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Abstract

Diabetic nephropathy (DN), a major complication of diabetes mellitus, is driven by chronic hyperglycemia that induces podocyte
injury, inflammation, and oxidative stress, leading to tubular damage and renal fibrosis. Physalis angulata L. (PA) is a medicinal
plant with antidiabetic, vasoprotective, antioxidative, and anti-inflammatory activities. This study investigated the effects of
the PA active fraction on DN-related renal alterations, particularly podocytopathy, glomerulosclerosis, tubular injury, and
fibrosis. Male Wistar rats (200250 g) were induced with diabetes using streptozotocin (60 mg/kg, i.p.) and divided into control,
diabetic, and PA-treated diabetic groups receiving 8.5, 34, or 136 mg/kg of the PA active fraction. Blood glucose was monitored
biweekly, while 24-h urinary parameters and creatinine clearance were assessed to evaluate renal function. Renal injury and
fibrosis were examined using periodic acid-Schiff and Sirius Red staining. Antioxidative, inflammatory, podocyte, and epithelial-
mesenchymal transition, fibrotic markers were analyzed by polymerase chain reaction. Myofibroblast activation was evaluated
by immunohistochemistry and Western blot. PA treatment did not significantly affect glycemia, microalbuminuria, or creatinine
clearance, but reduced urine albumin-to-creatinine ratio, decreased the expression of transforming growth factor-beta (TGF-),
vimentin, and tumor necrosis factor-alpha, increased nephrin and superoxide dismutase 1/2 expression, and reduced alpha-
smooth muscle actin and platelet-derived growth factor receptor beta expression. Histological analysis also showed lower
glomerulosclerosis and reduced interstitial fibroblast/myofibroblast expansion in PA-treated diabetic rats. Taken together, the
PA active fraction showed potential renoprotective effects against DN-related histological and molecular alterations, while
definitive improvement in renal function and direct TGF-B/Smad pathway inhibition remain to be demonstrated in future studies.
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Introduction

Prolonged hyperglycemia is the leading cause of microvascu-
lar complications, including diabetic nephropathy (DN).!?

This condition induces structural and functional kidney
changes by activating the polyol pathway, advanced glyca-
tion end-products (AGEs), Protein Kinase C (PKC), and hex-
osamine pathways. Consequently, the increase in reactive
oxygen species (ROS) leads to inflammation and vascular
complications, with lower levels of superoxide dismutase
(SOD) and glutathione peroxidase (GSH-Px) observed in dia-
betic individuals.? Initially, podocyte injury is a crucial factor
in the pathogenesis of DN.* This injury causes alterations in
podocyte structure, affecting the glomerular filter, thereby
leading to proteinuria and glomerulosclerosis.” Podocyte

and Health Sciences, Universitas Kristen Krida Wacana, Jakarta, Indonesia
*Research Laboratory for Medical and Health Sciences, Faculty of Medicine
and Health Sciences, Universitas Kristen Krida Wacana, Jakarta, Indonesia
5 Department of Anatomy, Faculty of Medicine, Public Health and Nursing,
Universitas Gadjah Mada, Yogyakarta, Indonesia

¢ Center for Herbal Medicine, Faculty of Medicine, Public Health and
Nursing, Universitas Gadjah Mada, Yogyakarta, Indonesia

7 Department of Pharmacology and Therapy, Faculty of Medicine, Public
Health and Nursing, Universitas Gadjah Mada, Yogyakarta, Indonesia

Corresponding author:

Nur Arfian, Department of Anatomy, Faculty of Medicine, Public Health and
Nursing, Universitas Gadjah Mada, Yogyakarta 55281, Indonesia.

E-mail: nur_arfian@ugm.ac.id

Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative Commons Attribution-
NonCommercial 4.0 License (http://www.creativecommons.org/licenses/by-nc/4.0/) which permits non-Commercial use, reproduction

and distribution of the work without further permission provided the original work is attributed as specified on the Sage and Open Access pages

(https://us.sagepub.com/en-us/nam/open-access-at-sage).


https://orcid.org/0000-0002-0123-3688
https://orcid.org/0000-0003-1694-2054
https://orcid.org/0000-0001-7232-0001
https://orcid.org/0000-0002-9274-5573
http://crossmark.crossref.org/dialog/?doi=10.1177%2F22313354261464247&domain=pdf&date_stamp=2026-07-30

890

Journal of Applied Pharmaceutical Science 16(9)

injury also results in reduced expression of nephrin, a crucial
protein in the slit diaphragm involved in podocyte signaling.®
Furthermore, podocyte injury contributes to tubular epithelial
and tubulointerstitial damage due to increased protein pas-
sage through the tubules.” Excessive reabsorption of filtered
proteins by proximal tubular epithelial cells can cause cellu-
lar energy depletion and lysosomal rupture. In parallel, pro-
tein overload activates pro-inflammatory and pro-fibrotic
signaling in tubular epithelial cells, thereby promoting tubu-
lointerstitial inflammation, injury, and fibrosis.® Exposure of
renal tubular epithelial cells to high glucose and albumin is
associated with increased expression of inflammatory and
fibrogenic mediators, including tumor necrosis factor-alpha
(TNF-0), monocyte chemoattractant protein-1 (MCP-1),
plasminogen activator inhibitor-1 (PAI-1) and transforming
growth factor-beta 1 (TGF-B1), which further sustain intersti-
tial inflammation and extracellular matrix (ECM) accumula-
tion.” Albumin may also stimulate tubular epithelial cells to
release TNF-q, interleukin-8 (IL-8), MCP-1, and platelet-de-
rived growth factor (PDGF), thereby contributing to intersti-
tial inflammation and fibrosis. Even mild impairment of
podocyte function may result in microalbuminuria, allowing
serum proteins or growth factors to enter the urinary space
and activate tubular epithelial cells, thereby increasing
cytokine and chemokine production.'

