Articl J. Biol. Regul. Homeost. Agents. 2024; 38(5): 43354348
rticle https://doi.org/10.23812/j.biol.regul.homeost.agents.20243805.344

Polygala Fallax Hemsl Ameliorates Renal Dysfunction
and Podocyte Mitochondrial Oxidative Damage in
Diabetic Rats by Activating the AMPK/SIRT1/PGC-1a
Signaling
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Backgrounds: Diabetic nephropathy (DN) is a microvascular disease affecting the glomeruli and renal tubules, resulting from
diabetes mellitus. Our present experiment was designed to assess the potential therapeutic of Polygala fallax Hemsl (PFH) on
DN in diabetic rats.

Methods: As a model of DN, Sprague-Dawley (SD) rats were fed a high-sugar, high-fat diet with streptozotocin (STZ) intraperi-
toneally injected. The rats that exhibited successful modeling were randomly allocated into different groups, including the model
group, as well as PFH low (2 g/kg), medium (4 g/kg), and high (8 g/kg) dose groups. Additionally, there was a positive drug group
treated with Losartan Possaium (LP) at a dosage of 16 mg/kg. The general condition of rats was observed, and biochemical tests
were conducted. Histopathological changes in renal tissue were assessed using staining techniques such as Hematoxylin-eosin
(H&E), periodic acid-Schiff (PAS), and Masson staining. Immunofluorescence (IF), immunohistochemistry (IHC), and Western
blot analyses were utilized to assess protein expression levels in renal tissue.

Results: Intragastric administration of PFH for 4 weeks in diabetic rats dose-dependently decreased renal weight/body weight
(P < 0.05 or p < 0.01), insulin resistance (p < 0.05 or p < 0.01), total cholesterol (TC; p > 0.05 or p < 0.01), triglyceride (TG;
P < 0.05 or p < 0.01), serum albumin (ALB; p < 0.01), creatinine (CREA; p < 0.05 or p < 0.01), carbamide (UREA; p < 0.01),
alanine aminotransferase (ALT; p < 0.01), aspartate aminotransferase (AST; p < 0.05 or p < 0.01) levels. PFH significantly inhib-
ited podocyte damage, basement membrane thickening, renal tubular epithelial cell swelling, and inflammatory cell infiltration.
Moreover, PFH dose-dependently promoted mitochondrial membrane potential (MMP; p < 0.05 or p < 0.01) and inhibited
reactive oxygen species (ROS; p < 0.01) generation, podocyte apoptosis (p < 0.01), mitochondrial fragmentation, and dysfunc-
tion in vivo. Besides, the high-dose PFH treatment group had a similar improvement effect on podocyte mitochondrial damage
andapoptosis as the positive drug control group. Mechanistically, PFH could stabilize mitochondrial morphology in podocytes
via activation of AMP-activated protein kinase (AMPK)/silent information regulator sirtuin 1 (SIRT1)/peroxisome proliferator-
activated receptor-gamma coactivator (PGC)-1« signaling.

Conclusion: Thus, PFH mitigated mitochondrial dysfunction and oxidative damage in renal podocytes of DN rats, thereby safe-
guarding renal function. This protective mechanism is believed to involve the mobilisation of the AMPK/SIRT1/PGC-1« axis.
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Introduction caused by hyperglycemia, abnormal metabolism of blood
lipids, microvascular circulation disorders, and inflamma-
tory reactions [3]. The primary pathological characteristics
of DN encompass glomerular hypertrophy, podocyte loss,
glomerular sclerosis, and fusion of foot processes [4]. The
main clinical manifestations are chronic hyperglycemia and
proteinuria [5]. Podocyte injury is a crucial factor in the
pathogenesis and advancement of DN [6]. Podocytes are

Diabetic nephropathy (DN), a prominent complica-
tion of diabetes, has been recognized as the leading cause
for the progression of chronic kidney disease and end-
stage renal failure [1]. Approximately 30-50% of individ-
uals diagnosed with diabetes worldwide eventually have
develop end-stage renal disease (ESRD) [2]. DN can be
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highly specialized terminally differentiated cells whose re-
duced numbers and abnormal functional morphology con-
tribute significantly to the pathogenesis of DN [7,8]. Thus,
reducing podocyte damage represents a critical therapeutic
strategy for alleviating DN.

Accumulating data show that traditional Chinese
medicine is beneficial for treaing DN because of its vari-
ous effects and overall regulatory effects [9,10]. Polygala
fallax Hemsl (PFH) is a perennial Leaf bush belonging to
the Polygalaceae family. The main chemical components of
PFH include flavonoids and saponins, which have signifi-
cant pharmacological effects such as lowering blood lipids,
anti-oxidation, improving ovarian endometriosis, and anti-
inflammatory and antiviral effects [11-14]. A previous
study demonstrated that combination therapy of compound
Sanqi granules and PFH exerted a therapeutic effect on
glomerulonephritis by suppressing mesangial cell prolifer-
ation while inducing apoptosis in human mesangial cells
[12]. Moreover, PFH exhibited significant protective ef-
fects against high glucose (HG)-induced human glomeru-
lar mesangial cell (HMC) proliferation, apoptosis, and in-
flammation by effectively inhibiting activation of the toll-
like receptor 4-dependent nuclear factor-kappa B signaling
pathway [15]. However, in vivo effects of PFH on DN have
not been reported.

