 4 | Suppression of PFKP overactivation aggravated renal damage in db/db mice. (A) Schematic diagram of Clotrimazole administration in advanced db/db
mice. (B) Representative microscopy images and quantification of PAS staining of kidney sections in each group (original magnification ×400). (C) Quantitative of
ACR (albumin-to-creatinine ratio) in each group. (D) Representative transmission electron microscopy images of the ultrastructure of capillary loops in each group
(original magnification×8,000, ×12,000). (E) Survival curve of db/m and db/db mice treated with CTZ over time. (F) Representative immunofluorescence staining of
podocytes PFKP in each group. Synaptopodin was used as the podocyte marker. (G) Representative immunohistochemistry staining of glomerular PFKP in each
group. (H) Western blotting analysis of PFKP expression in glomeruli of each group. GAPDH was set as loading control. For all figures, n=6 independent
experiments/group. *P < 0.05. Scale bars: 20 µm, CTZ, Clotrimazole; PFKP, Phosphofructokinase 1 platelet type.
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FBP Administration Protected Diabetic
Mice From Foot Process Fusion
in Podocytes
To further investigate the role of FBP in vivo, we treated db/m
and db/db mice with FBP intraperitoneal injection (Figure 9A).
Surprisingly, we found that in db/db mice treated with a high
dose of FBP, glomerular lesions (Figure 9B), the fusion of foot
processes (Figure 9C), urinary ACR (Figure 9D) and mortality
(Figure 9G) were reduced. However, there were no significant
changes in blood glucose (Figure 9F) and body weight
(Figure 9E) in mice after FBP treatment. This part of our
research indicates that FBP may protect db/db mice from foot
process fusion in podocytes and can be potential medications
for DKD.
DISCUSSION

In this study, we observed abnormalities in glycolysis and
disorder in the cytoskeletal structure of podocytes under HG
stimulation. We identified PFKP as playing a novel endogenous
Frontiers in Endocrinology | www.frontiersin.org 1066
protective role against diabetic injury in podocytes through its
catalyzed metabolite FBP. In vivo studies showed the activation
of PFKP in different models and the detrimental effects of the
inhibition of PFKP. Mechanistically, our in vitro studies showed
that FBP could ameliorate HG-induced cytoskeletal remodeling
in podocytes.

In the past few decades, molecular targets for DKD treatment have
been intensively investigated (3). However, there are no specific
agents for the prevention and treatment of early DKD.
Hyperglycemia, which is known to be a crucial part of the
pathogenesis of DKD, can damage podocyte function and structure
inmany ways, thus leading to the occurrence of proteinuria (5, 6), but
the underlying mechanisms remain unclarified.

Alteration of glucose metabolism in podocytes under diabetic
conditions has received much attention in recent years. Altered
glycolytic flux has been postulated to induce a series of
transcriptional and translational changes that lead to DKD (23).
Moreover, the activation of glycolysis has been proven to have
positive effects in DKD patients (8, 10). A study focused on PKM2,
which is another key enzyme in the glycolysis process, found that
PKM2 activation could protect podocytes from HG-induced
injury by protecting mitochondria (10). In our mRNA array, we
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FIGURE 5 | High glucose promoted PFKP expression and cytoskeletal remodeling in podocytes in vitro. (A) Representative western blots of PFKP expression in 30
mM HG-treated podocytes at various times points and quantification of these results, with a-tubulin as the loading control. (B) Representative western blots of PFKP
expression in cultured podocytes stimulated with different concentrations of glucose for 24 h and quantification of these results, with a-tubulin set as the loading
control. (C) Representative immunofluorescence staining of podocytes PFKP in each group. (D) PFK enzymatic activity in each group. (E) FBP level in each group.
(F) ATP production in each group. (G) Western blotting analyses of the expression of ROCK1, PFKP and RhoA in podocytes in each group. GAPDH was set as the
loading control. (H) Cytoskeletal structures of podocytes labeled with phalloidin. (I) Motility of podocytes quantified by a wound-healing assay using an inverted
microscope. For all figures, n=3 independent experiments/group. *P < 0.05, ns, No significance. Scale bars: 10 µm. HG, high glucose; MA, mannitol; ROCK1, Rho-
associated, coiled-coil containing protein kinase 1; PFKP, phosphofructokinase 1 platelet type; RhoA, RhoA-GTPase.
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detected changes of glycolysis enzyme mRNA levels, including the
increased level of Pfkp and Hk1, and decreased in Pkm and Ldha,
indicating the dysfunction of glomeruli glycolysis in db/db mice
and the accumulation of glycolysis intermediates. PFK1 is one of
the key glycolytic enzymes that catalyzes the conversion of F-1-P
to FBP. To date, three subtypes of PFK1 have been identified in
vertebrate genomes, termed PFKM (muscle type), PFKL (liver
type) and PFKP (platelet type), according to the site of discovery,
among which PFKP plays the leading role in the kidney (24). As a
major isoform of PFK-1 in cancer glycolysis, PFKP has become an
emerging anticancer target (25). Here we found that PFKP showed
the highest expression level and was significantly upregulated in
the glomeruli of db/db mice. Consistently, PFKP was upregulated
in DKD patients compared with control renal tissues obtained
from cancer patients, the result was surprising because PFKP was
previously reported to be upregulated in cancer (25). In addition,
we detected increased ACR level, mortality, and more severe foot
process fusion in db/db mice when treated with CTZ, which is an
inhibitor of PFKP (21). Besides, the use of FBP, a catalysate of
PFKP, improved proteinuria and renal injury in db/dbmice. These
results indicate that PFKP may play the role of endogenous
protective factors.

In the last few decades, studies have shown that the actin
cytoskeleton directly binds to many metabolic enzymes, including
Frontiers in Endocrinology | www.frontiersin.org 1167
PFK-1, ALDO and glycerol triphosphate dehydrogenase
(GAPDH), and recent studies have shown that remodeling and
assembly of the actin cytoskeleton is a major energy-consuming
process, accounting for approximately 50% of ATP consumption
(12). It was reported that on the soft extracellular matrix, the active
E3 ubiquitin ligase TRIM21 binds and ubiquitinates PFK-1 in the
cytoplasm, resulting in targeted degradation of PFK-1 and thereby
maintaining glycolysis at a relatively low level. When cells move to
the hard extracellular matrix, the contraction force is increased, F-
actin andTalin binding of bound integrins is also increased, thereby
stimulating actin-binding and TRIM21 chelation. Inactivation of
this process results in PFK-1 accumulation in the cytoplasm and
increases glycolysis (13). Furthermore, FBP is a high-energy
glycolytic intermediate that exerts protective action against many
harmful conditions in various cell types and tissues through its anti-
inflammatory, immunomodulatory andneuroprotectiveproperties
(26).Moreover, it can regulate the activationofRas,which is amajor
regulator of cell proliferation (27). Additionally, FBP mediates
glucose sensing by AMPK (28), and AMPK signaling can increase
the phosphorylation of vinculin at Y822, which triggers the
activation of the RhoA–ROCK–MLCK–MLC pathway,
culminating in the reinforcement of the actin cytoskeleton (12).
AMPK is also the energy sensor in cells and is activated when cells
are starved of nutrients. Local activation of AMPK increased ATP
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FIGURE 6 | Deletion of PFKP aggravated HG-induced cytoskeletal remodeling in podocytes in vitro. (A) Western blots of PFKP expression after transfection with
various siPfkps, with GAPDH set as the loading control. (B) PFK enzymatic activity and FBP level in each group. (C) Cytoskeletal structures of podocytes labeled
with phalloidin and the cytoskeletal rearrangement ratio in each group (original magnification ×600). (D) Western blotting analyses of the expression of ROCK1,
PFKP, and RhoA in podocytes of each group. GAPDH was set as the loading control. (E) Motility of podocytes measured by a wound-healing assay using an
inverted microscope. For all figures, n=3 independent experiments/group. *P < 0.05, ns, No significance. Scale bars: 10 µm. HG, high glucose; ROCK1, Rho-
associated, coiled-coil containing protein kinase 1; PFKP, phosphofructokinase 1 platelet type; RhoA, RhoA-GTPase.
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FIGURE 7 | Overexpression of PFKP ameliorated HG-induced cytoskeletal remodeling in podocytes in vitro. (A) After recombinant plasmid (pcDNA3.1-Pfkp)
transfection into podocytes, the expression of EGFP was observed by fluorescence microscopy. (B) Western blots of PFKP expression after transfection with
pcDNA3.1-Pfkp, with GAPDH set as the loading control. (C) PFK enzymatic activity in each group. (D) FBP level in each group. (E) Western blotting analyses of the
expression of ROCK1, PFKP, and RhoA in podocytes in each group. GAPDH was set as the loading control. (F) Cytoskeletal structures of podocytes labeled with
phalloidin. (G) Motility of podocytes measured by a wound-healing assay using an inverted microscope. For all figures, n=3 independent experiments/group.
*P < 0.05, ns, No significance. Scale bars: 10 µm. HG, high glucose; ROCK1, Rho-associated, coiled-coil containing protein kinase 1; PFKP, phosphofructokinase 1
platelet type; RhoA, RhoA-GTPase.
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production, mitochondrial flux, and cytoskeletal dynamics, and
excessive energy may promote actin cytoskeletal remodeling (29).
In addition, FBP can promote a feedback loop between PFK1,
phosphatidylinositol-3-kinase/protein kinase B (PI3K/Akt), and
PFK2/PFKFB3 in T cells (30), and the PI3K/Akt signaling
pathway is closely related to the podocyte cytoskeleton (31).
Hence, FBP is involved in the regulation of cytoskeletal structure.

Cytoskeletal architecture in podocytes is pivotal to its
function (5, 11). Cytoskeletal remodeling in podocytes
contributes to the progression of DKD (32, 33), as the
Frontiers in Endocrinology | www.frontiersin.org 1369
assembly of F-actin is associated with the formation and
migration of podocyte foot processes. Treatment targeted
toward the cytoskeletal architecture has been proven effective
in glomerular diseases (34). Small GTPases that belong to the Ras
homology (Rho) family play essential roles in regulating cell
migration by controlling cytoskeletal system (35). RhoA is the
most important member of the Rho family, and its major
downstream effector is Rho-associated kinase (ROCK), which
is a serine/threonine kinase, is highly involved in the biological
processes of cell movement, cell migration, gene transcription,
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FIGURE 8 | FBP ameliorated HG-induced cytoskeletal remodeling in podocytes in vitro. (A) Targeted metabolomics was performed between control and HG group
of cultured podocytes, and heat maps were generated based on levels of the metabolites related to glucose metabolism. (B) Western blots of ALDOB, ROCK1, PFKP,
and RhoA after transfected with siAldob, GAPDH was set as the loading control. (C) FBP level in control and siAldob group. (D) Cytoskeletal structure of podocytes
labeled with phalloidin in control and siAldob group. (E) Motility ability of podocytes were measured by wound-healing assay using an inverted microscope in control and
siAldob group. (F) Western blotting analyses the expression of ALDOB, ROCK1, PFKP, and RhoA in podocytes after transfected with pcDNA3.1-Aldob. GAPDH was set
as loading control. (G) FBP level in control and pcDNA3.1-Aldob group. (H) Cytoskeleton structure of podocytes labeled with phalloidin in control and pcDNA3.1-Aldob
group. (I) Motility ability of podocytes were measured by wound-healing assay using an inverted microscope in control and pcDNA3.1-Aldob group. (J) Western blotting
analyses the expression of ALDOB, ROCK1, PFKP, and RhoA in podocytes after FBP treatment. GAPDH was set as loading control. (K) Cytoskeleton structure of
podocytes labeled with phalloidin in each group. (L) Motility ability of podocytes were measured by wound-healing assay using an inverted microscope in each group. For
all figures, n=3 independent experiments/group. *P < 0.05, ns, No significance. Scale bars: 10 µm. HG, high glucose; FBP, fructose-1,6-bisphosphate; ROCK1, Rho-
associated, coiled-coil containing protein kinase 1; PFKP, Phosphofructokinase 1 platelet type; RhoA, RhoA-GTPase.
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nerve regeneration, and apoptosis (36). ROCK1 is localized to
the plasma membrane and plays an important role in cell
movement, and RhoA is critical for the recruitment of ROCK1
to the plasma membrane (37). It has also been found that RhoA/
ROCK1 pathway contributes to the development of DKD (22).
Moreover, inhibition of RhoA/ROCK1 pathway prevents the
occurrence of pathologic changes in DKD in vivo (38). We found
that the suppression of PFKP with siRNA resulted in lower FBP
levels and more severe cytoskeletal remodeling in podocytes
in vitro. Conversely, overexpression of PFKP in the HG
environment relieved cytoskeletal remodeling and increased
FBP production. Furthermore, inhibition of ALDOB can
ameliorate podocyte damage by elevating FBP levels. In
contrast, the activation of ALDOB reduced FBP production
and led to increased cytoskeletal remodeling. More
importantly, FBP addition rescued podocytes from cytoskeletal
remodeling under HG conditions and could alleviate the renal
injury of db/db mice in vivo.

To our knowledge, the present study demonstrates for the
first time that glucose metabolism is associated with the
cytoskeletal remodeling in podocytes through ROCK1/RhoA
signaling pathway. Suppression of PFKP in podocytes
exacerbates diabetic kidney injury and cytoskeletal remodeling
in podocytes. PFKP, the key regulator of glucose metabolism,
Frontiers in Endocrinology | www.frontiersin.org 1470
affected cytoskeletal structure by regulating FBP levels. These
findings provide evidence that PFKPmay be a potential target for
podocyte injury in DKD and provide a rationale for applying
glycolysis enhancing agents in patients with DKD.

Limitations of Study
The protective role of PFKP against DKD is revealed here only in
male mice. Whether PFKP has the same function in female mice
has not been investigated. We did not use Pfkp gene
overexpression or knockout mice to perform our experiments.
While we demonstrate that FBP directly affects the RhoA/
ROCK1 pathway, how FBP influences it deserves to be further
investigated. Lastly, whether PFKP and FBP protect against DKD
in clinical situations, or at least in nonhuman primates, remains
to be further investigated.
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Aims/Introduction: Renal function impairment related to type 2 diabetes (T2DM)
presents serious threat to public health. Previous studies suggest that vascular
endothelial growth factor-B (VEGF-B) might contribute to renal injury. Therefore, this
study investigated the association of serum VEGF-B level with the risk of renal function
impairment in T2DM patients.

Materials and Methods: Serum VEGF-B levels were measured in 213 patients with type
2 diabetes and 31 healthy participants. Participants with type 2 diabetes were further
divided into a group of 112 participants with eGFR<90 mL/min/1.73m2 and 101
participants with eGFR≥ 90 mL/min/1.73m2. Clinical data were collected, and a binary
logistic regression model was employed to test the association between potential
predictors and eGFR.

Results: Serum VEGF-B levels evaluated in type 2 diabetes patients compared with
healthy controls. In patients with type 2 diabetes, serum VEGF-B level was positively
correlated with triglyceride, serum creatinine and cystatin C while negatively correlated
with HDL-C and eGFR. Binary logistic regression showed that serum VEGF-B level was an
independent risk factor of eGFR<90 mL/min/1.73m2.

Conclusions: Serum VEGF-B level is associated with renal function impairment in patients
with type 2 diabetes and may be a potential drug target for diabetic kidney disease.

Keywords: vascular endothelial growth factor B, type 2 diabetes mellitus, diabetic kidney disease, glomerular
filtration rate, cystatin C
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INTRODUCTION

With the global prevalence of type 2 diabetes mellitus (T2DM),
diabetic kidney disease (DKD) has become the leading cause of
end stage renal disease (ESRD), and poses a great burden to
diabetes patients and the health care system (1). Progressing
renal function impairment characterized by declining glomerular
filtration rate (GFR) runs through the course of T2DM, and
eventually results in DKD. Multifactorial pathological processes
have been proven to be contributors of diabetes-related renal
function impairment, including advanced glycation end products
(AGEs), ectopic lipid deposition, hemodynamic perturbations
and inflammation (2, 3). However, further study is still required
to explore the exact mechanisms underlying renal function
impairment in T2DM patients.