Podocyte injury also induces the release of cytokines
like TNF-a, vascular endothelial growth factor (VEGF),
TGEF-B, granulocyte-macrophage colony-stimulating factor
(GM-CSF), and IL-6, which are crucial in tubulointerstitial
injury." TGF-B signaling in tubular epithelial cells drives
tubular damage, triggering dedifferentiation, apoptosis,
necrosis, ROS production, renal dysfunction, and inflamma-
tory cell infiltration.!> TGF-f plays a critical role as a trigger
for epithelial-mesenchymal transition (EMT) during the
development of fibrosis.!* EMT, endothelial-mesenchymal
transition (EndoMT), and fibroblast and pericyte activation
are markers of chronic kidney injury.'* EMT involves the
loss of intercellular adhesion (e.g., E-cadherin) and increased
mesenchymal markers (e.g., alpha-smooth muscle actin
[a-SMA], fibronectin, collagen),'* while EndoMT is specific
to endothelial cells.'® Myofibroblasts, formed via fibroblast
activation, secrete ECM components, including collagen,
fibronectin, and laminin, causing irreversible tubulointersti-
tial fibrosis.!” Fibrosis marks the final stage of end-stage renal
disease, which is frequently observed in diabetes mellitus
(DM) patients. These patients often require renal replace-
ment therapy, such as hemodialysis or kidney transplantation,
which has significant economic impacts.

Efforts to prevent and mitigate kidney damage caused by
diabetes have been extensively explored, including the use
of medicinal plants rich in bioactive compounds with ther-
apeutic benefits. Among these, Physalis angulata L. (PA),
stands out as a promising candidate. PA is widely used by
the Indonesian population to lower blood glucose levels,
thereby improving hyperglycemic conditions. This herb
contains alkaloids, flavonoids, and other compounds with

antioxidant, vasoprotective, anti-inflammatory, and antidiabetic
activities.'®!" PA can reduce blood glucose, malondialdehyde,
and AGEs, which are involved in developing DN.?° These
pharmacological properties provide a biological rationale
for investigating PA as a potential renoprotective agent in
DN. However, the use of crude extract may limit mecha-
nistic interpretation because plant extracts contain complex
mixtures of compounds. Therefore, further investigation
using an active fraction is important to evaluate whether the
bioactive component-enriched fraction of PA can exert more
specific protective effects against diabetic kidney injury. In
a previous bioassay-guided fractionation study, the active
fraction of PA was developed from the chloroform extract
and monitored using thin-layer chromatography (TLC) and
an in vitro glucose consumption assay. That study showed
that Fraction I of PA was the most active fraction in an in
vitro glucose consumption assay, supporting its potential
as an antihyperglycemic candidate.”' This finding provides
the scientific basis for selecting this specific active frac-
tion in the present study. Building on that initial screening,
this study extends the investigation from glucose-lowering
activity to DN-related renal injury. Although the active frac-
tion has shown antihyperglycemic potential, its renoprotec-
tive relevance in podocyte injury, glomerulosclerosis, tubular
damage, and renal fibrosis remains to be clarified. Therefore,
this study aimed to investigate the effects of the active frac-
tion of PA on DN-related renal alterations, focusing on its
potential to ameliorate podocytopathy, glomerulosclerosis,
tubular injury, and fibrosis.

Methods

Plant Material, Preparation, and Characterization
of PA Active Fraction

The active fraction of PA used in this study was prepared
according to a previously published bioassay-guided frac-
tionation method. The plant material was collected from the
Godean region, Yogyakarta, Indonesia, in June 2022.
Botanical authentication was performed at the Faculty of
Pharmacy, Universitas Gadjah Mada, Yogyakarta, Indonesia.
The voucher specimen number was 22.6.2/UNI/FFA.2/BF/
PT/2023, and the specimen was deposited in the Department
of Pharmacology and Therapy, Faculty of Medicine, Public
Health, and Nursing, Universitas Gadjah Mada, Yogyakarta,
Indonesia.

The PA active fraction used in this study was prepared
according to a previously developed bioassay-guided frac-
tionation method. Briefly, 500 g of dried PA herb powder
consisting of roots, stems, leaves, and fruits was extracted by
maceration using 1 L of chloroform for 24 h at room temper-
ature. The extract was filtered using a Buchner funnel, and
the residue was re-macerated twice using the same procedure.
The combined filtrates were evaporated to obtain the chlo-
roform extract. The chloroform extract was then subjected
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to partitioning and fractionation steps, which were moni-
tored using TLC and an in vitro glucose consumption assay.
Fraction I was obtained by separating the crude extract on
a silica gel F254 (Merck) column using a gradient elution
system consisting of 100% petroleum ether (PE), followed
by PE:ethyl acetate ratios of 9:1, 8:2, 7:3, and 6:4. The
column was subsequently washed using chloroform:meth-
anol (1:1). Each collected fraction was monitored by TLC to
evaluate the separation profile and to confirm the chromato-
graphic consistency of the pooled Fraction I. In the previous
fractionation study, Fraction I showed the highest glucose
consumption activity at a concentration of 100 pg/mL and
was qualitatively identified by TLC as containing a predom-
inant flavonoid compound group. Therefore, Fraction I was
selected for the present in vivo DN study based on both its
biological activity and its chromatographic characterization.?!