Herein, we examined the effectiveness and mecha-
nism of PFH-mediated renal protection in a rat model of
DN induced by streptozotocin (STZ) and a high-fat diet.
The findings demonstrat that PFH played a beneficial role
in the recovery of DN by mediating renal podocyte inflam-
mation and autophagy.

Methods and Materials

Ultra-Performance Liquid Chromatography-Mass
Spectrometry (UPLC-MS) Analysis

PFH was purchased from Jiaheng Lengbei Yaoye
(Ji201730004, Baoding, China). The chemical composi-
tion of PFH was analyzed using UPLC-MS coupled with
a hybrid Quadrupole-TOF LC/MS/MS Mass Spectrometer
(B Sciex Instruments, Shimadzu LC30, Applied Biosys-
tems, Inc., Columbia, MA, USA) equipped with a Chrom-
Core 120 C18 Column (1.8 pm, 150 x 2.1 mm) main-
tained at a column temperature of 40 °C. A gradient elu-
tion method was utilized with the mobile phase consisting
0f 0.1% formic acid (A) and 100% acetonitrile (B), flowing
at a rate of 0.3 mL/min as follows: 0 min, 5% B; 10 min,
70% B; 17 min, 100% B; 18 min, 100% B; 19 min, 5% B; 21
min, 5% B. Mass spectra in the WIFF format were analyzed
using MS-DIAL 4.70 (RIKEN, Yokohama, Japan). Spectra
for the most prominent peaks were compared to database
entries in MassBank, ReSpect, and GNPS for identification.
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Animals

Thirty-six specific-pathogen-free male Sprague-
Dawley (SD) rats, aged 6—8 weeks and weighing 200-250
g, were procured from Dashuo Animal Experiment Co.,
Ltd. (Chengdu, Sichuan). The rats were kept in a con-
trolled environment with minimal temperature fluctuations,
maintaining an average temperature of approximately 25
°C. The relative humidity levels ranged between 50% and
60%, and the rats were exposed to a consistent light/dark
cycle lasting for 12 h each. Additionally, rats received
food and water ad libitum. All procedures were conducted
in compliance with the updated Animals (Scientific Proce-
dures) Act of 1986 within the United Kingdom, as well as
Directive 2010/63/EU across Europe. The study protocols
were approved by the Ethics Committee of Guilin Hospital
of the Second Xiangya Hospital Central South University
(No. 20210710).

Model Establishment and Therapy

Rats were fasted overnight (from 8:00 PM to 8:00
AM) before STZ modeling. Six rats were assigned to the
control group, where they were given a regular diet. The
other groups received a high-fat diet for 6 weeks, after
which they were intraperitoneally injected with 55 mg/kg
STZ for modeling. The control group received an intraperi-
toneal injection of citrate buffer at an equivalent dosage.
After STZ injection, 15 g/L sucrose water was given for 48
h to reduce the death rate. After 72 h of STZ injection, fast-
ing blood glucose (FBG) levels were 250 mg/dL, indicat-
ing successful induction of diabetes in the model [16]. The
model rats were subcutaneously injected with long-acting
insulin (insulin glargine injection, J20140052, SANOFI,
Beijing, China) (2—4 U/rat) to maintain blood glucose be-
tween 16-33 mmol/L and avoid ketosis. After establish-
ing the DN model, rats were randomly allocated into five
groups (n = 6 rats/group): Diabetic nephropath (DN) model
group, low-dose PFH group (PFH-low), medium-dose PFH
group (PFH-medium), high-dose PFH group (PFH-high),
and positive drug Losartan Potassium (LP) group. The con-
trol group and DN model group were orally administered
saline. Meanwhile, low, medium, and high PFH groups re-
ceived 2, 4, and 8 g/kg of PFH, respectively. Rats in the
LP group were given 16 mg/kg of LP. The rats were treated
once a day for 4 weeks.

Specimen Collection

After 4 weeks of drug intervention, blood samples
were collected from the tail vein of fasting rats to mea-
sure FBG. Rats were anesthetized by intraperitoneal injec-
tion of 3% pentobarbital sodium at a dosage of 40 mg/kg.
Femoral arterial blood was then collected for the detection
of renal function indexes. Rats were euthanized by 100%
CO4, asphyxiation and cervical dislocation. Anesthesia and
euthanasia procedures complied with the American Veteri-
nary Medical Association guidelines (2013). Both kidneys
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were removed and rinsed with normal saline. An incision
was made along the longitudinal axis. About 5 mm of the
right kidney cortex was placed in 4% paraformaldehyde and
fixed for Hematoxylin-eosin (H&E), Masson’s trichrome,
and periodic acid-Schiff (PAS) staining, and immunohisto-
chemistry (IHC) detection. Approximately 1 mm? pieces
of the left renal cortex were placed in 2.5% glutaraldehyde
and frozen in a 4 °C refrigerator for transmission electron
microscopy sample preparation. About 3 mm?® pieces of
the left kidney cortex were placed in a frozen tube, rapidly
frozen using liquid nitrogen, and stored in a —80 °C refrig-
erator.