Vascular endothelial growth factor-B (VEGF-B) is a member of
the vascular endothelial growth factor (VEGF) family expressing in
multiple organs, such as heart, adipose, muscle, brain, and kidney
(4). Different with other members from VEGF family, VEGF-B
shows faint angiogenic effect in vivo, which triggers a widespread
speculation of VEGF-B playing its angiogenic role mainly through
its recruitment of other VEGFs (5, 6). However, VEGF-B was
reported to regulate fatty acid transport proteins (FATPs) in
endothelial cells via membrane receptors neuropilin-1(NRP-1) or
vascular endothelial growth factor receptor-1 (VEGFR-1), and an
improvement of insulin sensitivity along with blood lipid profiles
was observed inVEGF-Bdeficientmice fedwith high-fat diet (4, 7).
Moreover, the activation of VEGFR-1, one of the VEGF-B
receptors, was demonstrated to promote the generation of pro-
inflammatory and pro-angiogenic cytokines in macrophages and
accelerate the process of inflammatory diseases, for instance,
rheumatoid arthritis and retinal injury (8, 9). Seeing the
coincidences between VEGF-B biological functions and diabetes-
related renal function impairment, several studies reported that
VEGF-B could directly impair podocyte insulin sensitivity by
promoting ectopic lipid accumulation in podocytes and cause the
occurrence of DKD in various diabetic mouse models (10, 11).
Furthermore, a newly produced anti-VEGFB/IL22 fusion protein
was found to be capable to ameliorate renal dysfunction in db/db
mice recently (11).

Although evidences from animal experiments suggest the vital
role of VEGF-B in DKD occurrence, the relationship between
circulating VEGF-B level and renal function impairment in
T2DM patients still remains unclear. In this study, we tested the
serum VEGF-B levels of 213 T2DM patients as well as 31 healthy
participants, and analyzed the potential link between serumVEGF-
B levels and renal function of patients with T2DM. Our results
would provide a better insight into the role of VEGF-B in the
pathogenesis of diabetic renal impairment as well as the
intervention of diabetic kidney disease.
METHODS

Subjects
31 healthy participants were recruited from the health
examination center of the affiliated hospital of Nanjing
Frontiers in Endocrinology | www.frontiersin.org 274
university of Chinese medicine. None of the healthy
participants had known metabolic disorders, kidney injury or
other kind of diseases. 213 T2DM patients were recruited from
the department of endocrinology of the affiliated hospital of
Nanjing university of Chinese medicine. All participants with
T2DM satisfied the world health organization 1999 criteria when
diagnosed (12). This study was approved by the medical research
ethics committee of the affiliated hospital of Nanjing university
of Chinese medicine and carried out under the principles of the
Declaration of Helsinki. Written informed consents were
obtained from all participants.

Clinical Data Collection
All participants were admitted to the department of
endocrinology. Detailed medical history and physical
examination data, including gender, age, medicine usage,
resting blood pressure, weight and height were obtained upon
admission. Venous blood and midstream urine samples were
collected at 6:00 a.m. from participants after 12 hours of fasting.
The examination of total cholesterol (TC), triglyceride (TG), low
density lipoprotein (LDL-C), high density lipoprotein (HDL-C),
fasting blood-glucose (FBG), fasting C peptide (FCP),
glycosylated hemoglobin (HbA1c), serum creatinine (SCr),
blood urea nitrogen (BUN), Cystatin C (CysC), urine albumin-
to-creatinine ratio (UACR) and 24-hour urine total protein
(UTP) were performed at laboratory center of the affiliated
hospital of Nanjing university of Chinese medicine. Body mass
index (BMI) = body weight (kg)/the square of body height (m2).
Homeostasis model of assessment for insulin resistance
(HOMA-IR) = fasting glucose (mmol/L)╳fasting insulin
(mU/L)/22.5. Estimated glomerular filtration rate (eGFR) was
calculated according to CKD-EPI2012scr-cys.

Serum VEGF-B Measurement
Fresh blood samples were stood at room temperature (22°C) for
30min and then centrifuged at 3000rpm for 10 min. The
supernatant were collected as serum samples and stored at
-80°C. Serum VEGF-B values were determined by human
enzyme-linked immunosorbent assay (ELISA) kits (CB5521,
Biorbyt, UK).

Statistical Analysis
Statistical analyses were performed using SPSS 25.0. All data
were represented as mean ± standard deviation (SD), median
with interquartile range (IQR) or percentage, as appropriate.
Data that were not normally distributed, including Diabetes
duration, FBG, HbA1c, HOMA-IR, Triglyceride, Total
cholesterol, HDL-C, LDL-C, Serum creatinine, Blood urea
nitrogen, Cystatin C, UACR, UTP, eGFR, Serum VEGF-B were
logarithmically transformed before analysis. ANOVA and
Mann-Whitney U tests were used for continuous variables
distributed normally and asymmetrically, respectively.
Chisquared test (c2) was employed for comparisons of
categorical variables. The relationships between clinical
indicators were examined using Pearson correlation, Spearman
correlation or partial correlation. Binary logistic regression
analysis was used to test the association between potential
March 2022 | Volume 13 | Article 862545
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predictors and eGFR. A p-value of <0.05 was indicated
statistically significant.
RESULTS

Serum VEGF-B Level Elevates in T2DM
Patients
The study recruited 244 eligible participants, including 213
patients explicitly diagnosed with T2DM at baseline and 31
healthy subjects seeking for routine examination. Fasting blood
samples were collected from all participants and serum VEGF-B
levels were tested. As shown in Figure 1, compared to the healthy
controls, a significantly elevated level of serum VEGF-B was
observed in T2DM patients (p<0.001).

Baseline Characteristics of Participants
With T2DM
Based on the accepted eGFR cutoff value (90 mL/min/1.73m2),
we further divided the enrolled T2DM patients into a group of
112 participants with eGFR<90 mL/min/1.73m2 and 101
participants with eGFR≥ 90 mL/min/1.73m2 (13). Gender
distribution, drinking history, smoking history, BMI, SBP,
HbA1c, FPG, HOMA-IR, TC, TG, HDL-C, LDL-C, UCR and
UTP were similar between the groups (all p>0.05). However, the
eGFR<90 mL/min/1.73m2 group had older age (p<0.001), longer
diabetes duration (p=0.004), lower DBP (p=0.003), as well as
worse renal dysfunction characterized by higher levels of SCr
(p<0.001), BUN (p<0.001), CysC (p<0.001) and UACR
(p=0.005). Most importantly, eGFR<90 mL/min/1.73m2 group
also showed a significantly increased level of serum VEGF-B
(p=0.002) (Table 1). Upon the usage of medications, no
significant difference was observed between 2 groups on the
usage of metformin, sulfonylureas, pioglitazone, glucosidase
Frontiers in Endocrinology | www.frontiersin.org 375
inhibitors, GLP1rA (glucagon-like peptide 1 receptor agonists),
DPP4 inhibitors, SGLT2 inhibitors, statins, insulin and ACEI/
ARB (all p>0.05). But, a higher percentage of patients using beta-
blockers (p=0.007) and Calcium channel blockers (p=0.039) in
eGFR<90 mL/min/1.73m2 group was showed by Chisquared
test (Table 2).
Serum VEGF-B Level Significantly
Associates With Renal Function Indicators
in T2DM Patients
As shown in Table 3, in T2DM patients, serum VEGF-B level
was positively correlated with triglyceride (r=0.172, p=0.013),
serum creatinine (r=0.150, p=0.031) and cystatin C (r=0.245,
p<0.001) while inversely correlated with HDL-C (r=-0.138,
p=0.047) and eGFR (r=-0.205, p=0.003) after adjusting gender,
age, smoking history, drinking history, diabetes duration and
BMI. However, although partial correlation confirmed that
VEGF-B level significantly associates with several renal
function indicators (Figures 2A–C), no significant correlation
was observed between serum VEGF-B and UACR nor UTP
(both p>0.05).
Regression Model of eGFR in
T2DM Patients
We further employed binary logistic regression analysis to
analyze the associations between serum VEGF-B and the risk
of eGFR<90 mL/min/1.73m2. We found that serum VEGF-B
level (p=0.002) was significant in predicting eGFR<90 mL/min/
1.73m2, even after controlling age, UACR, diabetes duration and
diastolic pressure (based on the results from Table 1). Of the risk
factors above, age (p<0.001) showed a significant, positive
relationship with eGFR<90 mL/min/1.73m2 as well (Table 4
and Figure 3).
FIGURE 1 | Serum VEGF-B level elevates in T2DM patients. A significantly increase of serum VEGF-B levels in T2DM patients compared to healthy control subjects
was observed (p < 0.001).
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DISCUSSION

Diabetic kidney disease is one of the leading complications of
type 2 diabetes. Currently, the mechanisms underlying T2DM-
related renal function impairment remains unclear, and the
strategies of DKD prediction are still limited (14). In this
study, we assessed whether serum VEGF-B, a biomarker from
vascular endothelial growth factor family, was associated with
progression of diabetes-related renal function impairment in 213
patients with established T2DM. Our results showed that
Frontiers in Endocrinology | www.frontiersin.org 476
elevated level of VEGF-B in T2DM patients was significantly
correlated with markers of lipid metabolism and glomerular
function. Regression model also indicated that serum VEGF-B
was one of the independent risk factors of eGFR<90 mL/min/
1.73m2 in T2DM patients.

Previously, several studies have observed increased VEGF-B
levels in DKD patients compared to healthy controls (10, 11).
Our study further proved that, not only in DKD patients, just in
T2DM population (only 28 of 213 T2DM patients fit the
diagnostic criteria of DKD), a significantly rising level of serum
TABLE 2 | Medicine usage of T2DM patients recruited.

Use of medications eGFR<90 mL/min/1.73m2 eGFR≥ 90 mL/min/1.73m2 p-value
(n = 112) (n = 101)

Metformin, % 46.08% 44.55% 0.296
Sulfonylureas, % 27.45% 27.72% 0.167
Pioglitazone, % 5.88% 5.94% 0.551
Glucosidase inhibitors, % 24.51% 24.75% 0.440
GLP1rA, % 2.94% 2.97% 0.898
DPP4 inhibitors, % 25.49% 24.75% 0.115
SGLT2i, % 11.76% 11.88% 0.741
Statins, % 23.53% 23.76% 0.077
Insulin, % 65.69% 65.35% 0.911
ACEI/ARB, % 27.45% 27.72% 0.129
Beta-blockers, % 36.61% 19.80% 0.007*
CCB, % 35.71% 22.77% 0.039*
Diuretics, % 3.92% 3.96% 0.095
March 2022 | Volume 13 | Article
GLP1rA, glucagon-like peptide 1 receptor agonists; SGLT2i, sodium-glucose co-transporter 2 inhibitors; CCB, Calcium Channel Blockers.
*Significance, p < 0.05.
TABLE 1 | Anthropometric characteristics, clinical characteristics and VEGF-B levels.

Characteristic eGFR<90 mL/min/1.73m2(n = 112) eGFR≥ 90 mL/min/1.73m2(n = 101) p-value

Female, n (%) 39 (34.82) 36 (35.64) 0.090c

Age (years) 66.00 (57.25, 72.00) 53.00 (46.00, 58.50) <0.001b*
Smoking, n (%) 25 (22.32) 22 (21.78) 0.925c

Drinking, n (%) 12 (10.71) 20 (19.80) 0.064c
△Diabetes duration (years) 0.99 ± 2.06 1.77 ± 1.86 0.004a*
BMI (kg/m2) 25.16 ± 3.23 25.42 ± 3.71 0.590a
△Systolic pressure (mmHg) 4.88 ± 0.13 4.91 ± 0.14 0.236a

Diastolic pressure (mmHg) 75.46 ± 10.35 79.96 ± 11.60 0.003a*
△FBG (mmol/L) 1.93 ± 0.35 1.91 ± 0.37 0.692a
△HbA1c (%) 2.17 ± 0.25 2.16 ± 0.26 0.670a
△HOMA-IR 1.11 ± 0.80 1.20 ± 0.86 0.424a
△Triglyceride (mmol/L) 0.55 ± 0.64 0.57 ± 0.61 0.281a
△Total cholesterol (mmol/L) 1.50 ± 0.24 1.47 ± 0.26 0.916a
△HDL-C (mmol/L) 0.16 ± 0.24 0.13 ± 0.27 0.262a
△LDL-C (mmol/L) 1.02 ± 0.32 1.00 ± 0.37 0.544a
△Serum creatinine (umol/L) 4.03 ± 0.21 4.33 ± 0.33 <0.001a*
△Blood urea nitrogen (mmol/L) 1.68 ± 0.27 1.88 ± 0.33 <0.001a*
△Cystatin C (mg/L) -0.21 ± 0.13 0.20 ± 0.25 <0.001a*
△UACR (mg/g) 2.36 ± 1.22 2.94 ± 1.88 0.005a*
△UTP (mg/24h) 4.21 ± 0.98 4.43 ± 1.44 0.465a
△eGFR (mL/min/1.73m2) 4.66 ± 0.10 4.22 ± 0.34 <0.001a*
△Serum VEGF-B (pg/mL) 4.80 ± 0.77 5.16 ± 0.84 0.002a*
BMI, body mass index; FBG, fasting blood-glucose; HDL-C, high density lipoprotein; LDL-C, low density lipoprotein; UACR, urine albumin-to-creatinine ratio; UTP, 24-hour urine total
protein; eGFR, estimated glomerular filtration rate.
△Log-transformed before analysis.
*Significance, p < 0.05.
aStudent’s t-test.
bMann-Whitney U test.
cChisquared test.
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VEGF-B could be marked. This may provide evidence for the
hypothesis that VEGF-B might be a cause for T2DM-related
renal function impairment rather than a result. A genome-wide
association study demonstrated that the up-regulation of vegf-b
is related to chronic kidney disease, T2DM, hypertension and
hyperlipidemia (15). In animal models of diabetes, VEGF-B
increment was found in various type of cells, such as choroidal
cells and podocytes (10, 16). Furthermore, vegf-b overexpression
impaired whereas vegf-b knockout rescued the insulin sensitivity
and blood lipid profile of gene-edited mouse models (7, 17).
Hence, we can assume that VEGF-B may be a future drug target
of T2DM and the complications related with huge potential. In
addition, a cross-sectional study involving 45 patients with newly
Frontiers in Endocrinology | www.frontiersin.org 577
diagnosed T2DM also showed an elevation of circulating VEGF-
B level in newly diagnosed T2DM patients compared with
healthy subjects, and the study exhibited a significantly
correlation between circulating VEGF-B and markers of
glucose metabolism as well (18). However, in our study, no
significant correlation between serum VEGF-B and FBP nor
HOMA-IR was observed, which may on account of the anti-
diabetic drug usage. We will further expand the sample size and
refine the groups to see if more evidence could be provided.

By correlation analysis, we also demonstrated that serum
VEGF-B in T2DM patients was correlated with triglyceride and
HDL-C, besides renal function markers. Consistent with our
findings, Ye etc. found that circulating VEGF-B level was
A B C

FIGURE 2 | Scatter diagrams showing the significant partial correlations between serum VEGF-B levels and renal function indicators in T2DM patients after adjusting
for gender, age, smoking history, drinking history, diabetes duration and BMI. (A) The serum VEGF-B level was positively correlated with Cystatin C (r=0.245,
p < 0.001); (B) The serum VEGF-B level was positively correlated with Scr (r=0.150, p=0.031); (C) The serum VEGF-B level was negatively correlated with eGFR (r=-
0.205, p=0.003). All data was log-transformed before analysis.
TABLE 3 | The correlation of serum VEGF-B (log-transformed) with clinical indicators in T2DM patients.