The chemical composition of this active fraction had
previously been characterized using gas chromatography—
mass spectrometry (GC-MS), and the identified candidate
bioactive compounds were reported in a previous publica-
tion. Therefore, the present study focused on evaluating the in
vivo renoprotective effects of this previously characterized
active fraction in a DN rat model. The chemical composi-
tion of this active fraction had been previously characterized
using GC-MS, which identified several candidate bioac-
tive compounds, including palmitic acid, campesterol, and
stigmasterol.?

Animal Experimental Design

Diabetes Induction

Male Wistar rats aged 2 months and weighing 200-250 g
were used in this study. The animals were divided into non-
diabetic control rats and streptozotocin (STZ)-induced
diabetic rats. Diabetes mellitus was induced by a single intra-
peritoneal injection of STZ at a dose of 60 mg/kg body weight
(BW) after a 12-h fasting period. STZ was freshly dissolved
in citrate buffer (pH 4.5). Six hours after STZ injection, rats
were given 10% glucose solution to prevent acute hypoglyce-
mia. Diabetes mellitus was confirmed by measuring blood
glucose levels on Days 5 and 7 after STZ induction. Rats with
random blood glucose levels >250 mg/dL were considered
diabetic and included in the diabetic groups. After confirma-
tion of diabetes mellitus, eligible diabetic rats were randomly
allocated into four groups using a simple randomization
method: DM rats without treatment (n = 5); diabetic rats
treated with the active fraction of PA at 8.5 mg/kg BW (DMP1,
n=15); diabetic rats treated with the active fraction at 34 mg/kg
BW (DMP2, n = 5); and diabetic rats treated with the active
fraction at 136 mg/kg BW (DMP3, n = 5). Non-diabetic rats
served as the control group (Control, n = 5). To reduce alloca-
tion bias, diabetic rats were assigned to treatment groups only
after confirmation of diabetes mellitus. Histological and immu-
nohistochemical assessments were performed using coded

samples to reduce observer bias. The use of a sample size of
five rats per group was determined based on Federer’s for-
mula and the 3Rs principles (replacement, reduction, and
refinement) to ensure ethical use of animals while maintain-
ing the feasibility of this exploratory preclinical study.

Treatment

Treatment with the PA active fraction was started after confir-
mation of diabetes mellitus and administered once daily by oral
gavage for 2 months. Blood glucose levels were monitored
every 2 weeks during the experimental period to confirm the
persistence of hyperglycemia. This monitoring interval was
selected as an ethical refinement to minimize repeated animal
handling, stress, and blood sampling, while still allowing con-
firmation of the diabetic state. Blood glucose monitoring was
used primarily for model validation rather than as the main
pharmacodynamic outcome. A final blood glucose measure-
ment was performed at the end of the study.

The dose selection was based on the active concentra-
tion identified in the previous in vitro glucose consumption
assay. The active fraction exhibited the highest glucose-
lowering activity at 100 pg/mL.*' This concentration was
used as the reference for estimating the initial in vivo dose.
Assuming an estimated blood volume of 17-21 mL in a
200 g rat, the amount of active fraction required to achieve
this reference concentration was approximately 1.7-2.1 mg
per rat, corresponding to 8.5-10.5 mg/kg BW. Therefore,
8.5 mg/kg BW was selected as the initial low dose. The
medium and high doses, 34 and 136 mg/kg BW, respectively,
were determined using a fourfold dose-escalation approach
to explore the dose-response relationship and identify the
optimal biological response of the active fraction in the DN
model. After STZ induction, diabetes was confirmed by
blood glucose measurement on Days 5 and 7. Diabetic rats
were then randomly allocated to experimental groups and
received daily treatment for 2 months. During the experi-
mental period, blood glucose levels were monitored biweekly,
followed by a final blood glucose assessment and terminal
sample collection at the end of the study. The PA active frac-
tion was dissolved in Tween 20 and administered once daily
by oral gavage. To ensure comparable handling and admin-
istration procedures across groups, the control and diabetic
control groups received Tween 20 by oral gavage during the
same experimental period. Animal welfare was monitored
throughout the experimental period by observing BW, general
appearance, activity, food and water intake, and signs of pain,
dehydration, or distress. Humane endpoints were predefined
and included severe BW loss, marked lethargy, inability to
eat or drink, severe dehydration, severe wounds or infection,
or other signs of severe distress. Animals meeting humane
endpoint criteria were to be removed from the study and euth-
anized according to approved ethical procedures.

Kidney Harvesting

After 2 months of treatment, the rats were anesthetized
and euthanized. Perfusion was performed using 0.9% NaCl
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solution through the cardiac apex, and the kidneys were har-
vested. The left kidney was divided into two portions: one
portion was stored in RNA later for gene expression analysis,
while the other portion was immediately frozen and stored at
-80°C for Western blot analysis. The right kidney was fixed in
neutral buffered formalin for histological and immunohisto-
chemical analyses, including a-SMA and platelet-derived
growth factor receptor beta (PDGFR-B) immunostaining.
This study was conducted in compliance with the animal care
guidelines of Universitas Gadjah Mada and was approved by
the Medical and Health Research Ethics Committee, Faculty
of Medicine, Public Health, and Nursing, Universitas Gadjah
Mada, under ethical clearance number KE-FK-0153-EC-2023.
Animal procedures were described in accordance with
ARRIVE-style reporting recommendations, including animal
characteristics, sample size, group allocation, randomization,
treatment protocol, welfare monitoring, humane endpoints,
and euthanasia procedures.

