
INTERNATIONAL JOURNAL OF MOlecular medicine  55:  26,  2025

Abstract. Traditional Chinese Medicine (TCM) has demon‑
strated promising efficacy in managing and preventing the 
early‑stage diabetic nephropathy (DN). Although the exact 
mechanisms remain elusive, clinical evidence has suggested 
that Jinlida granules (JLD) are beneficial in improving renal 
function among patients with DN. The present study aimed 
to elucidate the effect of JLD on DN and the underlying 
molecular mechanism. Therefore, podocyte apoptosis was 
evaluated using flow cytometry and TUNEL staining, while 
mitochondrial morphology and function were assessed using 
transmission electron microscopy, MitoTracker, JC‑1 and reac‑
tive oxygen species staining. RNA sequencing analysis was 
performed to elucidate the mechanism underlying the effect of 

JLD on DN. Additionally, to investigate the role of peroxisome 
proliferator‑activated receptor‑γ co‑activator‑1α (PGC‑1α) 
in mitigating JLD‑induced mitochondrial dysfunction and 
podocyte apoptosis, MPC5 cells were transfected with the 
corresponding small interfering RNA constructs. The results 
showed that JLD effectively improved renal function and miti‑
gated podocyte injury, as well as ameliorated mitochondrial 
dysfunction and inhibited apoptosis in db/db mice. In vitro 
experiments further revealed that JLD exerted a protective 
effect via inhibiting mitochondrial fission and apoptosis in 
high glucose‑treated podocytes. Furthermore, JLD enhanced 
the phosphorylation of adenosine monophosphate‑activated 
protein kinase (AMPK), thus promoting the expression of 
PGC‑1α, eventually improving apoptosis and mitochondrial 
homeostasis. Overall, the current study revealed that JLD 
could improve mitochondrial homeostasis and reduce cell 
apoptosis in podocytes via activating the AMPK/PGC‑1α 
pathway, thus providing a theoretical foundation for the 
clinical management of DN.

Introduction

Due to improved living standards, life pattern changes and 
the aging of the society, the incidence of diabetes mellitus 
(DM) continues to escalate annually (1). On the basis of the 
International Diabetes Federation Global Diabetes Map 2021, 
there are currently 537 million patients with diabetes (range, 
20‑79 years old) worldwide, accounting for 10.5% of the total 
global population (2). It has been reported that 20‑40% of 
individuals with diabetes develop diabetic nephropathy (DN), 
a microvascular complication of DM (3). Although previous 
studies indicated that renin‑angiotensin system blockers could 
delay the onset of DN, they failed to halt the progression of the 
end‑stage renal disease (ESRD). Therefore, emphasis should 
be placed on the early detection and interventions for DN. 
Additionally, elucidating the early mechanism of DN devel‑
opment for preventing and delaying disease progression is of 
great importance.

Glomerular podocyte loss is recognized as a critical element 
in the development of proteinuria, glomerulosclerosis and 
deterioration of renal function in DN (4). Mitochondria play a 
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crucial role in cellular energy production and several cellular 
processes, including antioxidant defense, calcium homeostasis 
and apoptosis (5). Most importantly, oxidative phosphorylation 
(OXPHOS) in mitochondria is associated with the synthesis 
of adenosine triphosphate (ATP), thus providing energy for 
different cellular functions (6,7). Mitochondria are organelles 
that are constantly undergoing dynamic changes. Therefore, 
maintaining the normal mitochondrial morphology to maximize 
ATP production is of great significance. Dynamic changes in 
fission, fusion and autophagy substantially depend on mitochon‑
drial structure and morphology, which subsequently govern 
mitochondrial dynamics (8). A previous study demonstrated that 
OXPHOS was increased in mitochondrial fusion and decreased 
in mitochondrial fission (9). Additionally, enhanced fission and 
reduced fusion, causing podocyte mitochondrial breakage, 
were significantly associated with the development of DN (10). 
Therefore, maintaining dynamic mitochondrial homeostasis in 
podocytes could be an effective therapeutic strategy for DN (3).

Over the past few years, the application of Traditional 
Chinese Medicine (TCM) in the field of medical science has 
been gradually recognized by both domestic and foreign coun‑
terparts (11). Emerging evidence has supported the unique 
advantages of TCM in preventing DM progression (12,13). 
Therefore, it is meaningful to investigate the effective 
constituents of TCM for managing DM. A large random‑
ized clinical trial (FOCUS) revealed that Jinlida granules 
(JLD) reduced the risk of diabetes in subjects with metabolic 
abnormalities  (14). JLD is composed of 17 Chinese herbs, 
including Ginseng, Polygonum multiflorum, Salvia miltior‑
rhiza, Sophora flavescens, Rehmannia glutinosa, Epimedium, 
Rhizoma coptidis, Atractylodes lancea preparata, Radix 
ophiopogonis, Polygonum multiflorum, Cornus officinalis, 
Polyporia cocos, Eupatorium fortunei, Rhizoma anemarrh‑
enae, Pachyrhizua angulatus, Semen litchi and Cortex lycii 
radices, with known therapeutic effects. JLD, an innovative 
TCM formulation, is developed based on empirical knowledge 
guided by the theory of ‘collateral disease’. This compound 
can effectively strengthen the spleen and against phlegm and 
moisture overload (15) Previous studies revealed that JLD 
exerted a positive effect on improving insulin resistance and 
regulating disruptions in glucose and lipid metabolism (15,16). 
However, the particular mechanism underlying the effects of 
JLD on DN remains unclear. Therefore, the current study aimed 
to investigate the therapeutic effects of JLD on DN and its 
relative molecular mechanism, thus highlighting the possible 
key role of JLD in podocyte apoptosis via the adenosine 
monophosphate‑activated protein kinase (AMPK)/peroxisome 
proliferator‑activated receptor‑γ co‑activator‑1α (PGC‑1α) 
pathway to ameliorate mitochondrial dysfunction.