Serum VEGF-B level

r p-value

Gender 0.013 0.853a

Age 0.070 0.308b

Smoking -0.080 0.248a

Drinking -0.003 0.962a
△Diabetes duration 0.130 0.059a

BMI 0.000 0.994a
△Systolic pressure 0.019 0.790c

Diastolic pressure 0.056 0.422c
△FBG 0.098 0.160c
△HbA1c 0.056 0.420c
△HOMA-IR 0.050 0.472c
△Triglyceride 0.172 0.013c*
△Total cholesterol 0.062 0.371c
△HDL-C -0.138 0.047c*
△LDL-C 0.121 0.083c
△Serum creatinine 0.150 0.031c*
△Blood urea nitrogen 0.026 0.713c
△Cystatin C 0.245 <0.001c*
△UACR 0.025 0.721c
△UTP -0.030 0.668c
△eGFR -0.205 0.003c*
March 2022 | Volume 13 | Art
BMI, body mass index; FBG, fasting blood-glucose; HDL-C, high density lipoprotein; LDL-C, low density lipoprotein; UACR, urine albumin-to-creatinine ratio; UTP, 24-hour urine total
protein; eGFR, estimated glomerular filtration rate.
△Log-transformed before analysis.
*Significance, p < 0.05.
aPearson correlation.
bSpearman correlation.
cPartial correlation analysis adjusted for gender, age, smoking history, drinking history, diabetes duration and BMI.
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positively correlated with HDL-C and negatively correlated with
eGFR in patients with non-alcoholic fatty liver disease (19).
Disorder of lipid metabolism is an acknowledged contributor of
diabetes-related renal function impairment (20). It has been
proven that VEGF-B could destroy glomerular filtration barrier
by inducing ectopic lipid deposition in podocyte, and VEGF-B
antibody injection prevented renal lipotoxicity and further
improved the renal function of db/db mice (10). Our results
confirmed that serum VEGF-B is positively correlated with
triglyceride and HDL-C while negatively correlated with eGFR,
which supports the point that VEGF-B affects renal function of
T2DM patients at least partially via regulating lipid metabolism.

It is well known that the classic characteristics of DKD are
descending GFR and progressing albuminuria. However,
epidemiological investigation exhibits a gradually increasing
incidence rate of chronic kidney disease with normoalbuminuria
in diabetic patients, especially type 2 diabetes, and the disease was
recently referred to as normoalbuminuric diabetic kidney disease
(NADKD) (21). Our data also showed that after grouping T2DM
patients by eGFR, no difference could be seen in UTP between
eGFR≥ 90 mL/min/1.73m2 group and eGFR<90 mL/min/1.73m2

group (the slight decline of UACR in eGFR<90 mL/min/1.73m2

group may depend on the increase of creatinine). This could be
partially explained by the limited sample size, but also, the
phenomenon was consistent with the epidemic of NADKD in
T2DM. Moreover, traditionally, albuminuria and diabetic
retinopathy are important components of early DKD prediction
and diagnosis. But increasing studies point out that substantial
Frontiers in Endocrinology | www.frontiersin.org 678
numbers of T2DM patients with DKD do not have retinopathy
nor abnormal albuminuria, and normoalbuminuria T2DM
patients with low GFR (<60 mL/min/1.73m2) are more likely to
show diffuse lesions, nodular lesions, tubulointerstitial lesions or
vascular lesions compared to those with preserved GFR (≥60 mL/
min/1.73m2) (22, 23). And as such, more sensitive indicators are
urgently needed for early diagnosis and intervention of DKD. In
our research, we found that serum VEGF-B level in T2DM
patients was positively correlated with SCr and CysC, while
negatively correlated with eGFR and is an independent
predictor of eGFR<90 mL/min/1.73m2. Interestingly, no
significant correlation between serum VEGF-B and UTP nor
UACR was observed, which suggested that the relationship
between serum VEGF-B level and renal function impairment in
T2DM patients was independent of albuminuria, and the VEGF-B
up regulation is likely to be a newmechanism underlying NADKD
in T2DM patients.

Overall, in this study, we demonstrated that T2DM patients
exhibited an elevated serum VEGF-B level, which was associated
with renal function impairment. The increased serum VEGF-B
level was an independent risk factor of eGFR<90 mL/min/1.73m2

in patients with type 2 diabetes and it was irrelevant to
albuminuria. However, certain limitations of this study should
be noted. Firstly, owing to the difficulty in obtaining renal
samples from T2DM patients, VEGF-B levels in serum were
tested only, thus we are unable to trace the accurate source of the
increasing VEGF-B. Secondly, the persuasion as well as the
reproducibility of our findings might be blunted by the limited
FIGURE 3 | Serum VEGF-B level is an independent risk factor for eGFR<90 mL/min/1.73m2. As shown in the forest plots, binary logistic regression demonstrated
that serum VEGF-B level and age are independent risk factors for eGFR<90 mL/min/1.73m2. *Significance, p<0.05. △Log-transformed before analysis.
TABLE 4 | Risk factors of eGFR<90 mL/min/1.73m2 (Binary logistic regression).

Variables B SE Wald p-value OR 95% CI

△VEGF-B 0.619 0.202 9.376 0.002* 1.858 1.250 2.762
Age 0.121 0.021 32.468 <0.001* 1.129 1.083 1.177
Diabetes duration -0.025 0.181 0.019 0.891 0.975 0.684 1.392
△UACR 0.188 0.119 2.499 0.114 1.207 0.956 1.524
△Diastolic pressure -0.015 0.016 0.837 0.360 0.985 0.954 1.017
March 2022 |
 Volume 13 | Article 8
Reference category: IC negative.
OR, odds ratio; CI, confidence interval for the odds ratio.
△Log-transformed before analysis.
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sample size. Current chronic kidney disease nomenclature used
by KDIGO is based on eGFR (G1-G5) along with albuminuria
(A1-A3), but most of our cases were restricted at G1 and G2
stage, which made it far too difficult to further stage the patients
by KDIGO standard. 90 mL/min/1.73m2 is an eGFR cutoff value
widely accepted by guidelines (13, 24). eGFR<90 mL/min/1.73m2

usually indicates renal function impairment. By dividing T2DM
patients into eGFR≥ 90 mL/min/1.73m2 group and eGFR<90 mL/
min/1.73m2 group, we found a strong link between serumVEGF-B
level and renal function impairment in T2DM patients. However,
we will further expand the sample size in the future to explore the
role of serum VEGF-B level in different stages of DKD. Lastly, as a
cross-sectional research, this study was constrained in inferring
causal relationships, and usage of medications was unavoidable in
patients recruited. Although Chisquared test showed no significant
differences in the usage of RAS inhibitors, SGLT2 inhibitors and
statins between eGFR≥ 90 mL/min/1.73m2 group and eGFR<90
mL/min/1.73m2 group, which sharpens our observations, future
studies designed in cohorts are still required to confirm the findings
and to determine the role of VEGF-B in DKD pathology as well as
whether serum VEGF-B level could be used for early prediction of
DKD or NADKD.
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Serum Cystatin C Trajectory
Is a Marker Associated With
Diabetic Kidney Disease
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1 Endocrinology Department, Shengjing Hospital of China Medical University, Shenyang, China, 2 Department of Health
Management, Shengjing Hospital of China Medical University, Shenyang, China

Objective: To explore the association of the trajectory of serum Cystatin C (Cysc) with
diabetic kidney disease (DKD), a retrospective cohort study of Chinese subjects was
carried out.

Method: A review of 2,928 diabetes mellitus (DM) patients admitted to the clinic and ward
of the Endocrinology Department, Shengjing Hospital of China Medical University from
January 1, 2014 to December 31, 2014 was performed. Subsequent visits to the hospital
were followed until December 31, 2020. The primary endpoint was the incidence of DKD
as diagnosed by urinary albumin/creatinine ratio ≥30 mg/g and/or estimated glomerular
filtration rate <60 ml/min per 1.73 m2. Healthy control subjects were identified from a
health checkup database in Shengjing Hospital from 2016 to 2019. The latent class
growth mixed modeling (LCGMM) method was used to analyze latent classes of serum
Cysc in healthy and DM subjects. Finally, the hazard ratios (HRs) of latent classes of Cysc
in DM subjects were analyzed by Cox regression analysis.

Results: A total of 805 type 2 diabetes mellitus (T2DM) and 349 healthy subjects were
included in the trial. The HRs of quartiles of baseline Cysc in T2DM subjects were 7.15
[95% confidence interval (CI), 2.79 to 25.57], 2.30 (95% CI, 1.25 to 4.24), and 2.05 (95%
CI, 1.14 to 3.70), respectively, for quartile 4 (Q4), Q3, and Q2 when compared with Q1.
Through LCGMM, a 1-class linear model was selected for the Cysc latent class in healthy
subjects. In contrast, a 3-class linear model was selected for that in DM subjects. The
slopes of the three latent classes in T2DM subjects were larger than the slope in healthy
subjects. The HRs of incident DKD were 3.43 (95% CI, 1.93 to 6.11) for the high-
increasing class and 1.80 (95% CI, 1.17 to 2.77) for the middle-increasing class after
adjusting for confounding variables.

Conclusions: Patients with T2DM had a higher velocity of increase in Cysc than healthy
subjects. Patients with high baseline Cysc values and high latent increasing velocity of
Cysc had a higher risk of developing DKD in later life. More attention should be paid to
patients with these high-risk factors.
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INTRODUCTION

Diabetic kidney disease (DKD) is one of the major chronic
microvascular complications in diabetes mellitus (DM) and a
main cause of end-stage renal disease (ESRD). It accounts for
almost half of all incident cases of ESRD in DKD patients (1).
Chronic kidney disease caused by DM is defined by a persistent
estimated glomerular filtration rate (eGFR) of <60 ml/min per 1.73
m2 or a urinary albumin/creatinine ratio (UACR) of >30 mg/g for
more than 3 months (2). Repeated assessment of UACR in two to
three samples together with the eGFR is regarded as the best
standard screening for DKD (3). However, recent studies show
that DKD can occur without increased albuminuria. The Diabetes
Control and Complications Trial (DCCT)/Epidemiology of
Diabetes Interventions and Complications (EDIC) study
demonstrated that 24% of new-onset DKD patients with type 1
diabetes mellitus (T1DM) progressed to eGFR < 60ml/min per 1.73
m2 but had albumin excretion rates < 30 mg/24 h at all prior
evaluations (4). This indicates that the current standard screening of
albuminuria may miss some DKD patients. Moreover, in most
cases, decreased eGFR is not an earlier biomarker than proteinuria
in the early diagnosis of DKD. Therefore, neither albuminuria nor
eGFR is an early sensitive marker of DKD. Because of the severity
and heavy burden of DKD, early diagnosis is a crucial topic in the
prevention and treatment of DM. Therefore, a new biomarker for
early diagnosis of DKD is necessary.

Cystatin C (Cysc) is a low-molecular-weight protein (13 kDa)
(5) and is a member of the cystatin superfamily of cysteine
proteinase inhibitors. It is produced by all nucleated cells at a
constant rate (6). Recently, several studies showed that serum Cysc
is a better marker of declining GFR in DM patients than serum
creatinine (Scr) (7). Most of the evidence came from cross-sectional
studies demonstrating that serum Cysc levels in DKD patients were
significantly higher when compared to those in DM cases without
DKD (8–10). The elevation of Cysc was correlated with decreased
GFR and elevated UACR (11, 12), and serumCysc performed better
compared with Scr and albuminuria in detecting mild diabetic
nephropathy (13, 14). In addition, equations using Cysc to calculate
eGFR were better than equations using creatinine at predicting the
mild stage of chronic kidney disease for DM patients (15–17),
indicating that Cysc may be a potential biomarker for early
diagnosis of DKD (18). Limited short-term longitudinal analysis
demonstrated that Cys-eGFR equations predict GFR changes better
in 2 years (19), and serum Cysc correlates with renal function
decline in T1DM in 1 year (20). Meanwhile, some investigations
held opposite views. A study by Iliadis et al. in 488 type 2 diabetes
mellitus (T2DM) patients in Greece showed that eGFRcys did not
provide better GFR estimation than eGFRcre (21). Another study by
Oddoze et al. showed that serum Cysc is not better than Scr for
estimating GFR in patients with steady-state diabetes using ROC
curves (22). Nevertheless, Cysc is a promising new biomarker for
diagnosis of DKD. Until now, large, long-term longitudinal studies
monitoring Cysc in the incidence of DKD have not been performed.
In particular, the dynamic changes of Cysc in healthy and DM
subjects throughout their lifetime are overlooked.

In this study, we included 805 T2DM subjects without DKD
at baseline, and followed them for 6 years, analyzing the
Frontiers in Endocrinology | www.frontiersin.org 282
trajectory of Cysc increase and its association with the
incidence of DKD. We also compared the velocity of increase
of Cysc in healthy and T2DM subjects in their lifetime. To our
knowledge, this is the first investigation to compare the latent
trajectory of serum Cysc in healthy and T2DM subjects by latent
class growth mixed modeling (LCGMM) with a long follow-up,
and provide a new insight into the association of Cysc trajectory
with an incidence of DKD.
MATERIALS AND METHODS

Subjects
We reviewed 2,928 DM patients admitted to the clinic and ward
of the Endocrinology Department, Shengjing Hospital of China
Medical University from January 1, 2014 to December 31, 2014.
Subsequent visits to the clinic and ward in the hospital were
followed until December 31, 2020. All the patients came from
four provinces of China, including Liaoning, Jilin, Heilongjiang,
and Neimenggu.

Subjects with T2DM, aged 18–70 years, were included in the
study. The exclusion criteria were as follows: T1DM, baseline
UACR ≥30 mg/g, baseline eGFR <60 ml/min per 1.73 m2, a
diagnosis of DKD in the hospital information system (HIS)
record at baseline, severe liver dysfunction, history of
malignancy, hyperthyroidism, hypothyroidism, pregnancy,
missing data for UACR, Cysc or Scr, less than 3 visits, or
missing endpoint data in 2019–2020. Subjects’ data after
diagnosis of DKD were excluded from the analyses.

Healthy subjects were collected from a health checkup
database in Shengjing Hospital. In this project, subjects
received health checkups every year from 2016 to 2019. We
collected Cysc data of subjects from 2016 to 2019 and excluded
subjects with diagnosed or new-onset pre-diabetes, DM,
hypertension, thyroid disease, malignancy, pregnancy, other
diagnosed diseases, or less than 3 visits.

All studies were approved by the Ethical Review Committee
of Shengjing Hospital of China Medical University (No.
2019PS089J for health checkup trial and No. 2021PS755K for
DKD trial) and conducted in accordance with the guidelines of
the Declaration of Helsinki. Written informed consent was
obtained from each participant.
Data Collection
Data were collected for age, height, systolic and diastolic blood
pressure (SBp and DBp, respectively), and biochemical indices
including serum Cysc, UACR, HbA1c, fasting plasma glucose
(FPG), serum lipid, liver function, and kidney function. Present
history, previous history, personal history, and family history
were collected from the HIS.

Serum Cysc was measured by latex-enhanced immunoturbidimetric
assay (Beijing Strong Biotechnologies, Inc., Beijing, China).
Serum and urine creatinine were determined using an
enzymatic method (Kyowa Medex Co., Ltd, Tokyo, Japan).
Urea microalbumin was detected by immunoturbidimetric
assay (Beckman Coulter, Inc., CA, USA). The eGFR was
May 2022 | Volume 13 | Article 824279
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calculated according to CKD-EPI under the advice of ADA2021
(23). The following equations were used (24):

Scr (mg/dl) Equation (ml/min per 1.73 m2)

Female ≤0.7 144 × (Scr/0.7)−0.329 × 0.993age

>0.7 144 × (Scr/0.7)−1.209 × 0.993age

Male ≤0.9 141 × (Scr/0.9)−0.411 × 0.993age

>0.9 141 × (Scr/0.9)−1.209 × 0.993age
Frontiers in Endocrinol
ogy | www.frontiersin.org
Definitions
In the study, patients with symptoms of diabetes and either a
random blood glucose ≥11.1 mmol/L, a fasting blood glucose
(FBG) ≥7 mmol/L, or a 2-h blood glucose (BG) ≥11.1 mmol/L
following an oral glucose tolerance test (OGTT) (based on 1999
World Health Organization standards for T2DM), or those who
were using glucose-lowering drugs were considered to have T2DM.