H&E Staining

Renal tissues were preserved in 4% paraformaldehyde
overnight. Subsequently, samples were processed and em-
bedded in paraffin. The tissue sections (5 pm) were de-
waxed twice with toluene, dehydrated with ethanol, washed
with distilled water, and then stained with hematoxylin. Af-
ter rinsing, slices were separated using an alcohol solution
containing 1% hydrochloric acid, stained with eosin, and
then with distilled water for 10 min. Slices were dehydrated
using xylene and then sealed using a neutral glue. The re-
sults were examined using a digital trinocular camera mi-
croscope at 100x and 400 x magnifications (BA210Digital,
Motic, Beijing, China).

Masson s Trichrome Staining

The kidney paraffin sections were stained with hema-
toxylin for 5 min. Subsequently, sections were restored to
a blue color using 0.6% ammonia water. Sections were
further differentiated with a 1% phosphomolybdate aque-
ous solution, followed by a 5-min exposure to aniline blue
dye. Finally, differentiation was accomplished using a 1%
acetic acid aqueous solution. After rinsing with running wa-
ter, slices were dehydrated, made transparent, and sealed,
and image acquisition was performed using a microscope
(BA210Digital, Motic, Beijing, China). The fibrous tissue
area (Area) in the acquired images was measured using the
Image-pro Plus 6.0 Image analysis system (Media Cyber-
netics, Inc., Rockville, MD, USA), and the fibrous tissue
expression area was calculated as the ratio of fibrous tissue
area to the visual field area.

PAS Staining

Part of the prepared paraffin sample was sliced and
dewaxed to water by routine. Subsequently, it was treated
with a permanganate alcohol solution for 10 min and then
rinsed with 70% ethanol. The sample was then exposed
to a reducing solution for 1 min and then rinsed with 70%
ethanol. Finally, the sample was treated with a colorless
basic fuchsin solution for 1 h. The positive expression area
(Area) in the acquired images was quantified utilizing the
Image-pro Plus 6.0 Image analysis system (Media Cyber-
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netics, Inc., Rockville, MD, USA). Subsequently, the pos-
itive expression area was determined by dividing it by the
visual field area.

Transmission Electron Microscopy (TEM)

TEM was utilized to observe podocyte mitochondrial
injury. Renal tissue samples were initially fixed with a
3% glutaraldehyde solution and subsequently postfixed in
a 1% osmium tetroxide solution for 2 h. Next, a gradi-
ent acetone technique was employed to remove moisture
from the samples before they were embedded in Epon812
(M039005, Micxy Reagent, Chengdu, China). Using an ul-
tramicrotome, ultrathin sections with a thickness of 1 mm
were cut and stained with toluidine blue. Ultrathin sections
measuring 70 nm in thickness were obtained using a dia-
mond knife. After staining with uranium acetate and lead
citron citrate, samples were analyzed using a TEM appara-
tus (JEM-1400Flash, JEOL, Akishima, Japan).

IHC Staining

Renal tissue sections were routinely dewaxed and hy-
drated with gradient ethanol before treatment with antigen
repair solution at 95-99 °C for 40 min. After washing
thrice, a cleaved-caspase-3 antibody (1:400, Cat. A22672,
Abclonal, Wuhan, China) or a caspase-3 antibody (1:200,
Cat. GB11009-1-100, Servicebio, Wuhan, China) was
added and incubated at 4 °C overnight. On the next day,
samples were incubated with a corresponding secondary an-
tibody (1:100, Cat. B23303, Servicebio, Wuhan, China)
for 1 h. Then the Envision detection and color develop-
ment kit was used for 3,3’-diaminobenzidine (DAB) color
development. IHC images were evaluated microscopically
(BA400Digital, Motic Instruments, Inc., Baltimore, MD,
USA).

Immunofluorescence (IF) Staining

Renal tissue sections were dewaxed and then sub-
jected to ethylenediaminetetraacetic acid (EDTA) antigen
repair buffer (pH 8.0) in a microwave ovenated with bovine
serum albumin. Sections were incubated with the Wilms tu-
mor 1 (WT-1) antibody (1:100, Cat. Ab224806, Abcam,
Cambridge, MA, USA), synaptopodin antibody (1:200,
Cat. Ab259976, Abcam, Cambridge, MA, USA), nephrotic
syndrome 2 (NPHS2) antibody (1:400, Cat. abl181143,
Abcam, Cambridge, MA, USA), or nephrotic syndrome
1 (NPHS1) antibody (1:300, Cat. ab216341, Servicebio,
Wauhan, China) overnight, followed by incubation with Flu-
orescein isothiocyanate (FITC)-conjugated goat anti-rabbit
IgG (1:100, Cat. GB22303, Servicebio, Wuhan, China,)
at room temperature for 50 min. Nuclei were counter-
stained with 4’,6-diamidino-2-phenylindole (DAPI). After
slight drying, an autofluorescence quencher was applied for
a water wash for 10 min. Finally, sections were securely
sealed for subsequent analysis. DAPI-stained nuclei stained
blue, and WT-1, synaptopodin, and NPHS2 stained green.
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Table 1. Antibodies used in Western blot analysis.