Blood Glucose and Kidney Biochemical Analysis

The analysis of blood glucose levels in rats were measured
using glucometer strips on Days 5 and 7 post-induction, fol-
lowed by measurements every 2 weeks to monitor blood glu-
cose conditions and confirm the persistence of hyperglycemia
during the experimental period. This interval was selected as
an ethical refinement to reduce repeated animal handling,
stress, and blood sampling while still allowing confirmation
of the diabetic state. Blood glucose monitoring was used pri-
marily for model validation rather than as the main pharma-
codynamic outcome. A final blood glucose assessment was
performed at the conclusion of the study. Urine samples were
collected over a 24-hour period using metabolic cages, after
which the total volume was recorded. The samples were cen-
trifuged at 900 x g for 15 min at 4°C, and the supernatant was
stored at -80°C for subsequent analysis. The urinary parame-
ters evaluated included microalbumin, urinary creatinine, and
creatinine clearance. Microalbumin levels were determined
using an ELISA kit (Elabscience, Cat. No. E-EL-R0025),
while creatinine clearance, indicative of glomerular filtration
rate, was calculated based on 24-hour urine volume, urinary
creatinine concentration, and serum creatinine levels.
Creatinine clearance was calculated using the formula:

Table I. Primer Sequences.?

. 24-h urine creatinine x 24-h urine volume (mL)
Creatinine clearance =

Serum creatinine x 1,440 min

RNA Extraction and cDNA Synthesis

Kidney RNA extraction was performed using Favorprep
Tri-RNA reagent, following the manufacturer’s instructions.
MaestroNano Pro spectrophotometer (MaestroGen, MN-913A)
was used to measure RNA concentration. Complementary
DNA (cDNA) synthesis was carried out using a cDNA synthe-
sis kit (SMOBio, RP1400) under polymerase chain reac-
tion (PCR) conditions: 30°C for 10 min, 42°C for 60 min, and
85°C for 5 min.

Quantitative PCR

The target gene (SOD1) and TNF-o were amplified using
quantitative real-time PCR with specific primers listed in
Table 1.2 B-actin was used as the housekeeping gene.
Measurements were conducted using the comparative
Ct method or AACt method.

Reverse Transcriptase-PCR

Reverse Transcriptase-PCR was used to amplify target genes
such as SOD2, Nephrin, TGF-B, and Vimentin using specific
primer sequences shown in Table 1.%22* Gene normalization
was conducted using the housekeeping gene ([-actin).
Measurements were performed using densitometry by com-
paring the band intensity of the target gene with the house-
keeping gene using Imagel.

Quantification of Tubular Injury, Glomerulosclerosis,
and Fibrosis Fraction

Tubular injury and glomerulosclerosis were assessed using
periodic acid-Schiff (PAS) staining, while fibrosis was evalu-
ated using Sirius Red staining. The deparaffinization process
was carried out with xylene and rehydrated using a graded
ethanol series. The slides were then washed with water and

Gene Forward (5'-3") Reverse (5'-3") Annealing Product
SODI GCATTCCATCATTGGCCGT AATCCCAATCACACCACAAGC 60 127
SOD2 ATGTTGTGTCGGGCGGCGTGCAGC GCGCCTCGTGGTACTTCTCCTCGGTG 60 217
Nephrin ACTCAGGCTGACATCTGGGAT AGAGCTGGAATGACAGTGATGG 62 299
TNF-0 CGACTCTGACCCCCATTACT TCGTGTGTTTCTGAGCATCG 62 327
TGF- CGAGGTGACCTGGGCACCATCC GCTCCACCTTGGGCTTGCGACC 65 403
Vimentin ACCAGAGACGGACAGGTGAT CTTGCGCTCCTGAAAACTGC 60 11
B-actin GCAGATGTGGATCAGCAAGC GGTGTAAAACGCAGCTCAGTAA 60 100
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PBS before staining. PAS staining involved oxidation with
periodic acid, incubation with Schiff reagent, and final coun-
terstaining with hematoxylin. The assessment of tubular
injury included grading of injury, epithelial cell apoptosis,
intraluminal cast formation, and loss of the brush border
across 15 randomly selected fields of view at 400> magnifi-
cation. Glomerulosclerosis was similarly assessed across 15
random fields of view. Evaluations were conducted anony-
mously to avoid bias. Lesions in tubular and glomerular
injury were graded on a scale from 0 to 4: 0: typical; 1: injury
<25%; 2: injury 25%—50%; 3: injury 50%—75%; and 4: exten-
sive injury >75%. Fibrosis was assessed based on collagen
accumulation in the tubular interstitium, which was indicated
by the red color of Sirius Red staining. The area of renal
fibrosis was quantified using ImagelJ software across 15 ran-
domly selected fields of view.