DKD was diagnosed based on case history, clinical
manifestation, and laboratory examinations. Subjects with
UACR ≥300 mg/g and/or eGFR <60 ml/min per 1.73 m2 were
diagnosed with DKD. Patients with active urinary sediment,
rapid progression of albuminuria or nephrotic syndrome, rapidly
decreasing eGFR, or the absence of retinopathy were referred to
nephrologists for further diagnosis (23).

Statistical Analysis
Continuous data are presented as mean ± standard deviation
(SD) or means with 95% confidence intervals (CIs) and
categorical variables as frequencies. Age and DM durations
across different groups were assessed using Student’s t-test for
two groups and ANOVA for three groups. Differences between
other continuous variables were assessed by covariance analysis
adjusting by age and DM duration. The c2 test was used for
difference of gender between groups. Logistic analysis between
groups for other categorical variables was adopted, adjusting for
age and DM duration and gender. Time-dependent Cox
regression model was used to explore the hazard ratios (HRs)
and 95% CIs of quartiles of baseline Cysc and latent trajectory
classes for incident DKD, with Model 1 remaining unadjusted;
Model 2 adjusted for baseline age, gender, and DM duration; and
Model 3 adjusted for baseline age, gender, DM duration, smoker,
FPG, HbA1c, total cholesterol (TC), triglycerides (TG), urea, uric
acid (UA) and Scr. TG and urea were analyzed as time-
dependent variables in Model 3. All statistical analyses were
performed using the IBM SPSS Statistics 24 software (IBM Corp.,
Armonk, NY, USA). p < 0.05 was considered statistically
significant. Time-dependent Cox regression model was
conducted using R software (Version 4.0.3, survival package).

Estimations of latent class models were performed using the
lcmm package (version 1.9.2) in R (25). LCGMM consists in
assuming that the population is heterogeneous and composed of
G latent classes of subjects characterized by G mean profiles of
trajectories. Each subject belongs to one and only one latent class.
Cysc trajectories were assumed as functions of age in healthy
subjects and assumed as a function of DM duration adjusted for
age in T2DM subjects. For computation and interpretation
383
purposes, age and DM duration were replaced by age/100 and
duration/100. It made the interpretation of the intercepts easier
and reduced numerical problems due to very large ages and DM
durations in the models. During the model-fitting process, we
tested a series of class numbers from 1 to 5, and a series of linear,
quadratic, and cubic curves. LCGMM models with 2 or 5 classes
were performed several times with a series of random starting
values based on the 1-class model. The optimal numbers of
classes and curve shapes were determined using Bayesian
information criterion (BIC) and mean posterior probabilities as
the following criteria: BIC decreased at least 20, high mean
posterior class membership probabilities (>0.65), and high
mean posterior probabilities (>0.7) (26–28). Finally, according
to LCGMM parameters, a 1-class linear model was selected for
healthy subjects and a 3-class linear model was selected as the
best fit for T2DM subjects, and the final model was described as:

Cysc(healthy)ij = (υ0 + u0i) + υ1 + u1ið Þduration + ϵij

Cysc(DM)ij = (υ0g + u0ig) + (υ1g + u1ig)duration + ϵij

where Cysij is the outcome value at occasion j that is measured at
time tij of the individual “i”, υ = (υ 0g, υ 1g) is a vector of fixed-
effect parameters in the group “g”, u = (υ 0ig, u1ig) is a vector of
random-effect parameters of the individual “i” in the group “g”,
and eij is an unknown error term.

LCGMM computed fixed-effect parameters (for a class) and
random-effect parameters (for an individual). In each latent
class, the longitudinal Cysc outcome followed a linear mixed
model, including continuous time and intercept in the linear
model in the study, with class-specific fixed effects and correlated
random effects. Fixed effects represented class-specific mean-
predicted parameters. The random effect (Gaussian random
deviations) represented the differences between the class-
specific fixed effect and the observed values for each individual.
RESULTS

Relationship of Serum Cysc With eGFR
and UACR
We included 2,924 DM patients between January 1, 2014 and
December 31, 2014. At baseline, 1,979 subjects were excluded.
Among them, 449 were excluded due to age >70 years, 92 were
excluded based on diagnosis of T1DM, 206 were excluded due to
UACR ≥30 mg/g, 23 were excluded because of eGFR<60 ml/min
per 1.73 m2, 1,036 patients were excluded due to previously
diagnosed DKD, 2 were excluded due to severe liver dysfunction,
92 were excluded due to malignancy, 73 were excluded because of
missing indices, and 6 were excluded based on pregnancy. In the
follow-ups, 140 subjects were excluded. Among them, 93 subjects
with <3 visits were excluded, 2 were excluded because of pregnancy,
9 were excluded due to malignancy, 4 were excluded because of
other nephropathies, and 32 with missing endpoint data were
excluded. Finally, 805 subjects were included in the trial, with a
mean age of 52.1 ( ± 10.0) years; 459 were men (57.0%).
May 2022 | Volume 13 | Article 824279
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At the beginning, we computed the latent trajectory of eGFR
and UACR by serum Cysc using LCGMM in T2DM subjects,
respectively. According to parameters of BIC and mean posterior
probabilities, a 1-class quadratic model was selected as the best-
fit model for eGFR and a 1-class cubic model for UACR. As
shown in Figure S1, at 1.1 mg/L of serum Cysc, which is the
upper limit of normal reference value (usually, the upper limit of
reference is approximately 1.0–1.1 mg/L in different
laboratories), the corresponding eGFR and UACR were 98.9
ml/min per 1.73 m2 and 16.2 mg/g, respectively. It meant that the
increase in serum Cysc was earlier than the clinical diagnosis of
DKD by eGFR and UACR. Model parameters are presented in
Tables S1–S4 in the Supplementary Material.

Baseline and Follow-Up Characteristics of
Subjects by DKD Incidence
Then, in order to explore the association of Cysc with DKD
prevalence, we divided subjects with T2DM into non-DKD and
DKD groups by incidence of DKD in the years 2019–2020.
Table 1 presents the baseline characteristics of the DKD and
non-DKD groups. Subjects in the DKD group were older and
had longer DM duration. In the statistical analysis, covariance
analysis was used, adjusted for age and DM duration. At baseline,
subjects in the DKD group had higher levels of Cysc, UACR,
HbA1c, FPG, TC, TG, urea, and UA, and had a higher
proportion of smokers. In the follow-up analysis by incidence
of DKD, subjects in the DKD group had a higher Cysc, Scr, body
mass index (BMI), DBp, HbA1c, FPG, urea, and UA; a lower
eGFR; and a longer DM duration.

Hazard Ratios of Quartiles of Baseline
Serum Cysc
In the study, the subjects were first designated to 4 quartiles
according to baseline Cysc levels. Quartile 1 (Q1) ranged from
0.53 to 0.77 mg/L, Q2 ranged from 0.78 to 1.02 mg/L, Q3 ranged
from 1.03 to 1.27 mg/L, and Q4 was greater than 1.28 mg/L.
Next, the HRs of the quartiles of Cysc were analyzed for incident
DKD. As shown in Table 2, in Model 1, the HRs were 1.56 (95%
CI, 1.01 to 2.40), 2.35 (95% CI, 1.45 to 3.79), and 9.16 (95% CI,
3.70 to 22.65), respectively, for Q2, Q3, and Q4, when
unadjusted. After adjusting for baseline age, gender, and DM
duration in Model 2, the HRs were 1.44 (95% CI, 0.93 to 2.24),
1.92 (95% CI, 1.15 to 3.21), and 6.69 (95% CI, 2.65 to 16.87) for
Q2, Q3, and Q4, respectively. The Q4 quartile maintained an HR
of 7.15 (95% CI, 2.79 to 25.57) after adjusting for baseline age,
gender, DM duration, smoker, HbA1c, TC, TG, Urea, UA, and
AST in Model 3. The HRs for variables in Model 3 are listed in
Table S5. The analysis identified Cysc, age, DM duration,
HbA1c, UA, aspartate transaminase (AST), DBP, smoker, and
urea as risk factors for incidence of DKD.

Trajectory of Cysc in Healthy and
T2DM Subjects
Healthy subjects from the health checkup database from January
1, 2016 to December 31, 2019 were reviewed. A total of 5,365
subjects had their health checkups for the first time in 2016, and
Frontiers in Endocrinology | www.frontiersin.org 484
then came back for annual checkups, and were followed for 3
years until 2019. Subjects with diagnosed or new-onset pre-
diabetes, DM, hypertension, thyroid disease, malignancy,
pregnancy, and other diagnosed diseases and ≤3 visits were
excluded. Finally, 349 subjects (142 men, 50.7 ± 3.5 years)
were analyzed for trajectory of Cysc. After computing Cysc
trajectory by age, testing different classes from 1 to 3, and a
series of initial values, according to the parameters of BIC and
mean posterior probabilities, a one-class linear model was
selected as the best-fit model. As shown in Figure 1A, Cysc
values increase with age continually. Therefore, in the following
analysis, age is considered a confounding variable. Model
parameters are presented in Tables S6, S7 in the
Supplementary Material. Baseline characteristics of healthy
subjects are listed in Table S8.

Meanwhile, HCGMM was used to analyze the trajectory of
Cysc in DM patients. The trajectory of Cysc was computed by
DM durations and adjusted for the covariate of age. After testing
different classes from 1 to 5 and different initial values, according
to parameters of BIC and mean posterior probabilities, a 3-class
linear model was selected as the best-fit model for Cysc
trajectory. There were 55 subjects in the high-increasing class,
193 subjects in the middle-increasing class, and 557 subjects in
the low-increasing class. As shown in Figure 1B, the mean Cysc
in the high-increasing class initiated from 0.93 mg/L, with
corresponding values of 0.86 mg/L and 0.81 mg/L in the
middle- and low-increasing classes, respectively. Cysc in the
high-increasing class was increasing at a higher slope at all
time points than that in the middle- and low-increasing
classes. The slopes of all three classes of DM subjects were
higher than that of normal subjects. Model parameters for
Cysc in DM subjects are presented in Tables S9, S10 in the
Supplementary Material.

Baseline Characteristics of Latent Classes
of Cysc
Table 3 presents the baseline characteristics of 3 latent classes of
Cysc. Subjects in the high-increasing and middle-increasing
classes had a higher proportion of male subjects, increased age,
and shorter DM duration. Therefore, in the subsequent statistical
analysis, we used covariance analysis, adjusted by gender, age,
and DM duration. After analysis, at baseline, subjects in the
middle-increasing and high-increasing classes had higher BMI,
SBp, UACR, HbA1c, FPG, cholesterol, urea, uric acid, and Cysc,
and lower eGFR. In follow-up analysis by incidence of DKD,
subjects in the middle-increasing and high-increasing classes had
a higher proportion of incidence of DKD. The baseline and
follow-up characteristics of sub-classes by incidence of DKD are
listed in Table S11.

HRs of Latent Classes of Cysc
Finally, we used Cox regression to analyze the HRs for DKD
incidence in each latent trajectory class of Cysc. As shown in
Table 4, in Model 1, the HRs in the high-increasing class and
middle-increasing class were 1.45 (95% CI, 0.87 to 2.403) and
1.44 (95% CI, 1.06 to 1.98), respectively, when unadjusted.
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After adjusting for baseline age, gender, and DM duration in
Model 2, the HRs in the high-increasing and low-increasing
classes were 2.12 (95% CI, 1.22 to 3.68) and 1.70 (95% CI, 1.18 to
2.44), respectively. In Model 3, the HRs maintained a significance
Frontiers in Endocrinology | www.frontiersin.org 585
of 3.43 (95% CI, 1.93 to 6.11) for the high-increasing and 1.80
(95% CI, 1.17 to 2.77) for the middle-increasing class after
adjusting for baseline age, gender, DM duration, smoker,
HbA1c, TC, TG, urea, UA, and AST.
TABLE 1 | Baseline and follow-up characteristics by incidence of DKD.

Non-DKD DKD p

Baseline
N (805) 609 196
Male [% (n)] 55.8 (340) 60.7 (119) 0.23
Age (years) 51.6 (10.0) 53.8 (9.7) 0.005
Duration (years) 6.7 (6.0) 9.4 (6.1) <0.001
BMI (kg/m2) 25.5 (25.2, 25.8) 25.9 (25.3, 26.4) 0.24
SBP (mmHg) 127.6 (126.3, 129.0) 129.6 (127.2, 132.0) 0.167
DBP (mmHg) 81.6 (80.7, 82.5) 83.2 (81.6, 84.8) 0.101
Family history [Yes, % (n)] 41.4 (252) 40.3 (79) 0.791
Smoker [Yes, % (n)] 17.4 (106) 28.1 (55) 0.001
Drinker [Yes, % (n)] 11.0 (67) 13.3 (26) 0.389
HBP [Yes, % n)] 36.5 (222) 41.3 (81) 0.979
CHD [Yes, % (n)] 11.3 (69) 15.8 (31) 0.995
INFAR [Yes, % (n)] 4.6 (28) 4.6 (9) 0.674
UACR (mg/g) 8.7 (8.1, 9.2) 13.6 (12.6, 14.6) <0.001
HbA1c (%) 8.1 (7.9, 8.2) 9.1 (8.8, 9.4) <0.001
FPG (mmol/L) 8.8 (8.5, 9.0) 10.0 (9.6, 10.4) <0.001
TC (mmol/L) 4.76 (4.69, 4.84) 4.94 (4.80, 5.08) 0.037
TG (mmol/L) 2.53 (2.28, 2.77) 3.21 (2.78, 3.63) 0.007
HDL (mmol/L) 1.07 (1.04, 1.09) 1.04 (1.00, 1.08) 0.281
LDL (mmol/L) 2.95 (2.88, 3.02) 2.95 (2.83, 3.07) 0.981
Urea (mmol/L) 5.3 (5.1, 5.4) 5.7 (5.5, 5.9) 0.001
UA (mmol/L) 304.4 (298.1, 310.8) 323.4 (311.8, 336.0) 0.005
Scr (mmol/L) 60.7 (59.6, 61.7) 62.7 (60.8, 64.5) 0.078
CysC (mg/L) 0.90 (0.89, 0.91) 0.94 (0.92, 0.96) <0.001
eGFR (ml/min per 1.73 m2) 105.3 (104.6, 106.0) 104.2 (102.9, 105.4) 0.135
Alb (g/L) 42.7 (42.5, 43.0) 43.6 (43.1, 44.0) 0.004
AST (U/L) 20.0 (18.4, 21.5) 23.3 (20.6, 26.1) 0.04
ALT (U/L) 25.5 (24.2, 26.9) 27.1 (24.7, 29.5) 0.267
Follow-up
Follow-up time (years) 5.1 (1.4) 4.2 (1.8) <0.001
Age (years) 56.8 (9.7) 57.2 (10.9) 0.200
Duration (years) 11.8 (6.1) 13.5 (6.3) 0.001
BMI (kg/m2) 24.7 (24.4, 25.0) 26.6 (26.0, 27.2) <0.001
SBP (mmHg) 131.8 (130.0, 133.6) 133.7 (130.3, 137.0) 0.336
DBP (mmHg) 77.9 (76.9, 79.0) 82.5 (80.5, 84.4) <0.001
UACR (mg/g) 10.5 (8.5, 12.4) 51.9 (48.5, 55.3) <0.001
HbA1c (%) 7.8 (7.7, 8.0) 8.5 (8.2, 8.7) <0.001
FPG (mmol/L) 8.0 (7.7, 8.2) 9.3 (8.8, 9.8) <0.001
TC (mmol/L) 4.60 (4.51, 4.68) 4.65 (4.51, 4.80) 0.507
TG (mmol/L) 2.13 (1.98, 2.28) 2.38 (2.11, 2.65) 0.117
HDL (mmol/L) 1.10 (1.07, 1.12) 1.11 (1.07, 1.16) 0.533
LDL (mmol/L) 2.77 (2.71, 2.83) 2.77 (2.66, 2.88) 0.0945
Urea (mmol/L) 5.18 (5.07, 5.29) 5.66 (5.47, 5.85) <0.001
UA (mmol/L) 320.0 (312.7, 327.2) 350.1 (337.0, 363.3) <0.001
Scr (mmol/L) 61.7 (60.6, 62.9) 64.5 (62.4, 66.6) 0.026
CysC (mg/L) 0.90 (0.89, 0.91) 0.95 (0.93, 0.97) <0.001
eGFR (ml/min per 1.73 m2) 100.7 (99.7, 101.7) 99.2 (97.5, 101.0) 0.040
Alb (g/L) 41.6 (41.4, 41.9) 43.4 (42.9, 43.9) <0.001
AST (U/L) 19.7 (19.1, 20.4) 19.5 (18.3, 20.6) 0.709
ALT (U/L) 24.0 (22.8, 25.2) 22.5 (20.4, 24.6) 0.235
May 2022 | Volume 13 | Article
Variables are presented as means (SD), n (%), or means (95% confidence interval) (after covariate analysis).
DKD, diabetic kidney disease; Non-DKD, non-diabetic kidney disease; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; HBP, high blood pressure;
CHD, coronary heart disease; INFAR, cerebral infarction; UACR, urine albumin/creatinine ratio; HbA1c, glycosylated hemoglobin A-1c; FPG, fasting plasma glucose; TC, total cholesterol;
TG, triglyceride; HDL, high-density lipoprotein; LDL, low-density lipoprotein; Scr, serum creatinine; UA, uric acid; Cysc, cystatin C; eGFR, estimated glomerular filtration rate; Alb, albumin;
AST, aspartate transaminase; ALT, alanine aminotransferase.
eGFR was calculated as the formula for CKD-EPI 2009.
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DISCUSSION