Target Dilution Company Cat. number
Dynamin-related protein 1 (Drpl) 1:2000  Abclonal, Wuhan, China A2586
Mitofusin 1 (Mfnl) 1:2000  Abclonal, Wuhan, China A9880
Cytochrome C (Cyto C) 1:2000  Abclonal, Wuhan, China A4912
p-AMPK a1 1:1000 Abclonal, Wuhan, China AP1002
AMPKal 1:2000 Abclonal, Wuhan, China Al1229
SIRT1 1:2000 Abclonal, Wuhan, China Al11267
PGC-1a 1:1000 Abclonal, Wuhan, China A12348
B-actin 1:50000  Abclonal, Wuhan, China AC026

AMPK, AMP-activated protein kinase; SIRT1, silent information regulator sirtuin 1; PGC, peroxi-

some proliferator-activated receptor-gamma coactivator.

The acquired images were analyzed using Image J software
(V1.6, National Institutes of Health, Bethesda, MD, USA)
to measure the fluorescence intensity (IntDen) and area.
Subsequently, the mean fluorescence intensity for each im-
age was computed.

Detection of Intracellular Reactive Oxygen Species
(ROS)

The ROS in renal tissues was quantified using a
dichlorofluorescein diacetate (DCFH-DA) assay kit (Cat.
S0033M; Beyotime Biotechnology, Shanghai, China).
Briefly, renal tissues from each group of rats were obtained,
sliced, and homogenized in normal saline (100 mg:1 mL).
After centrifugation, the tissue supernatant was obtained
and treated with 10 uM DCFH-DA at 37 °C for 20 min in
the dark and then rinsed with phosphate-buffered saline and
washing solution. Sections were detected by flow cytom-
etry (Beckman Biomek FX, Beckman Coulter UK, High
Wycombe, UK). After excitation at 488 nm wavelength,
DCF emits a fluorescence signal at 525 mm wavelength,
which is detected using the FITC channel.

Mitochondrial Membrane Potential (MMP)

The MMP of renal tissues was quantified utilizing the
5,5',6,6-tetrachloro-1,1’,3,3'-tetracthylbenzimidazolyl-
carbocyanine iodide (JC-1) assay kit (Cat. C2003S;
Beyotime Biotechnology, Shanghai, China). A diluted
working solution of JC-1 was prepared by combining
900 pL of the diluted solution with 100 pL of purified
mitochondria (approximately 100 pg post-purification).
Subsequently, sections were incubated with 500 pL of 1x
Incubation Buffer and analyzed utilizing flow cytometry
(Beckman Biomek FX, Beckman Coulter, High Wycombe,
UK). The flow cytometry results were analyzed using
CxtLzpe software. MMP was estimated by measuring
the ratio of red fluorescence (Q1-UR quadrant) to green
fluorescence (Q1-LR quadrant).

Biochemical Assay

The levels of FBG, total cholesterol (TC), triglyc-
eride (TG), serum albumin (ALB), creatinine (CREA), car-

bamide (UREA), alanine aminotransferase (ALT), and as-
partate aminotransferase (AST) were analyzed using an au-
tomated biochemical device. Serum levels of fasting insulin
were measured the Enzyme-Linked Immunosorbent Assay
(ELISA) kit (Cat. ZC-37507, ZCIBIO, Shanghai, China),
following the manufacturer’s instructions. The homeosta-
sis model assessment of insulin resistance (HOMA-IR)
was calculated accordingly. The activity of superoxide
dismutase (SOD; Cat. A001-3-1), glutathione-peroxidase
(GSH-Px; Cat. A005-1-1), and malondialdehyde (MDA;
Cat. A003-1-1) in renal tissues were evaluated using SOD,
MDA, and GSH-Px detection kits, respectively (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China), fol-
lowing the manufacturer’s protocols.

Real-Time Quantitative PCR (RT-gPCR) Assay

Total RNA was isolated from renal tissues using
TRIzol® reagent (Cat. A33250, Thermo Fisher, Waltham,
MA, USA). The RNA was reverse transcribed comple-
mentary DNA (cDNA) using a reverse transcription kit
(Cat.4368813; Invitrogen, Carlsbad, CA, USA). RT-qPCR
was conducted to determine the relative levels of target
gene RNA transcripts using a SYBR Pemix Ex Taq kit
(Cat. RR820A; Takara, Dalian, China). The reverse tran-
scriptional reaction conditions were as follows: incubation
at 95 °C for 30 s, followed by 40 cycles of incubation at 95
°C for 5 s, and then at 60 °C for 30 s. The 2~22Ct method
was applied to calculate relative gene expression levels
using ABI software (Prism 7500, ABI, Foster City, CA,
USA). The sequences of RT-qPCR primers were as follows.
AMP-activated protein kinase (AMPK): forward primer,
5'-CGATGATGAGGTGGTGGAGCAGAGGT-3’; reverse
primer, 5’-GTGAATGGTTCTCGGCTGTGCTGGAA-3’,
232 bp; peroxisome proliferator-activated receptor-
gamma coactivator (PGC)-Ila: forward primer,
5'-CCTCACACCAAACCCACAGAGAAC-3; re-
verse primer, 5-TTGCGACTGCGGTTGTGTATGG-
3/, 232 bp; silent  information  regula-
tor sirtuin 1 (SIRTI): forward primer, 5'-
TGGCAGTAACAGTGACAGTGGCACAT-3’;  reverse
primer,  5-TCAGCTCCAGATCCTCCAGCACACTC-
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Fig. 1. PFH improved metabolic abnormalities in diabetic rats. (A) Weekly changes in rat weight. (B) The average food intake by