Materials and methods

Reagents. JLD was obtained from Shijiazhuang Yiling 
Pharmaceutical Co., Ltd. and was pulverized into ultrafine 
powder. Valsartan (Val) was purchased from Nova Beijing 
Pharmaceutical Co., Ltd., while insulin glargine (Gla) from 
Sanofi Beijing Pharmaceutical Co., Ltd. JLD and Val were 
individually dissolved in 0.5% sodium carboxymethyl cellulose 
(CMC) for intragastric administration. Gla was administered 
by subcutaneous injection.

Animals. In the present study, animal experiments were ethi‑
cally approved by the Animal Ethical Committee of the 
Tianjin Medical University Chu Hsien‑I Memorial Hospital 
(approval no. 2022084; Tianjin, China). SPF grade male db/m 
and db/db mice (age, 7  weeks‑old; weight, 35‑40  g) were 
purchased from Gempharmatech Co., Ltd. and maintained 
in the Laboratory Animal Center. Mice were maintained at a 
temperature of 23±3˚C, humidity of 45±15%, and a 12/12‑h 
light/dark cycle with free access to food and water. Following 
acclimatization for two weeks, mice were then allocated into the 
following six groups: control (db/m), model (db/db), Val (db/db 
+ 10 mg /kg/d Val), Gla (db/db + 3 U/kg/d Gla), JLD‑L (db/db + 
1.75 g/kg/d JLD) and JLD‑H (db/db + 3.5 g/kg/d JLD) groups 
(n=10 mice/group). At the age of nine weeks, mice were daily 
treated with JLD, Val or an equal volume of CMC for eight 
weeks. After 12 h of fasting, blood from the tail tip of the mice 
was collected and fasting blood glucose (FBG) was measured 
using a glucometer. FBG and body weight (BW) levels were 
recorded weekly throughout the experimental period. At the 
end of administration, mice entered the metabolic system for 
metabolic data monitoring and urine were collected by meta‑
bolic cage. Blood and kidneys were collected following mice 
euthanasia by 30‑70%  vol/min CO2 absorption. Following 
euthanasia, mice were examined for cardiac arrest, respiratory 
arrest, body rigidity and dilated pupils to confirm animal death. 
If the mice were not already dead, cervical dislocation followed.

Detection of renal function indicators. Urinary albumin content 
(cat. no. JL20493‑96T) was measured using the corresponding 
ELISA kit. In addition, creatinine (Cr, cat. no. JL‑T0928‑96) 
and blood urea nitrogen (BUN, cat. no. JL‑T1014‑96) kits were 
provided by Jianglai Biotechnology (Jianglaibio) Co., Ltd.

Histopathological staining of kidney tissue sections. Following 
fixed with 4% formaldehyde for 24 h at 4˚C, the kidney tissues 
were cut into 4‑µm thick slices and embedded in paraffin. 
Subsequently, the slices were stained with hematoxylin and 
eosin (H&E) and observed under a light microscope (Olympus 
Corporation).

Transmission electron microscopy (TEM). Fresh renal cortex 
tissues were collected and fixed with 2% glutaraldehyde at 4˚C 
overnight. The tissues were inserted into the pure EMBed 812 
(cat. no. 90529‑77‑4; SPI), and then kept at 37˚C overnight. 
A total of 2% uranium acetate saturated alcohol solution 
(avoiding light) was used for staining for 8 min and 2.6% lead 
citrate (avoiding CO2) was used for staining for 8 min at room 
temperature. Following tissue section staining, images of the 
foot process and mitochondria were captured under TEM 
(Hitachi High‑Technologies Corporation).

Immunofluorescence staining. Renal tissue paraffin sections 
were placed in xylene and dewaxed in water using descending 
ethanol series, and then antigenically repaired. Subsequently, 
the tissue sections were sealed with 1% BSA (Beijing Solarbio 
Science & Technology Co., Ltd.). and incubated with a primary 
antibody at 4˚C overnight. The primary antibodies used were 
the following: Anti‑NPHS2 (1:200; cat. no. ab229037; Abcam), 
anti‑SYNPO (1:200; cat. no. 21064‑1‑AP; Proteintech Group, 
Inc.). Following tissue incubation with the corresponding 
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FITC‑labeled secondary antibody (1:200; cat.  no.  S2003; 
Simubiotech) for 1 h at 37˚C, the sections were blocked using 
an anti‑fluorescence quenching blocking solution containing 
DAPI (cat. no. S2110; Beijing Solarbio Science & Technology 
Co., Ltd.) for 10 min at 4˚C. Images of the stained tissues were 
captured under a laser scanning confocal microscope (Carl 
Zeiss AG) or standard microscope (Olympus Corporation). 
The images were analyzed using ImageJ 1.53v software 
(National Institutes of Health).