Previous studies have demonstrated that Cysc is an earlier
marker than eGFR and UACR associated with a DKD
incident. However, a large, longer-duration longitudinal study
was needed to further observe the predictive effect of Cysc for
DKD. In this study, 805 subjects were included and observed for
5–6 years. The Cysc effect on incidence of DKD was explored
from two aspects. At baseline, subjects were segregated into 4
quartiles according to the baseline Cysc values. An HR of 7.15
(95% CI, 2.79 to 25.57) was determined for Q4 when compared
with Q1. Subsequently, the Cysc trajectory was analyzed by
LCGMM into 3 latent classes. The high-increasing class of
Cysc had an HR of 3.43 (95% CI, 1.93 to 6.11) when
compared with the low-increasing class. To our knowledge,
this is the first large, long-duration longitudinal cohort study
on Cysc in DKD, particularly by the latent class analysis of Cysc
by LCGMM.

Because of the heavy burden of DKD to patients and society,
how to prevent and alleviate DKD is a crucial problem at present.
How to discover kidney damage in the early stage is one of the
topics. In our study, we computed the dynamic changes of eGFR
Frontiers in Endocrinology | www.frontiersin.org 686
and UACR with Cysc, and we observed that when the Cysc was
already higher than the normal reference, the eGFR and UACR
had not met the diagnosis standard of DKD. The following
analysis demonstrated that Cysc was associated with the
prevalence of DKD. Hence, Cysc is an earlier biomarker than
eGFR and UACR associated with future prevalence of DKD. It
can help clinical experts to monitor kidney damage in the early
stage of DKD to adopt advanced strategies, such as better glucose
control, usage of sodium-dependent glucose transporter
inhibitors, angiotensin-converting enzyme inhibitors, or
administration of uric acid. Cysc offers an alternative to
indicate DKD earlier than eGFR and UACR.

In the study, the trajectory of serum Cysc with age was
established, and serum Cysc was found to increase with age in
normal subjects. There was a slight increase in the velocity of
Cysc in normal subjects throughout life (0.46 mg/L per 100
years). This is in accord with previous studies. A study by
Norlund et al. found that there were no gender differences for
plasma and serum Cysc, whereas an increase in the Cysc levels
with age was noted. Reference intervals for serum Cysc in healthy
subjects of 0.70–1.21 mg/L for 20–50 years of age and 0.84–1.55
mg/L for over 50 years of age were recommended for practical
TABLE 2 | Cox regression results of incidence of DKD for quartiles of baseline serum Cysc.

Quartiles of Cysc (mg/L) Model 1 Model 2 Model 3
HR (95% CI) p-value HR (95% CI) p-value HR (95% CI) p-value

Q1 (≤0.77) Reference Reference Reference
Q2 (0.78–1.02) 1.56 (1.01, 2.40) 0.047 1.44 (0.93, 2.24) 0.103 2.05 (1.14, 3.70) 0.017
Q3 (1.03–1.27) 2.35 (1.45, 3.79) <0.001 1.92 (1.15, 3.21) 0.013 2.30 (1.25, 4.24) 0.008
Q4 (≥1.28) 9.16 (3.70, 22.65) <0.001 6.69 (2.65, 16.87) <0.001 7.15 (2.79, 25.57) <0.001
May
 2022 | Volume 13 | Article
Model 1, unadjusted by other variables.
Model 2, adjusted for baseline age, gender, and DM duration.
Model 3, adjusted for baseline age, gender, DM duration, smoker, HbA1c, TC, TG, urea, UA and AST. TG and urea are time-dependent covariances.
HR, hazard ratio; 95% CI, 95% confidence interval.
A B

FIGURE 1 | Class-specific mean predicted trajectory of serum cystatin C for healthy subjects (A) and T2DM patients (B). A one-class linear model was selected
for healthy subjects by age (A), and a three-class linear model was selected for T2DM patients by DM duration as the best-fit models, adjusted for the covariate
of age (B).
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clinical use (29). An investigation by Finney et al. showed that
there were slight differences between genders, so a single
reference interval was recommended for each gender. An
increase in serum Cysc with age was also observed, and the
mean 95% reference interval for those under 50 years of age was
0.53–0.92 mg/L, and for those over 50 years of age, it was 0.58–
1.02 mg/L (30). In this study, we analyzed computed Cysc
trajectory with age by LCGMM and calculated the velocity of
serum Cysc increase by modeling. These findings provide novel
insights into the understanding of increasing Cysc with age.
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Another important finding in the study is that the increasing
velocity of serum Cysc in T2DM subjects with age was faster than
that in normal subjects. In T2DM subjects, the slope of Cysc was
0.92, 2.08, and 4.39 mg/L per 100 years for the low-increasing,
middle-increasing, and high-increasing classes, respectively. The
slopes in all three classes for T2DM subjects were higher than the
corresponding slope of 0.46 mg/L per 100 years in normal
subjects . In previous studies , some cross-sectional
investigations showed that serum Cysc was elevated in DM
patients over normal controls (31, 32). However, previous
TABLE 3 | Baseline characteristics by serum Cysc latent classes.

Low-increasing Middle-increasing High-increasing p

Baseline
N (805) 557 193 55
Male [% (n)] 54.8 (305) 58.5 (113) 74.5 (41) 0.016
Age (years) 49.6 (10.0) 58.6 (6.4) 55.2 (8.9) <0.001
Duration (years) 7.8 (6.6) 6.8 (4.8) 4.0 (3.9) <0.001
BMI (kg/m2) 25.1 (24.8, 25.5) 26.4 (25.8, 27.0) 26.4 (25.3, 27.4) 0.002
SBp (mmHg) 129.7 (128.2, 131.1) 123.9 (121.2, 126.5) 131.1 (126.3, 135.6) <0.001
DBp (mmHg) 82.5 (81.5, 83.4) 80.5 (78.7, 82.3) 82.7 (79.6, 85.8) 0.15
DM Family history [Yes, % (n)] 41.5 (231) 43.0 (83) 30.9 (17) 0.262
Smoker [Yes, % (n)] 17.1 (95) 25.9 (50) 29.1 (16) 0.007
Drinker [Yes, % (n)] 10.8 (60) 14.0 (27) 10.9 (6) 0.478
HBP [Yes, % (n)] 37.9 (211) 35.2 (68) 43.6 (24) 0.514
CHD [Yes, % (n)] 12.4 (69) 11.4 (22) 14.5 (9) 0.615
INFAR [Yes, % (n)] 4.3 (24) 6.7 (13) 0 (0) 0.092
UACR (mg/g) 9.6 (9.0, 10.3) 11.5 (10.4, 12.6) 7.7 (5.7, 9.7) 0.001
HbA1c (%) 8.1 (8.0, 8.3) 9.0 (8.6, 9.3) 8.3 (7.7, 8.9) <0.001
FPG (mmol/L) 8.9 (8.6, 9.1) 9.8 (9.4, 10.3) 8.9 (8.1, 9.7) 0.001
TC (mmol/L) 4.74 (4.66, 4.83) 5.12 (4.96, 5.27) 4.78 (4.50, 5.06) <0.001
TG (mmol/L) 2.51 (2.25, 2.77) 2.90 (2.43, 3.37) 3.31 (2.45, 4.17) 0.15
HDL (mmol/L) 1.09 (1.06, 1.11) 1.06 (1.01, 1.11) 0.97 (0.88, 1.05) 0.031
LDL (mmol/L) 2.93 (2.96, 3.00) 3.16 (3.03, 3.29) 2.76 (2.52, 3.00) 0.001
Urea (mmol/L) 5.1 (5.0, 5.3) 5.8 (5.6, 6.0) 5.4 (5.0, 5.8) <0.001
UA (mmol/L) 292.2 (285.9, 298.5) 325.0 (313.9, 336.1) 396.8 (375.4, 418.2) <0.001
Scr (mmol/L) 57.7 (56.9, 58.6) 63.9 (62.4, 65.4) 70.5 (67.8, 73.2) <0.001
CysC (mg/L) 0.86 (0.85, 0.87) 0.98 (0.97, 1.00) 1.11 (1.08, 1.14) <0.001
eGFR (ml/min per 1.73 m2) 107.0 (106.3, 107.7) 102.0 (100.7, 103.3) 96.4 (94.1, 98.7) <0.001
Alb (g/L) 42.8 (42.5, 43.1) 43.3 (42.7, 43.8) 42.3 (41.3, 43.2) 0.13
AST (U/L) 19.3 (17.6, 20.9) 24.6 (21.6, 27.6) 26.3 (20.8, 31.7) 0.004
ALT (U/L) 25.0 (23.5, 26.4) 26.0 (23.4, 28.6) 33.5 (28.7, 38.2) 0.004
Follow-up
Follow-time (years) 4.9 (1.5) 5.0 (1.6) 4.5 (1.9) 0.079
DKD (%, n) 21.4 (119) 30.6 (59) 25.5 (14) 0.034
May 2022 | Volume 13 | Article
Variables are presented as means (SD), n (%), or means (95% confidence interval) (after covariate analysis).
DKD, diabetic kidney disease; BMI, body mass index; SBp, systolic blood pressure; DBp, diastolic blood pressure; HBP, high blood pressure; CHD, coronary heart disease; INFAR,
cerebral infarction; UACR, urine albumin/creatinine ratio; HbA1c, glycosylated hemoglobin A-1c; FPG, fasting plasma glucose; TC, total cholesterol; TG, triglyceride; HDL, high-density
lipoprotein; LDL, low-density lipoprotein; Scr, serum creatinine; UA, uric acid; Cysc, cystatin C; eGFR, estimated glomerular filtration rate; Alb, albumin; AST, aspartate transaminase; ALT,
alanine aminotransferase.
eGFR was calculated as the formula for CKD-EPI 2009.
TABLE 4 | Cox regression results of incidence of DKD for the latent class of serum Cysc.

Model 1 Model 2 Model 3
Latent class HR (95% CI) p-value HR (95% CI) p-value HR (95% CI) p-value

Low-increasing Reference Reference Reference
Middle-increasing 1.44 (1.06, 1.98) 0.019 1.70 (1.18, 2.44) 0.004 1.80 (1.17, 2.77) 0.007
High-increasing 1.45 (0.87, 2.403) 0.158 2.12 (1.22, 3.68) 0.008 3.43 (1.93, 6.11) <0.001
Model 1, unadjusted by other variables.
Model 2, adjusted for baseline age, gender, and duration.
Model 3, adjusted for baseline age, gender, DM duration, smoker, HbA1c, TC, TG, urea, UA and AST. TG and urea are time-dependent covariances.
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studies did not address the dynamic changes in Cysc in DM
patients, especially on the serum Cysc elevation rate, elevation
with DM duration, or comparisons with normal controls. To our
knowledge, this study is the first investigation on the dynamic
changes of Cysc in DM subjects. After analysis, a 2- to 10-fold
increasing velocity of serum Cysc was observed in T2DM
subjects compared to normal controls. This also indicates a
rapid decrease in renal function in DM patients compared to
normal subjects.

In the study, subjects were categorized into three latent classes
according to serum Cysc increasing velocities. Subjects in the
high-increasing class had the highest HR [3.43(95% CI, 1.93 to
6.11)] for incidence of DKD. From the baseline characteristics of
the high-increasing class, the data indicate that male subjects
with increased age; higher BMI, SBp, urea, UA, Scr, and Cysc;
and lower eGFR are more likely to show higher increasing
velocity of Cysc. A previous study demonstrated that obesity
was associated with increased risk of incidence and progression
of DKD (33–35). Weight loss reduced urinary albumin excretion
and slowed the decline in GFR (36). Studies on serum UA also
demonstrate that higher levels of serum UA are associated with
increased risk and progression of DKD in subjects with T1DM
and T2DM (37). UA reduction could reduce the rate of GFR loss
and decrease the risk of Scr doubling or ESKD in T2DM and
other CKD participants (38–40). Combining this and previous
studies, attention should be paid to obesity and hyperuricemia, in
addition to hyperglycemia and hypertension, to delay DKD
incidence in clinical practice.

There are some limitations in our study. Firstly, the endpoint
in our study is UACR ≥30 mg/g and/or eGFR<60 ml/min per
1.73 m2, so only slight or mild DKD was observed, not severe,
especially ESRD. A longer follow-up time is needed. Secondly,
because of the influence of SARS-CoV-2, some of the subjects in
the study missed visits in 2020. Thus, the observation time was
defined as 5–6 years in 2019–2020. However, we adjusted for age
and DM duration in the statistical analysis when comparing
between groups. Additionally, information on socioeconomic
status, occupation, income, education, etc. was absent in our
study. Finally, new kidney protective medicines, SGLT-2
inhibitors for example, were not included in the study. A
longer observational study, with medicines included, is needed.
Nevertheless, because of the large size and long duration of the
study, it provides a valuable reference for the study of Cysc in
DKD, especially for the latent trajectory of serum Cysc.