the rats during the last week (total food intake of 6 rats in each group). The serum level of total cholesterol (TC, C), triglyceride (TG,
D), fasting blood glucose (FBG, E), and fasting insulin levels (FINS, E) after 12 h of fasting. **p < 0.01 vs. control group. *p < 0.05
vs. Diabetic nephropathy (DN) model group. *p < 0.01 vs. DN group. p < 0.05 vs. Losartan Possaium (LP) group. “4p < 0.01

vs. LP group. n = 6. PFH, Polygala fallax Hemsl. PFH-low, low-dose PFH group; PFH-medium, medium-dose PFH group; PFH-high,

high-dose PFH group; LP, Losartan Potassium; HOMA-IR, homeostasis model assessment of insulin resistance.

5'-
primer,

3 B-actin: forward
GGGAAATCGTGCGTGACATT-3/;
5'-GCGGCAGTGGCCATCTC-3'.

primer,
reverse

Western Blot Analysis

The radioimmunoprecipitation (RIPA) assay buffer
(Cat. 9806, Cell Signaling Technologies, Inc., Danvers,
MA, USA) was used to extract all proteins from renal tis-
sues, and the bicinchoninic acid (BCA) kit (Cat. P0009;
Biyuntian Biotechnology Co., Ltd., Shanghai, China) was
utilized for protein quantification. Based on the quantita-
tive results, a loading volume of 20 pg per well was uti-
lized for spot sampling, and the total protein was separated
through 10% sodium dodecyl-sulfate polyacrylamide gel
electrophoresis (SDS-PAGE). Afterward, the membrane
was transferred to Immobilon-PSQ polyvinylidene fluoride
(PVDF) membrane (Cat. ISEQ00010; Sigma-Aldrich, St.
Louis, MO, USA), blocked with 5% skim milk, and incu-
bated with an appropriate amount of primary antibody at
4 °C overnight. After washing with Tris-buffered saline +
0.1% Tween (TBST), the membrane was incubated with
a horseradish peroxidase-conjugated goat anti-rabbit IgG
(heavy and light chains) secondary antibody (1/5000, Cat.
S0001, Affbiotech, Cincinnati, OH, USA) at room temper-
ature for 2 h. Finally, the ECL color development solution
was utilized for chromogenic detection. The bands were

detected using the Tanon fluorescent image analysis system
software V2.0 (Tanon, Shanghai, China), and the resulting
exposure data were scanned using Gel-Pro analyzer4 soft-
ware (Atto, Tokyo, Japan) and quantified as an integrated
optical density (IOD) of the target protein. Relative protein
expression was calculated. The primary antibodies utilized
for Western blot were shown in (Table 1).

Statistical Analysis

Data were expressed as mean + standard devia-
tion. Data were analyzed using SPSS 22.0 software (IBM
Corp., Armonk, NY, USA). One-way analysis of variance
(ANOVA) was used to compare the differences between the
means of more than two groups. The level of statistical sig-
nificance was set at p < 0.05.

Results

Analysis of PFH Active Ingredients

UPLC-MS was used to evaluate the chemical
composition of PFH. In the chromatographic pro-
file of PFH, 3,4-dihydroxymandelic acid, Tryptophol,
Convallatoxin, 10-hydroxyusambarine, and 3,3',4',7-
tetrahydroxyflavylium chloride were detected in the
positive ionization scan mode (Supplementary Fig.
1), whereas 11-(3,5-disulfooxyphenyl) undecan-4-
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Fig. 2. PFH treatment improves renal function in diabetic rats. (A) The kidney index indicates kidney hypertrophy as calculated
based on the kidney weight/body weight (mg/g). (B) Serum albumin (ALB), (C) creatinine (CREA), (D) carbamide (UREA), (E) alanine
aminotransferase (ALT), and (F) aspartate aminotransferase (AST) was detected using the biochemical analyzer. **p < 0.01 vs. control

group. *p < 0.05 vs. Diabetic nephropathy (DN) model group. *p < 0.01 vs. DN group. ¢p < 0.05 vs. Losartan Possaium (LP) group.