Immunohistochemistry Staining for Myofibroblasts

Immunohistochemistry was employed to detect the expres-
sion of myofibroblast proteins. Kidney tissue slides were
deparaffinized and rehydrated using xylene and alcohol
treatments. Antigen retrieval was performed using citrate
buffer at pH 6. Endogenous peroxidase was blocked with 3%
H,O, in PBS. Non-specific antigen blocking was performed
using Background Sniper for immunostaining. The slides
were incubated with primary antibodies, a-SMA (dilution
1:100, Sigma, Cat. No. A2547) and PDGFR-J (dilution 1:50,
Abclonal, Cat. No. A2180). Secondary antibodies used
included TrekAvidin-HRP label, conjugated with anti-rabbit
Trekkie Universal Link (Biocare Medical®), and diamin-
obenzidine tetrahydrochloride (DAB). a-SMA immunostain-
ing was applied to evaluate myofibroblast expansion. Brown
signal detection was observed at 400x magnification and was
evaluated descriptively.

Western Blot Analysis of a-SMA and PDGFR-f3

Kidney proteins were extracted using the ExKine™ Total
Protein Extraction Kit (Abbkine), following the manufactur-
er’s instructions. Proteins were stored at —80°C until analysis.
Protein concentration was measured using the Bradford pro-
tein assay (BioRad), and the proteins were subjected to west-
ern blot analysis. Protein samples were prepared by adding
Laemmli buffer and mercaptoethanol, then denatured at 95°C
for 5 min. A total of 15 pL of protein was loaded onto a 10%
SDS-PAGE gel for separation, which was conducted over 1.5
hours. Proteins were transferred to a PVDF membrane and
incubated with primary antibodies, PDGFR-f (1:750) and
a-SMA (1:750), followed by secondary HRP antibodies
(1:1000). Protein expression was visualized using ECL Prime
Western Blotting Detection Reagents (GE Healthcare, Cat.
No. RPN2232) and photographed using a gel documentation
system.

Statistical Analysis

Data were presented as the mean + standard deviation (SD).
Statistical analyses were performed using GraphPad Prism
version 10.2.2 (GraphPad Software, San Diego, CA, USA).
Each experimental group consisted of five rats, and the exact
number of biological replicates analyzed for each assay is
stated in the corresponding table or figure legend. For com-
parisons between two groups, data were analyzed using an
unpaired -test for normally distributed data or the Mann—
Whitney U test for non-normally distributed data. For com-
parisons among multiple groups, normality was assessed
using the Shapiro—Wilk test. Because of the small sample
size, the results of the normality testing were interpreted cau-
tiously. Normally distributed data were analyzed using one-
way ANOVA followed by Tukey’s multiple comparisons test.
Non-normally distributed data were analyzed using the
Kruskal-Wallis test, followed by Dunn’s multiple compari-
sons test. Statistical significance was defined as p < .05.
Adjustment for multiple comparisons was applied within
each endpoint through the corresponding post-hoc tests.
However, no formal correction was applied across all bio-
chemical, histological, gene expression, and protein expres-
sion endpoints. Therefore, the findings were interpreted as
exploratory.

Results and Discussion

Effect of PA on Kidney Function

The STZ-induced diabetic model was successfully estab-
lished by administering STZ at a dose of 60 mg/kg BW to
Wistar rats. Successful induction of diabetes mellitus was
confirmed by a significant increase in random blood glucose
levels in the DM group compared with the control group on
Day 7 after STZ administration (p = .0069) (Figure 1). At the
end of the experimental period, random blood glucose levels
remained significantly higher in the DM group than in the
control group (p = 0.0078), confirming persistent hyperglyce-
mia. Thus, fasting blood glucose was considered a supportive
metabolic parameter, whereas random blood glucose served
as the main indicator for confirming and monitoring the
diabetic state in this model. Following the overall group com-
parison, post-hoc pairwise analysis showed that microalbu-
minuria was significantly higher in the DM group than in
the control group (p = 0.0001). Similarly, urine albumin-to-
creatinine ratio (UACR) was significantly higher in the DM
group (p =.0126), whereas urinary creatinine levels were sig-
nificantly lower than those in the control group (p < 0.0001).
The overall p values for comparisons among all experimental
groups are presented in Table 2. These findings indicate
that STZ-induced diabetic rats developed persistent hypergly-
cemia accompanied by early renal alterations consistent
with DN.



894

Journal of Applied Pharmaceutical Science 16(9)

500,0
£
450,0
413114
400,0
350,0
300,0
250,0
200,0

150,0 P

Randoem blood glucose (mg/mL)

100,0
50,0

0,0 l I l

68+7.8

H DO m D7

#*

465+83
451102 4442116

7612

DMP1

DMP2

DMP3

*p<0.05 vs DO #p>0.05 vs DO

Figure I. Blood Glucose Levels Before and After STZ-induced Diabetes Confirmation. Blood Glucose Levels Were Measured at Baseline
(DO0) and on Day 7 (D7) Post-induction. Diabetic Groups Showed Markedly Increased Blood Glucose Levels on Day 7 Compared With
Baseline, Confirming Successful Diabetes Induction. Data Are Presented as Mean + SD. *p < .05 Versus DO; #p > .05 Versus DO.

Table 2. Physiological Parameters After 8 Weeks of Treatment.