In conclusion, this investigation demonstrated that higher
baseline Cysc was associated with higher incidence of DKD.
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DM subjects were divided into 3 latent classes by LCGMM,
including low-increasing, middle-increasing, and higher-
increasing classes. Subjects in the high-increasing and middle-
increasing classes had a higher risk of incidence of DKD. Cysc is
a sensitive biomarker for the early diagnosis of DKD.
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Diabetic nephropathy (DN) is a serious complication of diabetes affecting about half the
people with diabetes and the leading cause of end stage renal disease (ESRD).
Albuminuria and creatinine levels are currently the classic markers for the diagnosis of
DN. However, many shortcomings are arising from the use of these markers mainly
because they are not specific to DN and their levels are altered by multiple non-
pathological factors. Therefore, the aim of this study is to identify better markers for the
accurate and early diagnosis of DN. The study was performed on 159 subjects including
42 control subjects, 50 T2D without DN and 67 T2D subjects with DN. Our data show that
circulating N-cadherin levels are significantly higher in the diabetic patients who are
diagnosed with DN (842.6 ± 98.6 mg/l) compared to the diabetic patients who do not
have DN (470.8 ± 111.5 mg/l) and the non-diabetic control group (412.6 ± 41.8 mg/l). We
also report that this increase occurs early during the developmental stages of the disease
since N-cadherin levels are significantly elevated in the microalbuminuric patients when
compared to the healthy control group. In addition, we show a significant correlation
between N-cadherin levels and renal markers including creatinine (in serum and urine),
urea and eGFR in all the diabetic patients. In conclusion, our study presents N-cadherin as
a novel marker for diabetic nephropathy that can be used as a valuable prognostic and
diagnostic tool to slow down or even inhibit ESRD.

Keywords: N-cadherin, diabetic nephropathy, microalbuminuria, early diagnosis, biomarker, epithelial-
mesenchymal transition
INTRODUCTION

Diabetic nephropathy (DN) is a chronic kidney disease that affects around 40% of diabetic patients
of both type 1 and type 2 diabetes (1, 2). It is characterized by insistent increased levels of albumin in
urine and is associated with high risk of cardiovascular morbidity and mortality (3, 4). DN is a
progressive disorder where renal functions are impaired with time leading to end stage renal disease
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(ESRD) (5). Despite advances in the management and treatment
of diabetes and associated complications, DN continues to be one
of the leading causes of ESRD worldwide which highlights the
need for more effective diagnostic, prognostic and therapeutic
interventions (6, 7).

Clinically DN is divided into five stages; the first stage is
characterized by increased glomerular filtration rate (GFR)
and hypertrophy. In the second stage, microalbuminuria is
noticed as a result of mesangial expansion and thickening of
basement membrane leading to glomerular damage. In stage
three, albuminuria increases to more than 300 mg/24h and
patients do develop hypertension as well. Stage four is
characterized by further elevations in albuminuria, blood
urea nitrogen (BUN) and creatinine and GFR starts to
decrease by approximately 10% every year. The final stage is
characterized by insufficient renal functionality and ESRD (5,
8). Despite albuminuria and creatinine being the focal
markers in DN diagnostic and prognostic set ups, these two
markers showed a number of limitations that could obscure
their clinical effectiveness (9). Several studies have shown that
levels of microalbuminuria can be significantly influenced by
daily physical activity, type of diet, some types of infections
and hypertension which could affect its precision as a risk
predictor of DN (9–14). Moreover, several diabetic patients
have been shown to progress to ESRD with no elevated levels
of albuminuria (15). Serum creatinine level which is widely
used in monitoring and diagnosis of several chronic kidney
diseases including polycystic kidney disease (16, 17) and DN
is shown to be significantly influenced by many non-
pathological factors including age, gender, muscle mass and
hydration levels (18–21). There is a clear need for a sensitive
and precise biomarker that can help in detecting DN early and
in monitoring treatment outcomes.

In the past decade, efforts have been directed towards the
identification of new reliable and sensitive biomarkers for the
early diagnosis and monitoring of DN. Our group has identified
several potential markers that are specifically elevated in DN
patients when compared to diabetic controls and healthy
controls. These markers include NGAL and ANGPTL4 (22).
Other groups reported a different set of markers that are
associated with DN pathology and renal function deterioration
including urine Synaptopodin (23), urine Nephrin (23, 24),
ANGPTL8 (25) and serum VEGF (26).

The Cadherins, which are a family of transmembrane
proteins that are mainly involved in cells adhesion and
signaling and are calcium-dependent functionally (27), have
been shown to play an integral part in the establishment of
renal epithelia polarization via their homophilic interaction
through the extracellular domains of cadherins between
adjacent cells (28). Among the cadherins that are expressed in
the human nephron is N-Cadherin which is a 99.7 kDa protein
encoded by the CDH2 gene. This protein which is composed of
906 amino acids is normally expressed in neural tissues and
cardiac muscles in addition to renal tissues (29). In acute kidney
injury (AKI) due to ischemia, it has been shown that N-Cadherin
is depleted from the proximal tubules in the kidney unlike E-
Frontiers in Endocrinology | www.frontiersin.org 292
cadherin which highlights a potential role of N-Cadherin in
kidney functionality (30). From the prospective of DN, there are
no solid reports on the role of N-Cadherin in DN or its
diagnostic potential. On the other hand, few clinical studies
showed serum and urinary elevated levels of E-cadherin in DN
patients (31, 32). As N-cadherin expression has been shown to be
influenced by pathological impact (AKI) where it is depleted
from renal epithelial cells resulting in disruption of cellular
functional organization, it might be holding a potential
diagnostic benefit for DN.

In this study, we aim to analyze circulatory concentrations of
N-cadherin in diabetic nephropathy patients and compare it to
the levels in non-diabetic and diabetic controls to determine
whether N-cadherin can serve as a biomarker for diabetic
nephropathy diagnosis.
MATERIALS AND METHODS

Subjects Recruitments
Our cohort consisting of 67 DN patients, 50 T2D with no DN
and 42 healthy controls was clinically identified and recruited in
Dasman Diabetes Institute (DDI). Subjects provided written
informed consents before their enrollment in the study. The
Ethical Review Committee (ERC) of Dasman Diabetes Institute
reviewed and approved the study and methodologies in
accordance with the ethical declaration of Helsinki.
Participants in all groups were age and BMI matched.

Inclusion and Exclusion Criteria
Subjects were enrolled in three groups; healthy subjects with no
symptoms or history of T2D or DN; T2D subjects with no DN
and DN subjects. DN patients were identified based on elevated
Albumin-to-creatinine ratio (ACR) in a spot urine sample in
accordance with the American Diabetes Association criteria (33).
Patients’ exclusion criteria included: 1) Non-diabetic kidney
disease, 2) Chronic liver disease, 3) Heart failure, 4) Current/
recent infection, 5) Acute/chronic inflammatory disease, 6)
Allergic condition, 7) Autoimmune disease, 8) Malignancy, 9)
Patients with T1D and 10) ESRD (34).

Sample Collection
Subjects were fasting overnight before the blood and urine
samples were collected in the clinics of Dasman Diabetes
Institute. Urine first-void samples were collected in 120 ml
urine collection containers and blood samples were collected in
EDTA tubes. Plasma was isolated from blood samples after
centrifugation and then aliquoted and stored at -80°C
until analysis.

Anthropometric and
Biochemical Measurements
The anthropometric data were obtained and documented. Blood
pressure readings were obtained using Omron HEM-907XL
Digital sphygmomanometer. Fasting blood Glucose (FBG),
triglyceride (TG), total cholesterol (TC), low density
May 2022 | Volume 13 | Article 882700
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lipoprotein (LDL) and high-density lipoprotein (HDL) were
determined using Siemens Dimension RXL chemistry analyzer
(Diamond Diagnostics, Holliston, MA). CLINITEK Novus
Automated Urine Chemistry Analyzer (Siemens Healthineers,
Erlangen, Germany) was utilized to determine levels of urinary
albumin “spot” (Alb) and creatinine (Cr) in addition to urinary
albumin–to–creatinine ratio (UACR). VITROS 250 automatic
analyzer was utilized to perform fully automated Renal Function
Test (RFT) and estimated glomerular filtration rate (eGFR) was
calculated by the MDRD (Modification of Diet in Renal Disease)
Study equation (35).

Determining N-Cadherin Concentration
Using BioPlex 200-Luminex Analysis
Thawed plasma samples were utilized to determine N-Cadherin
levels in all enrolled subjects. Samples were subject to
centrifugation at 10000xg for 5 minutes at 4°C to eliminate
any debris. N-Cadherin concentration was determined via a
customized 11-plex multiplexing analysis kit (R&D systems,
Minneapolis, MN, USA. Cat # LXSAHM) following
manufacturer protocol. A standard protein mix, provided with
the kit, was used to prepare a serial dilution. The results were
obtained using the BioPlex 200-Luminex system (Bio-Rad, CA,
USA). Analysis of the results were done using the BioPlex
manager software. No significant cross reactivity with different
proteins was observed. The confidence level between the
expected and the observed standard concentration levels for N-
Cadherin was between 95-105% as assessed by the system. The
concentrations of the N-Cadherin in the study samples were
calculated using a 5-Pt standard curve.

Statistical Analysis
Statistical analysis was performed using IBM SPSS Statistics for
Windows, Version 25.0. Armonk, NY: IBM Corp. Descriptive
statistics were obtained for all variables measured and then
presented as (Mean ± SD). Comparisons between the groups
(DN, T2D and Heathy subjects) for all the tested variables were
performed using one-way analysis of variance (ANOVA).
Bonferroni post-hoc was utilized to test pairwise differences.
Spearman’s correlations were utilized to calculate the univariate
association between N-cadherin and the other variables. A P
value < 0.05 was considered statistically significant for all tests
performed. The ANOVA F score was validated using the F
critical table (degrees of freedom; numerator 2; denominator
156). F value above F critical and P value < 0.05 are considered to
reject the null hypothesis in our population.
RESULTS

Cohort Demographics
Total of 159 subjects were enrolled in this study including 42
control subjects, 50 T2D without DN and 67 T2D subjects with
DN. The demographic data of the study population is shown in
Table 1. The three groups were age and BMI matched
(p-value >0.05).
Frontiers in Endocrinology | www.frontiersin.org 393
Clinical and Biochemical Characteristics
of Enrolled Groups
The T2D and DN groups were clinically evaluated and compared
to the healthy group. Systolic and diastolic blood pressures
between the three groups showed no statistical significance.
Fasting glucose levels showed significant differences between
the three groups (p<0.001 ANOVA) and the highest values
recorded in T2D and DN groups. HbA1C was higher in T2D
and DN groups when compared to the healthy group
(p<0.05 ANOVA).

To assess renal functions clinical RFT was performed for all
subjects. Serum Creatinine and BUN were all elevated in DN
group when compared to the healthy and T2D groups
(p<0.00005 for all, ANOVA). Consequently, eGFR in DN was
the lowest when compared to T2D and healthy groups
(p<0.00005 ANOVA). Similarly, urine creatinine was low in
DN when compared with the other two groups (p<0.05
ANOVA). ACR and Microalbumin were significantly increased
in DN group while the levels in the other two groups were in the
normal range (p<0.005, ANOVA, for both). Post Hoc Bonferroni
indicated significant differences between the DN group and the
other two groups for all the RFT markers including the
microalbumin and ACR.

N-Cadherin Expression Level and
Correlation With Renal Markers
N-cadherin showed significantly elevated levels in the DN group
when compared to the other two groups (p<0.01 ANOVA). Post
Hoc Bonferroni indicated significant differences in N-cadherin
between the DN group and the other two groups (Figure 1A) and
Table 2. Reported N-cadherin results have F values greater than F
critical. Furthermore, the diabetic nephropathy group was
subdivided into two groups according to their Albumin-to-
creatinine ratio (ACR) and was compared with the healthy
group. Subjects with ACR in the range between 30 to 300 mg/g
were considered microalbuminuric and subjects with ACR > 300
mg/g were considered macroalbuminuric. N-cadherin levels were
significantly elevated in both groups (i.e. microalbuminuric and
macroalbuminuric) when compared to the N-cadherin levels in
the healthy group (Figure 1B). Furthermore, a trend for increase
was detected in the macroalbuminuric when compared to the
microalbuminuric but was not statistically significant (p =
0.087) (Figure 1B).

Spearman’s rank correlation analysis showed significant
positive correlation of N-Cadherin in one hand and serum
creatinine and BUN on the other hand in DN and T2D
groups. Significant negative correlations were also found
TABLE 1 | Demographic data of study population.

Healthy group
(n = 42)

T2D group
(n = 50)

DN group
(n = 67)

Gender n (%) Males 18 (43%) Males 22 (44%) Males 28 (42%)
Females 24 (57%) Females 28 (56%) Females 39 (58%)

Age (years) ± S.D 57.74 ± 4.55 58.96 ± 7.22 59.09 ± 5.29
BMI (kg/m2) ± S.D 33.20 ± 5.47 33.94 ± 6.25 34.23 ± 6.84
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between N-Cadherin and eGFR in the DN and T2D
groups (Table 3).

ROC Curve Analysis of N-Cadherin
Receiver Operating Characteristic (ROC) analysis was performed
to determine the possible use of N-cadherin as a marker to
distinguish between diabetic patients with or without kidney
complications, specifically diabetic nephropathy. The area under
the curve (AUC) for the analysis was 0.76 (Figure 2) reflecting
good ability of N-cadherin as a marker. The ROC analysis results
were interpreted as follows: AUC <0.70, low diagnostic accuracy;
AUC in the range of 0.70–0.90, moderate diagnostic accuracy;
and AUC ≥0.90, high diagnostic accuracy.

DISCUSSION

This study analyzed the circulating levels of N-cadherin in
diabetic nephropathy in an attempt to find sensitive prognostic
Frontiers in Endocrinology | www.frontiersin.org 494
and diagnostic markers for this concerning complication. Our
findings show that circulating N-cadherin levels are significantly
elevated in patients with DN compared to people with T2D and
healthy controls. We also report that this increase occurs early
during the developmental stages of the disease (second stage) as
the increase was significant in microalbuminuric patients. We
also show a significant correlation between N-cadherin levels and
renal markers including creatinine (in serum and urine), urea
and eGFR in all of the diabetic patients.

In the IDF Diabetes Atlas Ninth edition of 2019, the projected
prevalence of diabetes was estimated to rise to 700 million by
2045 (36). Diabetic kidney disease (DKD) continues to be one of
the major complications of diabetes affecting nearly 40% of all
(type I and type II) diabetic patients worldwide (37). Therefore,
with such rates, it is expected that DKD will reach epidemic scale
by 2045 affecting more than 300 million people. There is
currently a need for new predictive and diagnostic markers for
DN given that the currently used markers (albuminuria and
A B

FIGURE 1 | N-cadherin levels in the participants. (A) Based on the diabetes status. (B) Based on the albuminuria levels.
TABLE 2 | Clinical and Biochemistry characteristics of study cohort.

Marker Healthy group
(± SEM)

T2D group
( ± SEM)

DN group
( ± SEM)

ANOVA
(p value)

F value Post Hoc Bonferroni P value adjusted for multiple
comparisons with post hoc Bonferroni

T2D vs. DN T2D vs. Healthy DN vs. Healthy

SBP (mmHg) 122.50 ± 2.25 132.98 ± 3.88 132.03 ± 3.41 0.087 2.477 1.000 0.139 0.162
DBP (mmHg) 73.76 ± 1.52 69.72 ± 2.26 68.78 ± 1.98 0.21 1.558 1.000 0.574 0.261
Fasting Glucose (mmol/l) 5.52 ± 0.12 8.27 ± 0.36 9.61 ± 0.48 <0.001 24.763 .050 .000 .000
HbA1C (%) 5.66 ± 0.09 9.53 ± 1.73 8.09 ± 0.22 0.031 3.549 .816 .027 .236
Serum Creatinine (umol/l) 75.69 ± 2.89 79.42 ± 3.54 118.36 ± 6.57 <0.001 21.277 0.0001 1.000 0.0001
BUN (mmol/l) 5.02 ± 0.20 5.10 ± 0.29 7.53 ± 0.52 <0.001 12.338 0.001 1.000 0.0001
eGFR MDRD
(mL/min/1.73 m2)

81.07 ± 2.14 79.22 ± 3.19 59.7 ± 3.00 <0.001 17.422 0.0001 1.000 0.0001

Albumin (g/l) 40.5 ± 0.52 37.94 ± 0.50 37.28 ± 0.42 <0.001 11.771 0.927 0.002 0.0001
Urine Creatinine (mg/l) 14.75 ± 1.22 11.94 ± 0.86 9.08 ± 0.77 0.049 9.415 0.071 0.140 0.001
Microalbumin (mg/l) 14.82 ± 2.0 14.35 ± 1.61 490.72 ± 186.62 <0.001 11.400 0.003 1.000 0.005
ACR (mg/g) 9.77 ± 1.2 11.32 ± 1.07 953.48 ± 327. 0.004 5.658 0.013 1.000 0.02
N-cadherin (mg/l) 412.56 ± 41.78 470.76 ± 111.48 842.57 ± 98.61 <0.01 6.388 0.015 1.000 0.006
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creatinine) are not ideal due to sensitivity and specificity issues.
The treatment options are also restricted to inhibitors of the
renin-angiotensin system as well as maintaining the diabetes
under control by managing hyperglycemia, blood pressure and
dyslipidemia. Late diagnosis and the lack of treatment options
for advanced stages may cause ESRD and eventually a patient
would require renal replacement therapy or a kidney transplant.
Therefore, our aim from this study was to identify novel markers
that could help in early diagnosis of DN. It would be of great
benefit for the success of the treatment if DN is detected in the
early stages.