&&; < 0.01 vs. LP group. n = 6.

yl  3,5-dihydroxy-2-undecylbenzoate,  verruculotoxin,
pentadecafluoroheptan-1-ol, 5-aminonaphthalene-2-
sulfonic acid, and Ochrephilone were detected in the
negative ionization scan mode (Supplementary Fig. 1).
The identification of PFH active substances is shown in
Supplementary Table 1.

PFH Ameliorates Metabolic Abnormalities in
Diabetic Rats

After 4 weeks of treatment, weekly rat weight mea-
surements showed that compared with the DN group, PFH
and LP treatments gradually increased the body weight in
diabetic rats (Fig. 1A; p < 0.05 or p < 0.01). Meanwhile,
PFH and LP treatments decreased food intake on the fourth
week of treatment (p < 0.01). In addition, the degree of
improvement of PFH increased with the increase in con-
centration (Fig. 1B). Compared with the control group, TC,
TG, FBG, fasting insulin levels (FINS), and HOMA-IR lev-
els were elevated in untreated diabetic rats (Fig. IC-E; p <
0.01). However, rats treated with different concentrations
of PFH and LP showed a decreasing trend of TC, TG, FBG,
FINS, and HOMA-IR levels compared with diabetic rats
(Fig. 1C-E; p < 0.05 or p < 0.01).

PFH Treatment Improves Renal Function and Renal
Tissue Injury in Diabetic Rats

The diabetic rat group exhibited a marked rise in the
kidney hypertrophy index (Fig. 2A; p < 0.01). Treatment
of STZ-diabetic rats with PFH doses of 2, 4, and 8 g/kg
ameliorated the kidney hypertrophy index (Fig. 2A; p <
0.01). Serum levels of ALB, CREA, UREA, ALT, and
AST were higher in the DN model group than in the control
group (Fig. 2B-F; p < 0.01). Treatment with different con-
centrations of PFH and LP significantly decreased serum
levels of ALB, CREA, UREA, ALT, and AST (Fig. 2B—
F; p < 0.05 or p < 0.01). H&E staining revealed renal
tubular epithelial cell swelling, glomerular hypercellular-
ity, and an increase in basement membrane thickness in the
DN group (Fig. 3A). PFH treatment reduced renal tissue in-
jury and neutrophil infiltration (Fig. 3A). The effect of PFH
was consistent with positive drug action, with the high-dose
group exhibiting the most significant effect (Fig. 3A). PAS-
stained renal sections showed glomerular cluster leaf pro-
trusion and mesangial hyperplasia in diabetic rats, which
was decreased by medium- and high-dose PFH and LP
treatments (Fig. 3B,C; p < 0.01). Additionally, Masson’s
trichrome staining exhibited heightened levels of glomeru-
lar and tubule-interstitial fibrosis in the kidneys of diabetic
rats (Fig. 3D,E; p < 0.01). Treatment with different concen-
trations of PFH and LP decreased the content of collagen
fibers (Fig. 3D,E; p < 0.01).
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PFH Treatment Reduces Renal Podocyte
Mitochondrial Dysfunction in Diabetic Rats

Compared with the control group, GSH-Px and SOD
levels were dramatically reduced (Fig. 4A; p < 0.01) and
the level of MDA was significantly increased in the re-
nal tissue of diabetic rats (Fig. 4A; p < 0.01). However,
PFH and LP treatment reversed these effects. In addi-
tion, the mitochondrial dynamic status was assessed by
measuring Dynamin-related protein 1 (Drpl), Mitofusin 1
(Mfnl), and Cytochrome C (Cyto C) protein expression
levels (Fig. 4B,C). The renal tissue of diabetic rats exhib-
ited a marked elevation in the expression levels of Drpl
and Cyto C (Fig. 4B,C; p < 0.01). However, the expres-
sion level of Mfn1 decreased significantly in the DN group
compared with the control group (Fig. 4B,C; p < 0.01).
Drpl and Cyto C protein expression levels decreased dra-
matically in the low-/medium-/high-dose PFH or LP treat-
ment group (Fig. 4B,C; p > 0.05, p < 0.05, or p < 0.01).
Moreover, the Mfn1 expression level was significantly in-
creased after PFH or LP treatment (Fig. 4B,C; p < 0.05,

4p < 0.01 vs. LP group. n= 6.

or p < 0.01). The MMP was significantly decreased in the
DN model (p < 0.01), which was reversed by PFH and LP
treatments (Fig. 4D,E; p < 0.05 or p < 0.01). Meanwhile,
ROS levels were significantly increased in the renal tissue
of diabetic rats (Fig. 4F,G; p < 0.01). ROS levels were re-
duced in the low-, medium-, and high-dose PFH treatment
groups and the LP treatment group (Fig. 4F,G; all p < 0.01).
Glomerular TEM images showed that the degree of mito-
chondrial swelling, vacuolation, and crest fragmentation in
the podocytes of diabetic rat kidney sections was increased,
which was attenuated by PFH and LP treatments (Fig. 4H).