Levels
Control DM DMPI DMP2 DMP3

No  Variable (n=15) (n=15) (n=15) (n=15) (n=15) p Value

| Fasting blood 72.04 £ 15.86 139.8 £ 50.70 164.2 + 65.62 155.9 + 83.33 111+ 37.69 0.097
glucose (mg/dL)

2 Random blood 86.80 (86.00— 453.0 (410.0— 460.4 (200.6— 375.6 (254.3— 418.0 (164.4— 0.0078%
glucose (mg/dL) 92.20) 536.4)* 512.0)* 512.4) 502.8)

3 Microalbuminuria 1.19 £ 0.55 387 +0.61* 3.30 £ 0.73* 2.99 + 1.04* 279 £ 0.61* 0.0002
(mg/24 h)

4 Serum creatinine 0.32 + 0.04 0.42 £ 0.09 0.308 + 0.04 0.308 + 0.09 0.31 £0.05 0.0700
(mg/dL)

5 Urine creatinine 66.43 + 4.55 1401 + 6.52% 13.67 + 4.07* 18.61 +7.76* 14.73 £5.39% < 0.0001
(mg/dL)

6 Creatinine 1.62 £ 0.24 1.90 £ 0.41 2.05+0.71 2.03 £ 0.49 1.86 £ 0.57 0.7004
clearance (mL/
minute)

7 UACR (mg/mg 0.002 £ 0.00 0.181 £0.10* 0.195 £ 0.10* 0.104 £ 0.09 0.023 £ 0.02# 0.0017
creatinine)

8 Urine volume (mL) 11.30 £ 1.44 56.00 £ 10.10%*  61.40 + 14.72*  48.00 £ 27.09* 36.80 + 17.98 0.001

Notes: $Kruskal-Wallis.
*Significant compared to control.
#Significant compared to DM.

The p-values shown represent overall comparisons among all experimental groups using one-way ANOVA or the Kruskal-Wallis test, as appropriate.

Pairwise post-hoc comparisons are indicated separately in the text.

Data are presented as mean + SD for normally distributed variables and as median (minimum-maximum) for non-normally distributed variables.

The development of early DN-related renal injury
was supported by persistent hyperglycemia accompa-
nied by alterations in urinary renal markers. As shown in
Table 2, STZ-induced diabetic rats showed significantly
higher random blood glucose levels than control rats. The
DM group also showed increased microalbuminuria and
UACR, together with reduced urinary creatinine levels, indi-
cating early renal alterations consistent with DN. Although
treatment with the PA active fraction did not significantly

reduce blood glucose levels or microalbuminuria compared
with the DM group, the highest-dose group (DMP3) showed
a significantly lower UACR value than the DM group
(Table 2). This finding suggests a possible attenuation of
albuminuria-related renal alteration. However, UACR should
be interpreted cautiously because urinary creatinine levels
were also altered in diabetic rats.

Therefore, the potential renoprotective effect of the PA
active fraction should not be inferred from UACR alone,
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but rather from the overall pattern of urinary, histolog-
ical, and molecular findings. In this study, PA active frac-
tion treatment was associated with lower glomerulosclerosis
scores and increased nephrin mRNA expression, suggesting
a protective effect against podocyte-related glomerular
injury. Podocytes play a critical role in maintaining selective
permeability and the integrity of the glomerular basement
membrane (GBM).? Podocyte loss is a hallmark of podocy-
topathy and a strong predictor of DN progression.”” Reduced
nephrin mRNA and protein expression may disrupt podo-
cyte structure and contribute to proteinuria.?® In the present
study, nephrin mRNA expression was lower in the DM group
than in the control group, consistent with higher glomeru-
losclerosis scores. Administration of the PA active fraction
increased nephrin mRNA expression and reduced glomeru-
losclerosis scores, indicating attenuation of podocytopathy-
related changes in diabetic kidney tissue.

Although PA treatment showed a trend toward lower
microalbuminuria levels, this reduction was not statisti-
cally significant compared with the DM group (Table 2).
Creatinine clearance also did not differ significantly among
the groups (p = .7004) (Table 2), indicating that the observed
changes were not accompanied by a significant change in this
filtration-related parameter. In this early-stage DN model,
2 months of treatment appeared sufficient to reveal struc-
tural and molecular changes, but not clear changes in urinary
albumin excretion or renal filtration parameters. Although
PA treatment significantly reduced UACR in the DMP3
group, the reduction in microalbuminuria was not statisti-
cally significant. This finding suggests that structural and
molecular changes may occur before detectable changes in
some urinary functional markers. Therefore, the lower UACR
value observed in the DMP3 group should be interpreted with
caution and considered alongside the histological and molec-
ular findings. Longer treatment duration and follow-up, such
as up to 6 months, should be considered in future studies to
further elucidate the renal effects of the PA active fraction.
Taken together, these findings suggest that the PA active
fraction was associated with favorable changes in podocyte-
related glomerular alterations in the early stage of DN.
However, these findings should be interpreted as exploratory
and require further validation in studies with larger sample
sizes, predefined primary outcomes, and appropriate adjust-
ment for multiple comparisons.

The increased expression of SOD1 and SOD2 in the
PA-treated groups indicates an improvement in renal anti-
oxidant defense, which may contribute to protection against
podocyte injury under diabetic conditions. This interpretation
is consistent with previous findings demonstrating antioxi-
dant effects of the PA active fraction under diabetic condi-
tions and protective effects of PA against podocytopathy in
a doxorubicin-induced nephrotic syndrome model.*** ROS
cause lipid peroxidation and basement membrane damage,
exacerbating DM complications. Podocytes rely on antioxi-
dant enzymes such as SOD1 and SOD2 to combat oxidative
stress.’! In hyperglycemia, excessive ROS production may