TUNEL assay. Apoptotic cells in renal tissue sections were 
assessed using a TUNEL reagent for 15 min at 37˚C (Beyotime 
Institute of Biotechnology). Cell nuclei were stained with DAPI 
(cat. no. S2110; Beijing Solarbio Science & Technology Co., 
Ltd.) for 10 min at 4 ˚C. The apoptotic cells indicated by red 
fluorescence were observed under a fluorescent microscope.

Cell culture. Conditional permanent MPC5 cells were provided 
by Professor Mingzhen Li (Tianjin Medical University 
Chu Hsien‑I Memorial Hospital). Cells were cultured in 
RPMI‑1640 medium supplemented with 11.1 mM glucose 
(Gibco; Thermo Fisher Scientific, Inc.), 100 U/ml penicillin, 
1% streptomycin (100 µg/ml) and 10% fetal bovine serum 
(Gibco; Thermo Fisher Scientific, Inc.) at 37˚C in an incubator 
with 5% CO2. After reaching 80% confluence, MPC5 cells 
were exposed to glucose (MilliporeSigma) or mannitol (MA), 
as control. MPC5 cells were then treated with 50 (JLD‑L), 
100 (JLD‑M) and 200 µg/ml (JLD‑H) JLD or Val (2 µmol/l; 
cat. no. HY‑18204; MedChemExpress) or AICAR (1 mmol/l; 
cat.  no.  HY‑13417; MedChemExpress) or Compound C 
(5 µmol/l; cat. no. HY‑13418A; MedChemExpress) in a high 
glucose (HG; 25 mmol/l) environment. MPC5 cells were then 
allocated into the following groups: The normal glucose, MA, 
HG, HG + Val, HG + JLD‑L, HG + JLD‑M, HG + JLD‑H, 
HG + AICAR, HG + AICAR + JLD, HG + Compound C and 
HG + Compound C + JLD groups.

Cell viability assay. A Cell Counting Kit‑8 (CCK‑8) assay 
(Invigentech, Inc.) was carried out to assess the viability 
of cells. Briefly, MPC5 cells were cultured for 24 h at 37˚C 
with 5% CO2. When the cell density reached 80%, cells were 
treated with 50, 100, 200, 400 and 800 µg/ml JLD or 11.1, 16.7, 
25, 33.3 and 50 mmol/l glucose solution for an additional 24 h. 
Each well was then supplemented with 10 µl CCK‑8 reagent 
and MPC5 cells were cultured for 1 h at 37˚C in an incubator. 
Finally, the absorbance at a wavelength of  450  nm was 
measured by an enzyme marker (Bio‑Tek Instruments, Inc.).

Reactive oxygen species (ROS) and MitoSOX assay. ROS 
content in cells was determined using fluorescent probe 
dihydroethidium (DHE; US Everbright Inc.) staining and cell 
fluorescence was observed under a fluorescent microscope 
(Olympus Corporation). In addition, superoxide levels in mito‑
chondria of living cells were monitored by MitoSOX (ABclonal 
Biotech Co., Ltd.) assay. Red fluorescence was observed under 
a fluorescent microscope (Olympus Corporation).

Mitochondrial membrane potential (MMP). MMP was 
assessed using a corresponding kit (cat. no. M8650; Beijing 
Solarbio Science & Technology Co., Ltd.). Briefly, MPC5 cells 

were cultured in confocal dishes and following cell staining 
with JC‑1 for 20 min at 37˚C, and living cells were observed 
under a confocal microscope.

Assessment of mitochondrial DNA (mtDNA) copy numbers. 
Total DNA was extracted from kidney tissues and MPC5 cells 
using a DNA extraction kit (cat. no. D1700; Beijing Solarbio 
Science & Technology Co., Ltd.). Using gene‑specific PCR 
primers synthesized by Tsingke Biotechnology Co., Ltd., 
quantitative PCR was employed to determine mtDNA copy 
number. Enzyme activation at 93˚C (10 min), denaturation 
at 93˚C (15 sec), annealing at 55˚C (30 sec) and extension at 
72˚C (30 sec) followed by 40 cycles. The primer sequences 
used were as follows: mtND1 forward, 5'‑ACC​ATT​TGC​AGA​
CGC​CAT​AA‑3' and reverse, 5'‑TGA​AAT​TGT​TTG​GGC​TAC​
GG‑3'; and β‑globin forward, 5'‑GAA​GCG​ATT​CTA​GGG​
AGC​AG‑3' and reverse, 5'‑GGA​GCA​GCG​ATT​CTG​AGT​
AGA‑3'. The relative mtDNA content was ascertained via 
normalizing mtDNA expression to that of β‑globin.

MitoTracker assay. A MitoTracker assay (Cell Signaling 
Technology, Inc.) was used to locate mitochondria in living 
MPC5 cells. Mitochondrial morphology was observed under 
a confocal microscope.

Flow cytometry. According to the manufacturer's protocol, the 
Annexin V‑FITC apoptosis detection kit (cat. no. BB‑4101‑50T; 
BestBio Biotechnologies Co., Ltd.) was employed to stain 
MPC5 cells (1x105 cells/hole). Subsequently, apoptotic cells 
were identified using flow cytometry (model, BD FACSVerse; 
BD biosciences) and the data were analyzed using FlowJo 
10.8.1 software (FlowJo LLC).