Given the established effect of diabetes on kidney function, it
is essential to perform a comprehensive evaluation on the
kidneys including the different segments of the tubules. While
the evaluation of GFR and albuminuria levels is a good indication
for the integrity of the filtration membrane and the glomerular
function, cadherin levels can more specifically reflect the
function of the renal tubules. Therefore, we decided to assess
the levels of N-cadherin in patients with diabetic nephropathy.

There have been several previous reports associating E-
cadherin with DN (31, 32). Interestingly, serum E-cadherin
levels were shown to be reduced in DN in these studies
whereas we are demonstrating an increase in N-cadherin levels
with DN. This indicates that different cadherin subtypes can have
differential expression patterns in disease states. Such variation
could be due to their distinct distribution and hence function in
the kidneys. Human studies showed that N-cadherin is
exclusively expressed in the proximal tubule while E-cadherin
is abundant in the distal tubule and collecting duct (38, 39).

Moreover, a recent study confirmed and validated the use of
urine E-cadherin as a marker for early detection of kidney injury
in diabetic patients in a longitudinal setting (40). Their findings
indicated not only that E-cadherin levels are elevated in
nephropathy patients, but can also differentiate between the
different stages of DN. They even reported that the elevation in
urinary E-cadherin levels was detected 20 ± 12.5 months before
the onset of microalbuminuria. Studies on E-cadherin showed
some discrepancy when the tissue expression levels were
measured. In one study, Jiang et al. showed E-cadherin
expression in the renal tubular epithelial cells to be
downregulated in DN patients compared to the healthy
controls (31). In another report, Koziolek et al. analyzed
kidney tissues from two biopsy cohorts. They reported a
significant upregulation in DN patients in their smaller cohort
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of 22 samples but no difference in their larger cohort which
included 201 biopsies belonging to different diseases groups (40).

To our knowledge, this is the first report to specifically
correlate N-cadherin levels with renal markers in diabetic
nephropathy patients. By performing Spearman’s correlation
analysis, we found that there was a significant positive
correlation between the levels of N-cadherin and serum
creatinine as well as blood urea nitrogen. On the other hand,
there was a significant negative correlation between the levels of
N-cadherin and urine creatinine and eGFR. It is expected that
the renal tubular epithelial cells would undergo ischemia and
apoptosis during the progress of renal impairment in DN due to
the inflammatory state as well as the high glucose concentrations
in diabetes (41). Our correlation data suggest that N-cadherin
plays an important role in renal function and its elevation could
be a defense mechanism to counteract the damage and apoptosis
resulting from renal injury in diabetes. Interestingly, we saw a
significant increase in N-cadherin levels in DN patients who
showed microalbuminuria compared to the healthy controls.
This is a strong evidence that N-cadherin levels start increasing
during the early stages of DN and can hence be used as an
accurate diagnostic marker. The ROC analysis further supports
this conclusion. We also illustrate that N-cadherin levels can be a
reflection for the degree of albuminuria in DN since there was a
trend of increase in the macroalbuminuric patients compared to
their microalbuminuric counterparts. The lack of significance
between these two groups in Figure 1B (p=0.087) could be
attributed to the wide variation of N-cadherin levels in the
participants with macroalbuminuria. Surprisingly, N-cadherin
levels were reported to be reduced in response to ischemia in
acute kidney injury (30), which reflects the differential role for N-
cadherin in different renal diseases and that it is a disease-
dependent marker.

One of the mechanisms that have been described to
contribute to kidney fibrosis after injury is Epithelial-
Mesenchymal Transition (EMT) (42). EMT can be defined as
the conversion of differentiated epithelial cells to myofibroblasts.
EMT was originally associated with cancer metastasis, however,
it was later shown to play an important role in renal and tubular
interstitial fibrosis. EMT entails the loss of epithelial cell
adhesion leading to actin reorganization and disruption of
tubular basement membrane. Interestingly, one of the
consequences of EMT that was described in cancer is a
phenomena called “cadherin switching” where E-cadherin
TABLE 3 | Spearman’s rank correlation coefficient between N-cadherin and renal markers.

HEALTHY T2D DN

Spearman p value Spearman p value Spearman p value

Serum Creatinine 0.094 0.556 0.625 0.0001 0.604 0.0001
BUN (blood urea nitrogen) 0.058 0.714 0.432 0.002 0.548 0.0001
eGFR (MDRD) -0.198 0.208 -0.647 0.0001 -0.657 0.0001
Albumin -0.101 0.525 -0.247 0.084 -0.193 0.127
Urine Creatinine 0.130 0.412 -0.091 0.531 -0.309 0.013
Microalbumin 0.208 0.187 0.046 0.750 0.019 0.879
May 20
22 | Volume 13 | Article
BUN, blood urea nitrogen; eGFR, estimated GFR; (calculated using MDRD equation Modification of Diet in Renal Disease).
Bold values indicate significant correlation (P value < 0.05).
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levels are downregulated and N-cadherin levels are upregulated
(43). When E-cadherin levels are reduced, the cell-cell junctions
that are mediated by E-cadherin (including tight junctions, gap
junctions and adherents junctions) dissociate and this
consequently results in the stabilization of the N-cadherin-
mediated junctions. Altogether, our results from this study on
N-cadherin combined with previous reports on E-cadherin
provide evidence that EMT and cadherin switching can occur
in diabetic nephropathy and may be mediating the
pathophysiological changes associated with it.

One of the main limitations of the study is its cross-sectional
design hindering us from concluding causality. Therefore,
additional studies are still required looking into the integrity of
the tubular segments of the kidney and the components of these
segments and how they can influence DN and hence be used as
early detection markers. It would be interesting to measure N-
cadherin levels in the context of other kidney diseases to
determine if it is specific to diabetic nephropathy especially
that one of the major shortcomings of serum creatinine is its
common use for several kidney diseases. Furthermore,
measuring the N-cadherin levels in a larger population would
help in determining its clinical value as a DN predictive marker.
Validation in a larger cohort using a longitudinal design is the
logical next step.
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In conclusion, the current study identifies N-cadherin as a
novel marker for diabetic nephropathy that can be used to
determine the stage of DN. Therefore, assessing N-cadherin
levels in diabetic patients could have a valuable impact on
slowing down or even inhibiting ESRD.
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Diabetic nephropathy (DN) causes serious renal tubule and interstitial damage,

but effective prevention and treatment measures are lacking. Abnormal

mitophagy may be involved in the progression of DN, but its upstream and

downstream regulatory mechanisms remain unclear. Melatonin, a pineal

hormone associated with circadian rhythms, is involved in regulating

mitochondrial homeostasis. Here, we demonstrated abnormal mitophagy in

the kidneys of DN mice or high glucose (HG)-treated HK-2 cells, which was

accompanied by increased oxidative stress and inflammation. At the same time,

the melatonin treatment alleviated kidney damage. After mitochondrial

isolation, we found that melatonin promoted AMPK phosphorylation and

accelerated the translocation of PINK1 and Parkin to the mitochondria,

thereby activating mitophagy, reducing oxidative stress, and inhibiting

inflammation. Interestingly, the renal protective effect of melatonin can be

partially blocked by downregulation of PINK1 and inhibition of AMPK. Our

studies demonstrated for the first time that melatonin plays a protective role in

DN through the AMPK-PINK1-mitophagy pathway.

KEYWORDS

melatonin, mitophagy, diabetic nephropathy (DN), p-AMPK, renal tubular injury
Introduction

With the development of the social economy and the improvement of living

standards, the incidence of diabetes is increasing. Long-term hyperglycemia can lead

to a series of microvascular complications in diabetic patients, such as diabetic

nephropathy (DN) (1) and diabetic retinopathy (DR) (2). Approximately 30 to 40%

of diabetes mellitus (DM) will develop into DN (3). At present, DN has become an

important cause of end-stage renal disease (ESRD). However, the prevention and

treatment of DN in clinical practice is very limited, and there is a lack of specific drugs
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to treat it. Therefore, a thorough understanding of its

pathogenesis is conducive to developing new medicines for

DN. Recently, multiple factors have been reported to be

involved in the progression of renal injury in DN, such as

hypoxia (4, 5) and oxidative stress (6). However, these factors

cannot fully reveal the occurrence and progression of DN.

Therefore, it is necessary to further explore the molecular

mechanism of DN.

As one of the organs with high metabolism, the kidney

contains a large number of mitochondria to maintain its

physiological function (7). In the state of DN, the kidney

needs a large amount of ATP to resist the influence of high

glucose (7), and the mitochondria are in a long-term overloaded

state. Damaged mitochondria can release many mitochondrial

contents, leading to inflammation and apoptosis (7–10).

Therefore, timely clearance of damaged mitochondria can help

prevent further damage, a process called mitophagy (11). Some

studies have revealed the existence of abnormal mitophagy in the

kidneys of DN (12) and activation of mitophagy can alleviate

tubular injury in DN (13, 14). However, the upstream and

downstream regulatory mechanisms of DN have not been

clearly described. Melatonin, a pineal hormone associated with

circadian rhythms, is involved in mitochondrial homeostasis

regulation (15), energy metabolism (16), lipid regulation (17),

and reproduction (18). Interestingly, mitochondrial dysfunction

(12), abnormalities of energy homeostasis (19) and disorders of

lipid metabolism (20) are closely related to the occurrence of

DN. Unfortunately, the role of melatonin in DN has been

poorly studied.

This study noted abnormal mitophagy in the kidneys of DN

mice or high glucose (HG)-treated HK-2 cells, accompanied by

increased oxidative stress and inflammation. Melatonin can

phosphorylate AMPK, increase mitophagy and alleviate renal

injury, while downregulation of PINK1 or inhibition of AMPK

can partially block these effects. Our results suggest that

melatonin plays a renoprotective role in DN through the

AMPK-PINK1-mitophagy pathway.
Materials and methods

Animal models

Eight-week-old C57BL/6 male mice were obtained from

Slyke Jingda Biotechnology Company (Hunan, China). All

animal models were divided into three groups: the wild type

group (WT); DN group; and DN + melatonin group (n = 6).

Eight-week-old C57BL/6 male mice were fed a high-fat diet for 1

month and then were subjected to an intraperitoneal injection of

STZ (Sigma-Aldrich, 50 mg/kg body weight/day) for 5

consecutive days to induce the diabetic mouse model. Three

days after the last injection, the blood glucose level was ≥16.6
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mmol/L, and the diabetes mouse model was considered

successful. The diabetic mice continued feeding for 12 weeks

to induce diabetic kidney damage. For the DN + melatonin

group, diabetic mice were treated with melatonin (0.2mg/kg/

day) for 12 weeks. The mice were euthanized at 24 weeks, and

blood, urine, and kidney samples were collected for subsequent

analysis. All animal experiments were approved by the

Institutional Committee for Care and Use of Laboratory

Animals at Central South University, China.
Renal histology

Hematoxylin and eosin (HE) and Masson staining of paraffin

sections of kidney tissue were performed to observe pathological

injury of the kidney. Renal tubulointerstitial injury was evaluated

by a semiquantitative scoring system as previously described (21).

Briefly, a score of 0 means no interstitial fibrosis and tubular

atrophy, while scores of 1, 2 and 3 represent interstitial fibrosis

and tubular atrophy areas less than 25 percent, less than 50

percent, and more than 50 percent, respectively.
Immunohistofluorescence (IHF) staining

Four-micron-thick renal paraffin sections were used for IHF

staining. Briefly, after paraffin section dewaxing, rehydration,

antigen repair, permeability, and blocking, the renal tissues were

incubated with anti-F4/80 rabbit polyclonal antibody

(Servicebio, GB11027, 1:500, Wuhan, China), anti-fibronectin

(FN) rabbit polyclonal antibody (Servicebio, GB114057, 1:200,

Wuhan, China), anti-a-SMA rabbit polyclonal antibody

(Servicebio, GB111364, 1:400, Wuhan, China) and anti-NLRP3

rabbit polyclonal antibody (Servicebio, GB11300, 1:600, Wuhan,

China) at 4°C overnight. After rewarming, the kidney tissue was

incubated with a secondary antibody at room temperature for 1

hour. After staining the nucleus, the renal paraffin sections were

observed and photographed under a fluorescence microscope.

For costaining, after dewaxing, rehydration, antigen repair,

permeability and blocking, anti-LC3B (Proteintech, 14600-1-

AP, 1:200) antibody and anti-COXIV antibody (Abcam,

ab33985, 1:500) were incubated in renal tissue simultaneously

at 4°C overnight. After rewarming, the kidney tissue was

incubated with anti-mouse and anti-rabbit secondary

antibodies at room temperature for 1 hour simultaneously.