contribute to lower SOD1 and SOD2 expression. The admin-
istration of the PA active fraction significantly increased
SOD1 and SOD2 expression compared with the DM group,
indicating higher expression of renal antioxidant defense
markers under diabetic conditions. Previous phytochemical
and pharmacological reviews have reported that PA contains
several bioactive compound groups, including physalins
and withanolide-related compounds, which have been asso-
ciated with anti-inflammatory, antiproliferative, antidia-
betic, and antifibrotic activities.>> Compound-specific studies
have also reported that physalin- and withanolide-related
compounds from PA exhibit anti-inflammatory and antipro-
liferative activities.* In addition, previous GC-MS analysis
of the PA active fraction identified three dominant candidate
compounds, namely campesterol, stigmasterol, and palmitic
acid.”? In particular, stigmasterol has been reported to exert
broad pharmacological effects, including anti-inflamma-
tory, antioxidant, and antidiabetic activities,** and to protect
pancreatic f-cell function under glucolipotoxic conditions.*
Palmitic acid has been reported to exhibit context-dependent
antioxidant, anti inflammatory, and antitumor activities.*
Furthermore, in silico analysis suggests that the predicted
interactions of stigmasterol, campesterol, and palmitic acid
with TGF-p receptors may be related to their potential antifi-
brotic activity.?

PA Active Fraction Ameliorated Glomerulosclerosis
and Podocytopathy

Functional impairment in the diabetic model was associated
with increased glomerulosclerosis. Based on PAS staining,
the DM group exhibited glomerulosclerosis with ECM
expansion, capillary loss, and synechiaec formation, and
showed a higher glomerulosclerosis score than the control
group (p < 0.0001). Meanwhile, administration of the active
fraction of PA revealed significantly lower glomerulosclero-
sis scores in the DMP1, DMP2, and DMP3 groups compared
to the DM group (p = .0052; p = .0003; p = .0039). Nephrin
mRNA expression, a critical marker of podocytes, was signif-
icantly lower in the DM group relative to the control group
(p = .05). However, nephrin expression was significantly
higher in the groups treated with the PA active fraction
(p =.0014; p = .0003; p < 0.0001) (Figure 2).
Hyperglycemic conditions are known to reduce anti-
oxidant capacity, and in this study, SOD1 mRNA expres-
sion was analyzed using qPCR, whereas SOD2 expression
was evaluated using RT-PCR. The results demonstrated that
both SOD1 and SOD2 mRNA expressions were significantly
lower in the DM group compared to the control group (SOD1
p=.04; SOD2 p = .01). Administration of the PA active frac-
tions enhanced the antioxidant capacity of SODI, particu-
larly at a dose of 136 mg/kg BW. This finding is supported by
an increase in the antioxidant capacity of SOD2, which was
consistently observed at all administered doses (Figure 2).
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PA attenuates tubular injury and inflammation. The DM
group demonstrated tubular injury with loss of the brush
border (arrow), epithelial cell thinning, and the presence of
intraluminal casts, with higher injury scores than the control
group (p < 0.0001). The administration of the PA active frac-
tion significantly reduced tubular injury scores (p < 0.0001).
EMT in the DM group was characterized by increased expres-
sion of vimentin and a-SMA. Vimentin mRNA expression
was higher in the DM group but significantly decreased after
the administration of the PA fraction (p < 0.0001) (Figure 3).

The administration of the PA active fraction prevents
inflammation. The results showed that TNF-oo mRNA expres-
sion was significantly higher in the DM group than in the
control group (p <.05). The group treated with the PA active
fraction showed significantly lower TNF-a mRNA expres-
sion in the DMP3 group (p =.0086). This suggests that the
PA active fraction inhibits kidney inflammation under hyper-
glycemic conditions (Figure 3).

The protective effects of the PA active fraction on podo-
cytes and tubular cells in hyperglycemia are further supported
by its ability to modulate inflammatory pathways, particu-
larly those mediated by TNF-a, which plays a central role

in diabetic microvascular complications. Analysis of PAS
staining showed tubular injury in the DM group, as indicated
by inflammation, dilation, luminal casts, epithelial thinning,
and brush border loss (Figure 3). Meanwhile, PA-treated
groups demonstrated attenuation of tubular injury with a
reduction in vimentin and TNF-a mRNA expression. TNF-a
plays a crucial role in diabetic microvascular complications,
including DN, by exerting cytotoxic effects on glomerular,
mesangial, and epithelial cells, leading to kidney damage.’’
TNF-a serves as a critical mediator of inflammation, produced
by diverse cell types, including macrophages, mesangial
cells, and tubular epithelial cells.®® The primary pathways
activated by TNF-a involve caspase, nuclear factor-kB
(NF-kB), and mitogen-activated protein kinase (MAPK).
These signaling pathways, particularly NF-kB and MAPK,
promote secondary inflammatory responses by increasing the
expression of various pro-inflammatory cytokines, thereby
amplifying TNF-a activity.®

Furthermore, the PA active fraction contains antioxi-
dants, which help prevent oxidative stress and inflamma-
tion that contribute to kidney damage. At the highest dose,
this active fraction reduced TNF-o expression. TNF-a activates
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the NF-xB pathway, which triggers pro-inflammatory
gene expression and macrophage accumulation in DN.#4!
The administration of the PA active fraction significantly
reduced TNF-a expression, particularly in the DMP3 group
(Figure 3). This finding suggests that the PA active fraction
may ameliorate inflammatory responses in diabetic kidney
tissue. Based on previous reports, phytosterols present
in PA are suspected to contribute to this anti-inflamma-
tory effect by modulating the IxB kinase or inhibitor of kB
kinase (IKK/NF-kB) pathway and reducing TNF-o tran-
scription.*? Thus, the reduced TNF-a expression observed
in this study may be partly explained by the putative anti-
inflammatory action of phytosterols in the PA active fraction.