Cell transfection. For PGC‑1α silencing, MPC5 cells were trans‑
fected with specific small interfering RNAs (siRNAs) targeting 
PGC‑1α (concentration, 20 µmol/l; sense, 5'‑GCC​AAA​CCA​
ACA​ACU​UUA​UTT‑3' and antisense, 5'‑AUA​AAG​UUG​UUG​
GUU​UGG​CTT‑3') or normal control siRNAs (concentration, 
20 µmol/l; sense, 5'‑UUC​UCC​GAA​CGU​GUC​ACG​UTT‑3' and 
antisense, 5'‑ACG​UGA​CAC​GUU​CGG​AGA​ATT‑3') using the 
Lipofectamine® 2000 transfection reagent. After cell transfec‑
tion for 6 h at 37˚C, the medium was changed, and the next 24 h 
after which the cells were intervened. Both siRNA sequences 
were provided by Shanghai GenePharma Co., Ltd. Transfected 
MPC5 cells were then treated with 25 mmol/l HG or 200 µg/ml 
JLD for the subsequent experiments.

Western blot analysis. Proteins were extracted from 
kidney tissues or MPC5 cells using a RIPA cracking buffer 
(cat. no. R0020; Beijing Solarbio Science & Technology Co., 
Ltd.), supplemented with phosphatase inhibitor (Calyculin A) 
and phenylmethylsulfonyl fluoride. Protein concentration 
was measured by the BCA method. The same quantity of 
protein extracts (20 µg) was separated by 10% SDS‑PAGE 
and the proteins were then transferred onto nitrocellulose 
membranes. Following sealing in Tris‑buffered solution 
(pH, 7.2‑7.4), containing 10% Tween‑20 and 5% skim milk, 
for 1 h, the membranes were incubated with primary anti‑
bodies at 4˚C overnight. The following day, the membrane 
was incubated with the Goat Anti‑Rabbit HRP‑conjugated 
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secondary antibody (1:5,000; cat.  no.  BS13278; Bioworld 
Technology, Inc.) for 1 h. The immunoreactive protein bands 
were visualized using an enhanced chemiluminescence 
kit (Beijing Solarbio Science & Technology Co., Ltd.) and 
analyzed using ImageJ software. The antibodies used were 
the following: Anti‑NPHS2 (1:1,000; cat.  no.  ab229037; 
Abcam), anti‑phosphorylated (p)‑ dynamin‑related peptide 1 
(DRP1S616; 1:1,000; cat. no. 3455S; Cell Signaling Technology, 
Inc.), anti‑p‑DRP1S637(1:1,000; cat.  no.  ab193216; Abcam), 
anti‑PGC‑1α (1:1,000; cat. no. ab54481; Abcam), anti‑p‑AMPK 
(1:1,000; cat . no. ab13448; Abcam) and anti‑AMPK (1:1,000; 
cat. no. ab32047; Abcam); anti‑optic atrophy protein 1 (OPA1; 
1:1,000; cat. no. 880471S; Cell Signaling Technology, Inc.), 
anti‑DRP1 (1:1,000; cat. no. 8570S; Cell Signaling Technology, 
Inc.) and anti‑mitofusin 2 (MFN2; 1:1,000; cat. no. 9482S; Cell 
Signaling Technology, Inc.)); anti‑synaptopodin (SYNPO; 
1:1,000; cat.  no.  21064‑1‑AP; Proteintech Group, Inc.), 
anti‑BAX (1:2,000; cat. no. 50599‑2‑IG; Proteintech Group, 
Inc.), anti‑BCL2 (1:2,000; cat. no. 26593‑1‑AP; Proteintech 
Group, Inc.) and anti‑β‑actin (1:2,000; cat. no. 20536‑1‑AP; 
Proteintech Group, Inc.); and anti‑cleaved caspase 3 (1:1,000; 
cat. no. A2156; ABclonal Biotech Co., Ltd.).

RNA‑sequencing. RNA sequencing was performed on fresh 
kidney tissues derived from mice in the db/m, db/db and 
db/db + JLD‑H groups. Total RNA was extracted from kidney 
tissues using TRIzol reagent. Sample quality verification was 
performed using Fragment Analyzer (model, 5300; Agilent 
Technologies, Inc.). The library was prepared using the Optimal 
Dual‑mode mRNA Library Prep Kit (cat.  no.  LR00R96; 
BGI, Inc.). Fragment Analyzer measured library loading 
concentrations at least 5 ng/µl. mRNA was enriched by oligo 
(dT)‑attached magnetic beads and reversed transcribed into 
cDNA. Following cDNA end repairment, an A nucleotide was 
added to the blunt fragments. The single‑stranded cyclized 
DNA products were replicated to construct DNA nanoballs 
(DNBs). DNBs were then loaded into the patterned nanoarray 
and paired end of 150 base reads were performed on the T7 
platform (BGI, Inc.). Data were analyzed, visualized and 
mined using the ‘Dr. Tom’ system (https://biosys.bgi.com). 
The differentially expressed genes were identified using the 
DESeq2 v1.4.5 package, with Q≤0.05. Kyoto Encyclopedia of 
Genes and Genomes (KEGG; https://www.kegg.jp/) and Gene 
Ontology (GO; http://www.geneontology.org/) enrichment 
analyses were performed on differentially expressed genes 
with a Q value of ≤0.05. RNA‑sequencing and analysis of 
results were performed by BGI Genomics Co., Ltd.