PFH Treatment Alleviates Podocyte Injury in
Diabetic Rats

IHC staining results indicated that the protein expres-
sion of caspase-3 was significantly elevated in diabetic rats
compared with the control group (Fig. 5A,B; p < 0.01). The
PFH or LP-treated group showed no significant alteration
in caspase-3 expression (Fig. 5A,B; p > 0.05). In addition,
STZ induction significantly elevated cleaved-caspase-3 ex-
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pression levels compared with the control group (Fig. 5C,D;
p < 0.01). PFH or LP intervention significantly inhibited
the expression of cleaved-caspase-3 (Fig. 5C,D; p < 0.01).
PFH improvement showed a concentration-dependent trend
(Fig. 5C,D). IF staining revealed that protein expression of
podocyte markers NPHS1 and NPHS2 was most strongly
downregulated in the renal tissue of diabetic rats (Fig. SE—
H; p < 0.01). Consistently, PFH dose-dependently in-
creased the expression of NPHS1 and NPHS2 (Fig. SE-H;

p < 0.01). Treatment with a high dosage of PFH exhibited
a comparable influence on the expression levels of NPHS1
and NPHS2, akin to the positive effects observed with LP,
a well-recognized medication (Fig. 5SE-H).

In addition, the glomerulus was subjected to double
IF staining of synaptopodin and WT-1 proteins, which are
specific markers for podocyte cells, to validate their ex-
pression. The results revealed a dramatic decline in the ex-
pression levels of synaptopodin and WT-1 in the renal tis-
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sue of diabetic rats (Fig. 6A-D; p < 0.01). PFH and LP
treatment reduced the fluorescence intensities of podocyte
injury markers synaptopodin and WT-1 (Fig. 6A-D; p <
0.01). The high-dose PFH group exhibited the most pro-
nounced therapeutic effect (Fig. 6A-D; p < 0.01).

PFH Treatment Promotes the AMPK/SIRT1/PGC-1«
Signaling Pathway in the Renal Tissue of Diabetic
Rats

The expression of proteins involved in AMP-activated
protein kinase (AMPK)/silent information regulator sir-
tuin 1 (SIRT1)/peroxisome proliferator-activated receptor-
gamma coactivator-la (PGC-1«) signaling was assessed
in STZ-induced diabetic rats in vivo. The results showed
that the activity of the AMPK/SIRT1/PGC-la signal-
ing pathway was decreased in renal tissues of diabetic
rats, which was manifested by significantly decreased
protein expression levels of phosphorylated AMPK (p-
AMPK) (Fig. 7A,D,F; p < 0.01), as well as decreased
mRNA and protein expression levels of SIRT1 and PGC-1a
(Fig. 7B,C,E,F,H; p < 0.01). Furthermore, RT-qPCR results
revealed that PFH or LP intervention significantly increased
mRNA levels of SIRT and PGC-1a; however, mRNA lev-
els of AMPK were not significantly altered (Fig. 7A-H; p
> 0.05, p < 0.05, or p < 0.01). Western blot analysis was
also performed to detect the protein expression of p-AMPK,
SIRT1, and PGC-1a, and the results showed that protein

levels of these molecules were significantly increased after
PFH or LP treatment (Fig. 7A-H; p < 0.05 or p < 0.01).
Meanwhile, the PFH therapy dose-dependently activated
the AMPK/SIRT1/PGC-1a« signaling pathway (Fig. 7A-H;
p <0.050rp <0.01).

Discussion

PFH extract is a pharmaceutical compound with
demonstrated anti-inflammatory, anti-tumor, and other
pharmacological effects [13,15]. However, its mechanism
of action in DN remains unclear. The present study found
that ALB, CREA, and UREA levels were significantly
reduced in diabetic rats compared with normal rats after
PFH treatment, indicating significant pharmacodynamic ef-
fects. Morphologically, renal tissue was assessed using
H&E, PAS, and Masson’s trichrome staining techniques.
The presence of inflammatory cell infiltration was detected
within certain glomerular renal tubules in the diabetic rat
model, which was accompanied by the thickening of the
glomerular basement membrane and denaturation of renal
tubule epithelial cells. Moreover, treatment with PFH sig-
nificantly ameliorated these pathological changes.

The mitochondrial injury occurring in the podocyte
represents a distinctive characteristic in the progression of
DN [6,17]. Podocytes maintain their structure and func-
tion by regulating cytoskeletal proteins and the extracellular
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Fig. 7. PFH treatment promoted AMPK/SIRT1/PGC-1« signaling pathway activity in renal tissue of diabetic rats. (A—C) Real-
time quantitative PCR (RT-qPCR) was performed to measure the mRNA expression levels of AMPK, SIRTI, and PGC-1« in rat renal
tissue. (D—H) The protein expression levels of p-AMPK, AMPK, SIRT1, and PGC-1« in rat renal tissue were measured by Western blot.