Then the nuclei were stained and photographed.
Dihydroethidium (DHE) staining

6-mm-thick unfixed cryostat sections of renal tissues were

stained with the cell-permeable agent dihydroethidium (1 mM,
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DHE, Sigma-Aldrich) in the dark for 20 min, followed by

fluorescence microscopy to assess ROS production in

renal tissue.
Western blotting

The protein concentrations extracted from renal tissue or

HK-2 cells were quantified by a BCA Protein Assay Kit

(Beyotime Biotechnology, China). Then the samples were

mixed with 5× SDS loading buffer and heated it at 95°C for 5

minutes. Equal amounts of proteins were used for western

blot analysis.
Cell culture

The renal human proximal tubular epithelial cell line HK-2

was obtained from ATCC, and DMEM/F12 (Gibco, USA)

containing 10% fetal bovine serum (Gibco, USA) was used to

culture HK-2 cells (the human proximal tubular epithelial cell

line) in an incubator with 5% CO2 at 37°C. After overnight

culture in serum-free medium, the HK-2 cells were pretreated

with 100 mmol/L melatonin (Selleck, USA) for 1 h, followed by

high glucose (30 mmol/L) intervention for 24 h. The cells were

collected for subsequent experiments.
DCFDA staining

The cells with different interventions were washed with PBS

and then incubated with DCFDA (1:1000, Invitrogen) in the

dark for 30 min, followed by fluorescence microscopy to assess

ROS production in cells.
Confocal

Cells in different groups were stained with MitoTracker

(Invitrogen, M22426, 1:1000) for 8 min and then fixed and

blocked, followed by LC3B (Proteintech, 14600-1-AP, 1:200)

incubation overnight at 4°C. A fluorescence-conjugated

secondary antibody was used to incubate cells for 1 h at

room temperature . Then, the nucleus was stained

and photographed.
Statistical analyses

The experimental data were analyzed by SPSS 13.0

software. The results are presented as the means ± SD. The

differences among the groups were compared using one-way
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ANOVA. Statistical significance was indicated at a P value

less than 0.05.
Results

Melatonin ameliorated biochemical
indices and pathological damage in
diabetic nephropathy mice

Significantly increased blood glucose levels (Figure 1A), and

reduced body weight (Figure 1B) were observed in the STZ-

induced DN mouse model. In addition, the levels of proteinuria

(Figure 1C), serum creatinine (Figure 1D), BUN (Figure 1E), and

urinary NAG (Figure 1F) were notably increased in DN mice

compared with in the control group, while the intervention of

melatonin could mitigate these adverse changes in addition to

the blood glucose level and body weight. Furthermore, HE

staining showed that an increase in glomerular matrix, dilation

of tubules, and exfoliation of nuclei were observed in the kidneys

of DN mice compared to the control (Figure 1G), and this

pathological renal injury was obviously relieved by melatonin

treatment, as indicated by tubular interstitial damage

scores (Figure 1H).
Melatonin ameliorated oxidative stress
and fibrosis in the kidney of DN mice

DHE staining showed that ROS levels were increased

significantly in the kidneys of DN mice compared to the control,

while melatonin significantly downregulated oxidative stress levels

(Figures 2A, B). The level of renal fibrosis was determined by the

expression level of fibrotic proteins (FN and a-SMA) and Masson

staining. IHF staining showed increased expression of FN

(Figures 2C, D) and a-SMA (Figures 2C, E) in DN mice. Masson

staining also revealed increased levels of tubulointerstitial fibrosis in

the kidneys of DN mice. Interestingly, these adverse changes were

ameliorated by melatonin treatment (Figures 2C–E). To further

confirm the above results, the expression levels of FN and a-SMA

were detected by WB analysis. Similar results were obtained: the

expression levels of FN and a-SMA were upregulated in DN mice,

and melatonin downregulated their expression levels

(Figures 2F, G).
Melatonin promoted phosphorylation of
AMPK and inhibits inflammation in the
kidney of DN mice

IHF staining showed that the downregulated p-AMPK

expression was observed in the kidneys of DN mice
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(Figures 3A, B), which was accompanied by upregulated NLRP3

expression (Figures 3A, C) and increased F4/80 positive cells

(infiltration of macrophages) (Figures 3A, D). These changes

were reversed by melatonin treatment. Moreover, WB analysis

also showed decreased p-AMPK expression in DN mice, and

melatonin reversed the downregulation of p-AMPK induced by

diabetes (Figures 3E, F). There were no significant changes in

total AMPK expression. Similarly, the mRNA levels of

the inflammatory cytokines TNF-a (Figure 3G), IL-1b
(Figure 3H), and IL-18 (Figure 3I) were increased in

the kidneys of DN mice, while melatonin treatment

relieved inflammation.
Melatonin restored mitophagy
dysfunction in the kidney induced
by diabetes

As shown in Figure 4A, mitophagy was observed by

costaining mitochondrial protein (COX IV, red) and LC3B

(green) in the paraffin section of kidney tissue and the
Frontiers in Endocrinology 04
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overlapping regions (yellow) represented mitophagy.

Compared with the control group, mitophagy activity (yellow

area) was significantly reduced in the kidney of the DN group,

while it was reactivated after melatonin administration

(Figure 4A). Furthermore, to evaluate mitophagy more

accurately, we separated the mitochondria and cytoplasm to

observe the expression changes of crucial proteins in mitophagy.

WB analysis showed that HFD+STZ treatment significantly

downregulated PINK1 and Parkin expression levels in both

the mitochondria and cytoplasm. Interestingly, melatonin

significantly increased the expression of PINK1 and Parkin in

mitochondria but did not affect their expression in the cytoplasm

(Figures 4B–D). These results indicated that PINK1 and Parkin

located in mitochondria are increased in response to melatonin.

Moreover, downregulated LC3II expression and upregulated

P62 expression (This represents the fluency of autophagy flux)

were observed in both the mitochondria and cytoplasm of DN

mice, while melatonin reversed these changes (Figures 4B, E, F).

This finding indicates that mitophagy is inhibited in DN kidneys

and that melatonin can reactivate mitophagy in renal

tubular cells.
B C

D E F

G H

A

FIGURE 1

The effects of melatonin on biochemical indices and renal pathological changes in the kidneys of DN mice. The blood glucose (A), body weight (B),
proteinuria (C), serum creatinine (D), BUN (E), and urinary NAG levels (F) in different groups of mice. HE staining of renal paraffin tissue in different
groups (G). Tubular injury as assessed by tubular interstitial damage scores (H). The values are the mean ± SD. n = 6/group. *p < 0.05 compared
with the control group; #p < 0.05 compared with the DN group.
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Melatonin restored mitophagy by
promoting phosphorylation of AMPK in
HK-2 cells

To verify the protective mechanism of melatonin on diabetic

kidney injury, we observed changes in mitophagy in HK-2 cells

by inhibiting the expression of PINK1 and using the AMPK

inhibitor Compound C. Mitophagy was detected by co-staining

mitochondria (MitoTracker, red) and LC3B (green) as

previously described (22), and the overlapping regions (yellow)

represent mitophagy. Compared to the control, mitophagy was
Frontiers in Endocrinology 05
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obviously inhibited in HK-2 cells treated with HG, while the

effect of HG was negated by melatonin. Furthermore, the

melatonin-restored mitophagy under HG was abolished by

downregulat ion of PINK1 or inhibit ion of AMPK

phosphorylation (Figure 5A). Moreover, we separated the

mitochondria and cytoplasm of HK-2 cells to confirm whether

the translocation of PINK1 and Parkin to mitochondria could be

inhibited by AMPK inhibition. We observed that the expression

levels of PINK1 and Parkin were notably decreased.

In contrast, P62 expression was increased in both the

mitochondria and cytoplasm of HK-2 cells under HG conditions,
B

C D

E

F G

A

FIGURE 2

The effects of melatonin on oxidative stress and fibrosis in the kidneys of DN mice. DHE staining in the kidneys of different groups (A, B). IHF
analysis of FN (upper panel) (C, D) and a-SMA (middle panel) (C. E) in the kidneys of different groups. Masson staining of renal paraffin tissue in
different groups (C, lower panel). Western blot analysis revealed the expression of FN and a-SMA (F, G). The values are the mean ± SD. n = 6/
group. *p < 0.05 compared with the control group; #p < 0.05 compared with the DN group.
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and melatonin promoted the translocation of PINK1 and Parkin

from the cytoplasm to mitochondria and did not significantly affect

their expression levels in the cytoplasm (Figures 5B–D). The

protective effects of melatonin on the kidney and the expression

changes in LC3II and P62 were partially abolished by treatment

with Pink1 siRNA or Compound C (Figures 5B, E, F).
Frontiers in Endocrinology 06
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Melatonin relieved inflammation and
fibrosis in HK-2 cells treated with HG

Then, we explored the effects of melatonin on inflammation

and fibrosis. WB analysis showed decreased p-AMPK expression

in HK-2 cells treated with HG treatment, and melatonin restored
B

C

D

E

F

G H I

A

FIGURE 3

The effects of melatonin on the expression of p-AMPK and inflammation in the kidneys of DN mice. IHF analysis of p-AMPK (A, upper panel, B),
NLRP3 (A, middle panel, C), and F4/80 (A, lower panel, D) in the kidneys of different groups. Western blot analysis revealed the expression of p-
AMPK and AMPK (E, F). The mRNA levels of TNF-a (G), IL-1b (H), and IL-18 (I) in the different groups. The values are the mean ± SD. n = 6/
group. *p < 0.05 compared with the control group; #p < 0.05 compared with the DN group.
frontiersin.org

https://doi.org/10.3389/fendo.2022.889729
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


B

C D E F

A

FIGURE 4

The effects of melatonin on mitophagy in the kidneys of DN mice. Costaining for COX IV (A, upper panel) and LC3B (A, second panel) observed
the mitophagy changes. Western blot analysis of PINK1, Parkin, Parkin, LC3II, and P62 protein expression in mitochondria (left panels) and
cytoplasm (right panels) (B). Quantitative analysis of PINK1 (C), Parkin (D), LC3II (E), and P62 (F). The values are the mean ± SD. n = 6/group.
*p < 0.05 compared with the control group; #p < 0.05 compared with the DN group.
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B

C D E F

A

FIGURE 5

Metformin activated mitophagy in HK-2 cells treated with HG through the p-AMPK-PINK1 pathway. Mitophagy was detected by co-staining of
MitoTracker and LC3B (A). Western blot analysis of PINK1, Parkin, Parkin, LC3II, and P62 protein expression in mitochondria (left panels) and
cytoplasm (right panels) (B). Quantitative analysis of PINK1 (C), Parkin (D), LC3II (E), and P62 (F). The values are the mean ± SD. n = 4/group.
*p < 0.05 compared with the control group; #p < 0.05 compared with the HG group. @p < 0.05 compared with the HG+MEL group.
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p-AMPK expression (Figures 6A, B). There were no apparent

changes in total AMPK expression (Figures 6A, C). In addition,

the expression levels of NLRP3 and a-SMA were significantly

increased in HK-2 cells under HG conditions, and melatonin led

to the restoration of HG-induced NLRP3 and a-SMA

expression. At the same time, the effect was partially inhibited

by PINK1 siRNA or Compound C (Figures 6A, D, E). Similarly,

intracellular oxidative stress levels and the mRNA levels of IL-1b
and IL-18 were increased under HG conditions, while melatonin

reduced the increased expression induced by HG, and PINK1

siRNA or Compound C partially blocked the effects of melatonin

(Figures 6F–H).
Discussion

Previous studies have considered that the renal damage

caused by diabetes is mainly in the glomerulus, but the latest

study shows that renal tubular injury is independent of the

glomerulus and even earlier than the glomerulus (7). Multiple

factors have been revealed to cause diabetes-induced renal
Frontiers in Endocrinology 08
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damage, such as reactive oxygen species (23) and advanced

glycosylation end products (24), which can lead to

tubulointerstitial inflammation and fibrosis, promoting the

progression of DN. However, these hypotheses cannot fully

explain the pathogenesis of renal injury in DN. This study

revealed that melatonin upregulated mitophagy by activating

AMPK, alleviating renal inflammation and interstitial fibrosis.

As a highly metabolized organ, tubule cells need a large

number of mitochondria to ensure their reabsorption function.

Oxidative phosphorylation (OXPHOS) in mitochondria is the

primary source of ATP production, and this process involves

producing a large number of reactive oxygen species. Damaged

mitochondria need to be removed in time; otherwise, the

substances in the damaged mitochondria will leak into the

cytoplasm, further aggravating cell damage. Zhan et al.

demonstrated that there was a large amount of mitochondrial

fragmentation accompanied by increased production of ROS

and increased apoptosis in the kidneys of DNmice, while the use

of drugs to restore mitochondrial function can alleviate kidney

damage (25). A similar result was also observed by Ward et al.

when db/db mice were treated with Mito. Q, a mitochondria-
B C

D E

F

G H

A

FIGURE 6

The effect of metformin on oxidative stress, inflammation, and fibrosis in HK-2 cells treated with HG. Western blot analysis of p-AMPK
(A, B), AMPK (A, C), NLRP3 (A, D), and SMA (A, E) expression. DCFDA staining was used to detect intracellular oxidative stress (F). The
mRNA levels of IL-1b (G) and IL-18 (H) in the different groups. The values are the mean ± SD. n = 4/group. *p < 0.05 compared with
the control group; #p < 0.05 compared with the HG group. @p < 0.05 compared with the HG+MEL group.
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targeted protective agent, and diabetes-induced renal damage

was significantly improved compared to the control (26). These

evidences suggest that mitochondrial dysfunction plays a vital

role in renal injury in DN. Autophagy is the process by which

cells remove excess or damaged organelles in time to adapt to

changes in the environment (27). Autophagy can be divided into

macroautophagy (28), microautophagy (29), and chaperone-

mediated autophagy (CMA) (30), according to the occurrence

process. Macroautophagy can be divided into mitophagy (31),

ER-phagy (32), lipophagy (33), and so on. Mitophagy can

temporarily remove damaged mitochondria from cells to

prevent them from releasing contents and exacerbating cell

damage. Several studies have revealed that disordered

mitophagy can promote the progression of DN. There were

mitophagy defects, decreased mitochondrial membrane

potential, and increased mitochondrial reactive oxygen species

(mtROS), accompanied by downregulated PINK and Parkin

expression and increased apoptosis in the kidney of db/db

mice (34). A similar result was also observed by Lu et al.

Mitophagy was destroyed, and apoptosis was increased in HK-

2 cells treated with high glucose, while mitophagy was restored

with reduced apoptosis and alleviated kidney damage (35). This

study noted that the inhibition of mitophagy was accompanied

by increased oxidative stress, inflammation, and apoptosis in

HFD+STZ induced DN mice and HG-treated HK-2 cells.

Moreover, after the isolation of mitochondria, we found that

the levels of PINK1 and Parkin (the critical proteins of

mitophagy) located in mitochondria were reduced, while their

levels in the cytoplasm did not change significantly. This

evidence suggests that there is serious mitophagy disorder in

renal tubular cells in DN.

Melatonin is a pineal hormone associated with circadian

rhythms, and it can also be synthesized in extra-pineal tissues

such, as the heart, liver, placenta, skin, kidney, and intestine

(36–38). It regulates various life activities, such as energy

metabolism, lipid regulation and reproduction, pregnancy,

and fetal development (39). Recently, the relationship

between melatonin and autophagy has been partially

revealed. Stacchiotti et al. have shown that melatonin could

alleviate liver metabolism and steatosis, restore autophagy

flux and ameliorate mitochondrial damage in the liver of

high-fat-fed mice (40). Similarly, Wang et al. demonstrated

that melatonin could regulate the interaction between

autophagy and apoptosis through SIRT3, thereby alleviating

cadmium-induced testicular injury (41). However, in kidney

disease, the relationship between melatonin and autophagy,

especially mitophagy, has rarely been studied. It has been

reported that melatonin could alleviate mitochondrial

oxidative damage by promoting AMPK phosphorylation

(42). AMPK phosphorylation is inhibited in DN kidneys

(43, 44). In addition, studies have confirmed that AMPK

was a key molecule regulating mitophagy activity (45, 46).

Activation of mitochondrial autophagy can ensure timely
Frontiers in Endocrinology 09
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clearance of damaged mitochondria, thereby reducing

oxidative stress and cellular inflammation (7). Therefore,

AMPK and mitophagy may be potential targets of

melatonin in DN. Here, we found that melatonin could

restore the decreased mitophagy activity caused by diabetes

in the kidneys of DN mice or HG-treated HK-2 cells.

Mechanist ical ly , melatonin activates mitophagy by

promoting AMPK phosphorylation. The expression of

PINK1 and Parkin in mitochondria was increased in the

kidneys of DN+MEL mice and HG treated HK-2 cells

compared to the control. At the same time, their expression

did not change significantly in the cytoplasm. This suggests

that melatonin can dramatically promote the activation of

mitophagy. Interestingly, when PINK1 or AMPK was

inhibited, the mitophagy activity restored by melatonin was

also inhibited. This evidence further suggests that melatonin

activates mitophagy by promoting AMPK phosphorylation.

However, what is the molecular mechanism by which

melatonin regulates AMPK activity? Rui et al. demonstrated

that melatonin could downregulate cAMP levels through

melatonin 1A receptor (MT1R), thereby activating AMPK

phosphorylation to ameliorate lipid metabolism (47). Thus,

the MT1R-cAMP axis is the potential mechanism by which

melatonin activates AMPK in the regulation of mitophagy.

Although this study showed that melatonin played a

renoprotective role in DN through the AMPK-PINK1-

mitophagy pathway, there are still some problems to be solved

in the future in this research. What is the molecular mechanism

by which melatonin promotes AMPK phosphorylation? Can the

simultaneous intervention of melatonin and Compound C (an

AMPK inhibitor) in diabetic mice block the protective effect of

melatonin in the kidneys of diabetic mice? Although there are

some limitations, this study shows a protective effect of

melatonin in DN, which is expected to be used to treat DN in

the near future.
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