Statistical analyses. Graphical representations were created 
using GraphPad Prism 9.0 software (Dotmatics). All results 
are expressed as the mean ± SEM. The differences among 
multiple groups were compared by one‑way ANOVA followed 
by Tukey's post hoc test, while those between two groups by 
unpaired Student's t‑tests. P<0.05 was considered to indicate a 
statistically significant difference.

Results

JLD restores the kidney function of db/db mice. The results 
demonstrated that FBG and BW levels were significantly 

increased in db/db mice compared with db/m mice. Mice in 
JLD groups showed decreased FBG levels and BW compared 
with those in db/db group, thus supporting the hypoglycemic 
and weight loss effects of JLD (Fig. 1A and B). Furthermore, the 
urinary microalbumin/Creatinine (mALB/Cr) rate, and mALB 
and BUN levels were dose‑dependently reduced in the JLD 
groups compared with the db/db group (Fig. 1C‑E). Additionally, 
the renal function indicators were significantly improved in Val 
group (Fig. 1C‑E). In addition, FBG levels, but not renal function, 
were also significantly improved in the Gla group (Fig. S1A‑C). 
At the same time, energy metabolism was enhanced in db/db 
mice after JLD intervention (Fig. 1F‑H). Overall, these findings 
indicated that JLD could effectively restore kidney function in the 
db/db group, possibly independently of its hypoglycemic effect.

JLD improves glomerular morphology and podocyte injury 
in db/db mice. As illustrated in Fig. 2A, the renal pathology of 
db/db mice was characterized by tubule dilatation and glomer‑
ular atrophy. TEM showed that the glomerular basement 
membrane thickened and the foot process was fused in db/db 
mice (Fig. 2B). However, glomerular morphology was improved 
in the JLD groups. Podocyte injury is generally considered as 
a critical step in the development of DKD. Therefore, in the 
present study, to assess podocyte injury, the expression levels 
of the functional‑ and podocyte‑specific indicators NPHS2 
and SYNPO were detected. Immunofluorescence and western 
blot results revealed that both NPHS2 and SYNPO were 
downregulated in db/db mice and their expression levels were 
restored following mice treatment with JLD (Fig. 2C‑F). The 
aforementioned results demonstrated that JLD could signifi‑
cantly improve glomerular morphology and podocyte injury.

JLD inhibits cell apoptosis in db/db mice. To explore 
the molecular mechanism underlying the effect of JLD 
on improving renal function and podocyte injury, RNA 
sequencing and KEGG enrichment analyses were performed 
in the kidney tissues of mice. In the aforementioned animal 
experiments, the results demonstrated that the general condi‑
tion and kidney injury in mice in the JLD‑H group (db/db + 
3.5 g/kg/d JLD) were improved more significantly. Therefore, 
the kidney tissues isolated from JLD‑H group were selected 
for RNA sequencing. The analysis revealed that a total of 539 
factors were upregulated in db/db group and downregulated 
in JLD group. Similarly, 151 factors were downregulated 
in db/db group and upregulated in JLD group (Fig. 3A‑C). 
Furthermore, KEGG and GO enrichment analysis revealed 
that the differentially expressed genes were mainly clustered in 
apoptotic pathways (Fig. 3D). In addition, western blot analysis 
was performed to detect the apoptosis‑related proteins, namely 
BAX, BCL2 and cleaved caspase 3. Therefore, cell apoptosis 
was enhanced in db/db mice compared with db/m mice, while 
it was restored in JLD groups (Fig. 3F and G). Consistently, 
TUNEL staining assays revealed that the number of apoptotic 
cells was increased in db/db group and reduced in JLD groups 
(Fig. 3E). Overall, the aforementioned findings indicated that 
JLD could markedly inhibit cell apoptosis in db/db mice.

JLD inhibits DRP1‑mediated mitochondrial fission and 
alleviates mitochondrial dysfunction in db/db mice. In previous 
studies, excessive mitochondrial fission and mitochondrial 
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dysfunction were observed in HG‑induced MPC5 cells, 
thus resulting in enhanced ROS production and cell apop‑
tosis (17,18). Consistently, in the present study, mitochondrial 

morphology and function were assessed. The results revealed 
that the morphology of mitochondria in the db/db group 
was characterized by abnormal structure, accompanied by 

Figure 1. JLD restores the renal function of db/db mice. (A) BW. (B) FBG. (C) BUN. (D) mALB/Cr. (E) mALB. (F) O2 consumption (VO2). (G) CO2 release 
quantity (VCO2). (H) Energy expenditure. **P<0.01, ***P<0.001 and ****P<0.0001 vs. db/m group; #P<0.05, ##P<0.01 and ###P<0.001 vs. db/db group. JLD, Jinlida 
granules; BW, body weight; FBG, fasting blood glucose; BUN, blood urea nitrogen; mALB/Cr, microalbumin/creatinine; Val, Valsartan; ns, no significance.
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swelling, rupture and mitochondrial ridge reduction. However, 
the morphology of mitochondria was restored in mice in the 
JLD group (Fig. 4A). In db/db mice, p‑DRP1S616 was upregu‑
lated and p‑DRP1S637 was downregulated, while the protein 
expression levels of the mitochondrial fusion‑related proteins, 
OPA1 and MFN2, were also reduced, thus suggesting that 
diabetic mice were characterized by enhanced mitochondrial 
division and decreased podocyte fusion (Fig. 4C and D). In 
addition, attenuated mitochondrial fission, decreased ROS 
levels and increased copy numbers of mtDNA were observed 
in mice in the JLD groups (Fig. 4B and E). These findings 
suggested that JLD could significantly inhibit mitochondrial 
division and alleviate mitochondrial dysfunction.