B-actin served as the reference gene. **p < 0.01 vs. control group. *p < 0.05 vs. Diabetic nephropathy (DN) model group, “p < 0.01
vs. DN group. #p < 0.05 vs. Losartan Potassium (LP) group. **p < 0.01 vs. LP group. n = 6. p-AMPK, phosphorylated AMPK.

matrix, and this process requires a sufficient energy supply
[18]. Mitochondria are the energy supply sites for the vital
activities of podocytes and also participate in the regula-
tion of cell metabolism, cell proliferation, programmed cell
death, calcium homeostasis, and other processes [19,20].
When podocytes are stimulated by HG, the structure and
function of mitochondria will change, resulting in mito-
chondrial dysfunction and damage, ultimately leading to
podocyte injury [21-23]. In addition, excessive fragmenta-
tion of the mitochondria has been observed in podocytes of
animal models with DN [24,25]. The excessive occurrence
of mitochondrial fission plays a crucial role in triggering
the production of ROS and proteins associated with apop-
tosis, ultimately leading to the initiation of the mitochon-
drial apoptotic pathway [26,27]. Therefore, to maintain the
balance of podocytes, it is necessary to eliminate dysfunc-
tional mitochondria. Several traditional Chinese medicine
components have demonstrated their potential in improving
mitochondrial impairment in podocytes. Berberine resulted

in notable improvements in glucose and lipid metabolism
disorders, as well as podocyte damage. Additionally, it ex-
hibited inhibitory effects on mitochondrial fragmentation
and dysfunction by positively modulating Drp1-mediated
mitochondrial dynamics [28]. Ginsenoside Rb1 combined
with aldose reductase reduced HG-induced podocyte apop-
tosis and mitochondrial damage and effectively delayed the
progression of DN [29]. Moreover, resveratrol mitigated
podocyte injury in diabetic mice through SIRT1/PGC-1a-
mediated mitigation of mitochondrial oxidative stress [30].
Our findings demonstrated that PFH treatment inhibited
podocyte apoptosis, increased ROS generation, and trig-
gered mitochondrial fragmentation and impairment in the
renal system of diabetic rats.

The AMPK, SIRT1, and PGC-1« signaling pathways
play a crucial role in sensing energy levels [31,32]. Dif-
ferent metabolic processes, including glucose metabolism,
protein metabolism, and cell cycle regulation, are con-
trolled by AMPK [33]. The activity of AMPK is regu-
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lated by the adenosine monophosphate (AMP)/adenosine
triphosphate (ATP) ratio, which has become an important
factor in regulating energy metabolism [34]. Blood glucose
balance is significantly regulated by AMPK [35,36]. Pre-
vious studies suggested that AMPK activation can change
the nicotinamide adenine dinucleotide (NAD)/nicotinamide
adenine dinucleotide (NADH) ratio, thereby activating
SIRT1 [37]. Further, the AMPK/SIRT1 pathway plays
a crucial role in mitochondrial biosynthesis and energy
metabolism [38,39]. SIRTI1 has been implicated in the
pathogenesis of diabetes and other disorder [40,41]. Over-
expression of SIRT1 has been shown to exert preventive
and therapeutic effects on DN [42,43]. AMPK and SIRT1
interact with each other and share several common tar-
get molecules, such as PGC-1a [44]. PGC-1a enhancing
ATP levels thereby significantly reducing oxidative stress-
induced ROS production and cell apoptosis [45]. This study
provides evidence that glycyrrhizin acid-mediated AMPK
activation, SIRT1, and PGC-1« can mitigate renal lipid ac-
cumulation and cellular damage [46]. The findings suggest
that glycyrrhizin activates the AMPK/SIRT1/PGC-1« sig-
naling, which is typically inhibited in diabetes [46]. More-
over, the results suggest a reciprocal activation mecha-
nism between AMPK and SIRT1, involving coordinated
regulation of their common downstream effector, PGC-
la, in glomerular mesangial cells [47]. The administration
of a polysaccharide extracted from okra significantly im-
proved Diabetic nephropathy by inhibiting apoptosis and
alleviating oxidative stress through the amplification of
the AMPK/SIRT1/PGC-1q axis [48]. 5-aminoimidazole-4-
carboxamide-1-riboside (AICAR) [49] or adiponectin [50]
suppressed oxidative stress and apoptosis via activating
the AMPK signaling, thereby reducing renal podocyte in-
jury and proteinuria in diabetic animals. Grape seed pro-
cyanidin B2 protected podocytes from mitochondrial dys-
function and apoptosis induced by high glucose via the
AMPK/SIRT1/PGC-1a pathway in vitro [51]. Similarly,
our findings indicate that PFH may ameliorate mitochon-
drial dysfunction of podocytes in Diabetic nephropathy by
activating the AMPK/SIRT1/PGC-1« signaling pathway in
renal tissue of diabetic rats.

The major limitation of this study is that the effect of
PFH on other factors has not been studied, such as differ-
ent types of diabetes, disease course, and complications,
which are important factors affecting its clinical applicabil-
ity. Moreover, more studies are needed to dissect the role
of PFH in DN and its safe dose for clinical use, including
studies using different animal models of DN.

Conclusion

This study demonstrates that PFH can amelio-
rate renal impairment and alleviate oxidative damage to
podocyte mitochondria in diabetic rats via activating the
AMPK/SIRT1/PGC-1a signaling pathway.  Therefore,

Journal of
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PFH holds promise as a potential pharmaceutical interven-
tion for the protection and prevention of diabetic nephropa-
thy.
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