JLD alleviates HG‑induced MPC5 cell apoptosis. To inves‑
tigate the possible mechanisms by which JLD could improve 

cell apoptosis and mitochondrial dysfunction, hyperglycemia 
was simulated in vitro by treating MPC5 cells with HG. For 
CCK‑8 assays, cells were co‑treated with increasing concen‑
trations of JLD (50, 100 and 200  µg/ml) and 25  mmol/l 
HG (Fig. 5A and B). In HG‑treated MPC5 cells, apoptosis 
was increased, as evidenced by cleaved caspase 3 and BAX 
upregulation and BCL2 downregulation (Fig.  5C  and  D). 
Flow cytometry revealed that cell apoptosis was enhanced in 
podocytes induced by HG. However, this effect was reversed 
by JLD (Fig. 5E and F). These results verified that JLD could 
inhibit HG‑induced podocyte apoptosis.

JLD alleviates mitochondrial fission and mitochondrial 
dysfunction in MPC5 cells. Consistent with the in vivo results, 
MitoTracker staining revealed mitochondrial fragmentation 
in HG‑induced MPC5 cells (Fig. 6B). MMP upregulation and 

Figure 2. JLD improves glomerular morphology and podocyte injury of db/db mice. (A) H&E (scale bar, 100 µm). (B) TEM for foot process (scale bar, 1 µm). 
(C) Immunofluorescence of NPHS2 in kidneys (magnification, x40). (D) Immunofluorescence of SYNPO in kidneys (scale bar, 50 µm). (E and F) Relative 
protein expression of NPHS2 and SYNPO in mice. **P<0.01 and ***P<0.001 vs. db/m group; ##P<0.01 and ###P<0.001 vs. db/db group. JLD, Jinlida granules; 
TEM, transmission electron microscopy; SYNPO, synaptopodin; Val, Valsartan.
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elevated mitochondrial ROS production are closely associ‑
ated with mitochondrial dysfunction. Therefore, the results 

demonstrated that MMP was downregulated in HG‑induced 
MPC5 cells, while JC‑1 staining revealed mitochondrial 

Figure 3. JLD inhibits apoptosis in db/db mice. (A) Venn diagram of genes in db/db upregulated and db/db + JLD downregulated. (B) Venn diagram of genes 
in db/db downregulated and db/db + JLD upregulated. (C) Clustering heat map between groups. (D) Kyoto Encyclopedia of Genes and Genomes and Gene 
Ontology enrichment analysis of different genes. (E) TUNEL staining (magnification, x20). (F and G) Relative protein expression of BAX, BCL2 and cleaved 
caspase 3 in mice. **P<0.01 and ****P<0.0001 vs. db/m group; ##P<0.01, ###P<0.001 and ####P<0.0001 vs. db/db group. JLD, Jinlida granules; Val, Valsartan.
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depolarization. The aforementioned effects were reversed 
by JLD administration (Fig.  6A). In addition, MitoSOX 
staining demonstrated that ROS production was increased 
in HG‑induced podocytes, and it was significantly reduced 
by JLD (Fig.  6C). Furthermore, the western blot analysis 
results indicated that HG‑induced MPC5 cells displayed 
excessive mitochondrial division and decreased mitochon‑
drial fusion, which were reversed following treatment with 
JLD (Fig. 6D and E). Finally, the RT‑qPCR results identified 
that JLD could restore the reduced copy number of mtDNA 
in HG‑induced podocytes (Fig. 6F). Overall, these findings 
verified that JLD could significantly inhibit mitochondrial 
division and improve mitochondrial dysfunction.

JLD alleviates mitochondrial division and apoptosis via 
activating the AMPK/PGC‑1α pathway. AMPK and PGC‑1α 
serve critical roles in the maintenance of mitochondrial 
homeostasis. Therefore, dysfunction of this pathway has been 
related to the pathogenesis of several metabolic diseases, such 
as diabetes (19,20). To explore whether the AMPK/PGC‑1α 
pathway participates in the JLD‑mediated podocyte apoptosis 
and mitochondrial dysfunction improvement, the in vivo and 

in  vitro protein expression levels of AMPK/PGC‑1α were 
detected. The analysis showed that AMPK phosphorylation 
and PGC‑1α expression were reduced in the db/db group, while 
they were significantly enhanced in JLD groups (Fig. 7A and B). 
Consistent with the in vivo results, the phosphorylation levels 
of AMPK/PGC‑1α expression were decreased in HG‑induced 
podocytes, which were reversed after JLD intervention 
(Fig. 7C and D). Therefore, it was hypothesized that JLD could 
ameliorate podocyte apoptosis and mitochondrial dysfunction 
via the AMPK/PGC‑1α pathway. The aforementioned finding 
was verified following MPC5 cell treatment with AICAR, 
an AMPK activator, or its inhibitor, compound C. Therefore, 
p‑AMPK and PGC‑1α were downregulated in HG‑ and 
compound C‑intervened MPC5 cells, thus promoting excessive 
mitochondrial division and apoptosis. However, HG‑induced 
MPC5 cell treatment with JLD and AICAR displayed the oppo‑
site effect (Fig. 7E, G‑I). To further support that PGC‑1α could be 
considered as a critical factor in JLD action to ameliorate mito‑
chondrial dysfunction and apoptosis in podocytes, MPC5 cells 
were transfected with siRNA clones targeting PGC‑1α (Fig. S2). 
As expected, PGC‑1α knockdown abrogated the effects of JLD 
on ameliorating excessive mitochondrial division and apoptosis 

Figure 4. JLD inhibits DRP1‑mediated mitochondrial fission and alleviates mitochondrial dysfunction of db/db mice. (A) TEM for mitochondria (scale 
bar, 1 µm). (B) ROS staining (magnification, x20). (C and D) Relative protein expression of p‑DRP1S616, p‑DRP1S637, DRP1, OPA1 and MFN2 in mice. 
(E) mtDNA copy number in each group. **P<0.01 and ***P<0.001 vs. db/m group; #P<0.05, ##P<0.01 and ###P<0.001 vs. db/db group. JLD, Jinlida granules; 
DRP1, dynamin‑related peptide 1; TEM, transmission electron microscopy; ROS, reactive oxygen species; p‑, phosphorylated; OPA1, optic atrophy protein 1; 
MFN, mitofusin; mtDNA, mitochondrial DNA.
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Figure 6. JLD alleviates mitochondrial fission and mitochondrial dysfunction induced by HG in MPC5 cells. (A) JC‑1 staining (scale bar, 20 µm). (B) Mito 
Tracker staining (scale bar, 20 µm). (C) MitoSOX staining (magnification, x10). (D and E) Relative protein expression of p‑DRP1S616, p‑DRP1S637, DRP1, OPA1 
and MFN2 in MPC5. (F) mtDNA copy number in each group. **P<0.01 and ***P<0.001 vs. NG group; #P<0.05, ##P<0.01, ###P<0.001 and ####P<0.0001 vs. HG 
group. JLD, Jinlida granules; HG, high glucose; p‑, phosphorylated; DRP1, dynamin‑related peptide 1; OPA1, optic atrophy protein 1; MFN, mitofusin; 
mtDNA, mitochondrial DNA; NG, normal glucose.

Figure 5. JLD alleviates apoptosis induced by HG in MPC5 cells. (A) Cell viability at different JLD concentrations. (B) Cell viability at different glucose 
concentrations. (C and D) Relative protein expression of BAX, BCL2 and Cleaved Caspase 3 in MPC5 cells. (E and F) The Annexin V/PI staining of apoptotic 
rate. **P<0.01 vs. NG group; #P<0.05 and ##P<0.01 vs. HG group. JLD, Jinlida granules; HG, high glucose; NG, normal glucose; MA, mannitol; Val, Valsartan.
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in podocytes (Fig. 7F and G). To summarize, the aforementioned 
results confirmed that PGC‑1α could be considered as a key 

effector of JLD in ameliorating apoptosis and mitochondrial 
dysfunction in podocytes through the AMPK pathway.

Figure 7. JLD alleviates mitochondrial division and apoptosis by activating the AMPK/PGC‑1α pathway. (A and B) Relative protein expression of p‑AMPK 
and PGC‑1α in mice. (C and D) Relative protein expression of p‑AMPK and PGC‑1α in MPC5 cells. (E‑G, H, I) MPC5 cells were treated with or without JLD 
(200 µg/ml), with or without AICAR (1 mmol/l), and with or without Compound C (5 µmol/l). Relative protein expression of p‑AMPK, PGC‑1α, p‑DRP1S616, 
p‑DRP1S637, DRP1, BAX and BCL2 in MPC5 cells. The Annexin V/PI staining of apoptotic rate in each group. (F and G) MPC5 were transfected with si‑NC 
or PGC‑1α siRNA (si‑PGC‑1α) and then treated with or without JLD (200 µg/ml). Relative protein expression of PGC‑1α, p‑DRP1S616, p‑DRP1S637, DRP1, BAX 
and BCL2 in MPC5 cells. $P<0.05, $$P<0.01 and $$$P<0.001 vs. HG + Compound C group; *P<0.05, **P<0.01 and ***P<0.001 vs. HG + si‑NC group; #P<0.05, 
##P<0.01 and ###P<0.001 vs. HG + JLD + si‑NC group. JLD, Jinlida granules; AMPK, adenosine monophosphate‑activated protein kinase; PGC‑1α, peroxisome 
proliferator‑activated receptor‑γ co‑activator‑1α; p‑, phosphorylated; DRP1, dynamin‑related peptide 1; siRNA, small interfering RNA; NC, negative control; 
HG, high glucose; NG, normal glucose.
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Discussion

Diffuse thickening of the glomerular basement membrane, 
dilatation of the tethered membranes and nodular sclerosis 
(Kimmelstiel‑Wilson nodules) are hallmark histopathological 
features of DN, which accounts for ~50% of all cases of 
chronic kidney disease (CKD) (21,22). As a complication of 
DM, DN is significantly involved in ESRD. Despite the preva‑
lence and severity of DN, the benefits of the current therapeutic 
interventions remain limited. The results of the present study 
showed that JLD could protect against DN and effectively 
restore renal function.

Lower glomerular filtration rate and persistent protein‑
uria are hallmarks of DN. In patients with DN, podocyte 
damage and peduncle fusion are the primary manifestations 
of proteinuria. Since podocytes are terminally differentiated 
cells, DN progresses irreversibly if >20% of them are lost (23). 
In the present study, RNA sequencing and in vitro/in vivo 
experiments showed that the protective effect of JLD on 
podocytes was mediated via diminishing podocyte injury and 
apoptosis. It has been reported that podocytes can maintain 
their complex structure via regulating the cytoskeleton and 
extracellular matrix, which require substantial mitochondrial 
energy supply  (24). Mitochondria are the major source of 
cellular energy and their dysfunction is notably associated 
with podocyte injury in patients with DN. Their dysfunction is 
affected by mitochondrial biogenesis, fusion and fission (25). 
Mitochondrial fission and fusion are mutually complementary 
processes that reinforce each other to maintain mitochondrial 
function and morphology. The aforementioned two processes 
can be achieved by cleavage and junction of the inner and 
outer mitochondrial membrane. Fusion is fundamental 
for homogenization of mitochondrial dynamics across the 
cellular mitochondrial network and enhances the efficiency 
of mitochondrial reactions (26). By contrast, mitochondrial 
fission is generally related to metabolic stress, thus severely 
contributing to mitochondrial degradation and apoptosis (25). 
Mitochondrial fusion is facilitated by MFN1 and MFN2, 
located in the outer mitochondrial membrane, and OPA1, 

located in the inner mitochondrial membrane (27). Fission is 
dominantly regulated by DRP1 and it can be accelerated by 
either increased DRP1 activity or DRP1 translocation to the 
outer mitochondrial membrane. Post‑translational changes 
could affect DRP1 activity and translocation (28). For example, 
phosphorylating DRP1 at Ser‑616 could promote fission, while 
DRP1 phosphorylation at Ser‑637 could typically suppress 
this process (29,30). Herein, podocyte treatment with JLD 
reduced mitochondrial fission and improved mitochondrial 
dysfunction.

The regulation of cell growth, proliferation, differen‑
tiation, metabolism and survival is largely dependent on 
AMPK, which promotes the physiological development of 
various organs in the human body. The progression of DN 
and CKD can be facilitated by AMPK dysregulation (31,32). 
AMPK activity was reduced in HG‑induced podocytes, thus 
altering cleft septa and cytoskeletal dysfunction. By contrast, 
regulating AMPK activity could affect actin dynamics and 
improve the architecture of foot process (33). In addition to 
AMPK inactivation, HG stimulation could also reactivate 
mammalian target of rapamycin pathway and induce apop‑
tosis in podocytes (34). A previous study from our laboratory 
showed that JLD activated AMPK and enhanced autophagy 
in NIT‑1 pancreatic β cells (15). Consistently, in the present 
study, JLD acted as an activator of AMPK, which not only 
ameliorated the structure of foot process but also attenuated 
podocyte apoptosis.

PGC‑1α is a transcriptional coactivator that acts 
via responding to mitochondrial biogenesis and energy 
consumption  (35,36). Apart from that, PGC‑1α regulates 
mitochondrial dysfunction and mitochondrial quality control 
mechanisms  (37). A previous research revealed a strong 
association between type 2 DM and genetic variations in 
PGC‑1α (38). Furthermore, PGC‑1α expression was markedly 
reduced in DN and CKD (39,40). Other studies verified that 
PGC‑1α expression was primarily regulated by AMPK in 
diverse nephrotic diseases, including DN (41,42). The results 
revealed that JLD could possibly exert its pharmacological 
effect via activating AMPK to upregulate PGC‑1α, which in 

Figure 8. Schematic illustration of the mechanism. PGC‑1α, peroxisome proliferator‑activated receptor‑γ co‑activator‑1α; AMPK, adenosine monophosphate‑acti‑
vated protein kinase; ROS, reactive oxygen species; mtDNA, mitochondrial DNA; DRP1, dynamin‑related peptide 1; MMP, mitochondrial membrane potential.
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turn could ameliorate mitochondrial dysfunction. However, 
further investigation is needed to explore the mechanism by 
which JLD activates the phosphorylation of AMPK.

Another study suggested that that quercetin, luteolin and 
baicalin were the main active components of JLD, which 
acted against DM (43). Among them, quercetin is considered 
to have a protective role in podocyte apoptosis in DN (44). 
Several related bioactive compounds of JLD, such as puerarin 
and ginsenosides, have been considered to exhibit therapeutic 
effects against DN (45,46). To develop novel therapeutic strate‑
gies for DN, it is essential to find out the potential bioactive 
components of JLD and clarify how they affect mitochondrial 
homeostasis. The present study supported that JLD, a complex 
comprising multiple active ingredients, displayed thera‑
peutic benefits in DN. JLD ameliorated podocyte apoptosis 
and mitochondrial dysfunction via the AMPK/PGC‑1α 
pathway (Fig. 8).

As summarized, the current study described in detail the 
protective effects of JLD on podocytes from the perspec‑
tive of mitochondrial function. The results indicated that 
JLD could be a potential activator of AMPK, which in turn 
mediated downstream PGC‑1α factor to suppress podocyte 
apoptosis and mitochondrial fission. The aforementioned 
findings supported that JLD could serve as an effective thera‑
peutic measure against DN and offer a novel insight into the 
molecular mechanisms of JLD in the treatment of this disease.
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