In addition, phytosterols may also be involved in the cross-
talk between inflammatory and profibrotic pathways. TNF-o/
NF-«B signaling can interact with MAP3K7/TAK1 and TGF-§3-
related signaling, which are associated with ECM accumula-
tion and renal fibrosis. Therefore, the suspected modulation of
TNF-o/NF-kB signaling by phytosterols may contribute to the
reduced expression of fibrosis-associated markers observed in
this study, including TGF-B, a-SMA, and PDGFR-. However,
because IKK/NF-«kB, MAP3K7/TAKI1, Smad phosphoryla-
tion, and TGF- receptor activity were not directly assessed,
this proposed mechanism should be interpreted as a literature-
supported hypothesis. Further mechanistic studies are required
to confirm the contribution of phytosterols and their involve-
ment in these signaling pathways.

Effect of PA Active Fraction on Fibrosis

The active fraction of PA has the potential to prevent fibrosis
development. Renal fibrosis in diabetic rats was character-
ized by collagen accumulation in the tubulointerstitial area.
Fibrosis scores were significantly higher in the DM group
compared to the control group (p < 0.0001), but the adminis-
tration of the PA active fraction significantly reduced fibrosis
scores (p < 0.0001). The expression of TGF-f mRNA, which
regulates a-SMA expression, was also higher in the DM
group (p =.0003) and decreased following PA active fraction
(» <0.0001).

Renal fibrosis is characterized by the expansion of
PDGFR-, which TGF-f enhances. Semi-quantitative analysis
showed that PDGFR- protein expression was higher in the
DM group (p =.004), but was significantly decreased in the
groups treated with the PA active fraction, particularly in the
DMP2 and DMP3 groups (p =.0389; p =.0028). The expres-
sion of a-SMA protein was assessed by IHC and western blot-
ting. Western blot analysis showed that a-SMA protein expres-
sion was significantly higher in the DM group than in the
control group (p =0.0002). Administration of the PA active
fraction significantly reduced a-SMA protein expression in
the DMP1, DMP2, and DMP3 groups compared with the DM
group (p =.0049; p=.0008; p <0.0001). These results were
consistent with observations from the IHC analyses.
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Antifibrotic effects of the PA active fraction were demon-
strated by a lower interstitial fibrosis area fraction and down-
regulation of TGF- mRNA expression in the PA-treated
group (Figure 4). The amelioration of fibrosis may correlate
with attenuation of tubular injury. Tubular cells contribute
to progressive kidney injury through EMT, in which epithe-
lial cells lose polarity and adhesion.** This process is driven
by NF-«kB activation, which downregulates E-cadherin
expression, marking the onset of EMT.* Epithelial markers
such as E-cadherin decrease during EMT, whereas mesen-
chymal markers, including a-SMA and vimentin, increase
and contribute to renal fibrosis.* Urinary E-cadherin has
been proposed as a clinical marker for early kidney injury in
diabetic patients and has been associated with albuminuria
progression.* Therefore, the recovery of renal epithelial
integrity may require longer treatment duration or additional
interventions.

Loss of E-cadherin expression is an early sign of EMT,
which leads to tubular epithelial cell dissociation. EMT is
critical in fibrosis development, which involves TGF-f sign-
aling pathways. This is evidenced by significantly higher
TGF-p mRNA expression in the DM group compared with
the control group. TGF-p regulates proliferation, apoptosis,
migration, and ECM production and is a crucial mediator
of renal fibrosis.*’*® This condition is triggered by oxidative
stress by activating MAPK, Smad, and ERK1/2 pathways.*

The activation of extracellular signal-regulated kinases
(ERK) is likely crucial for several fundamental aspects
of EMT, which lead to the loss of epithelial properties and
the development of mesenchymal characteristics. These
processes involve the suppression of adherens junctions and

their associated proteins, such as E-cadherin, increased MMP
activity, the formation of actin stress fibers, and the enhance-
ment of cell motility and invasiveness.”® ERK activation
constitutes a Smad-independent mechanism that is essential
for EMT induced by TGF-B.! It facilitates the breakdown
of adherens junctions and promotes cell motility in response
to TGF-B. The downregulation of E-cadherin is a pivotal
event in EMT,*? and substantial evidence suggests that ERK
inhibits E-cadherin expression to drive EMT across various
experimental contexts.* The JNK and p38 MAPK pathways
are involved in the TGF-B-induced EMT. Upon TGF-f liga-
tion, the receptor phosphorylates Smad2/3 and interacts with
TRAF6, which recruits TAK1 and TABI1 to activate NF-«xB,
INK, and p38 MAPK. The activated NF-xB, JNK, and p38
MAPK can act Smad-dependent or -independent manner to
regulate EMT by controlling the downstream transcriptional
factors.**

In the present study, the active fraction of PA was associ-
ated with reduced TGF-f mRNA expression. ROS also been
demonstrated to contribute significantly to fibrosis progres-
sion in various pathological conditions. One possible way
ROS facilitate fibrosis is by activating latent TGF-B. ROS
induce TGF- activation through several mechanisms, such
as conformational changes triggered by thrombospondin-1,
interaction with integrins ovB6 and avp8, proteolytic cleavage
of LAP by plasmin and matrix metalloproteinases, as well as
oxidative modifications of LAP or the activation of MMPs,
which subsequently cleave LAP to release active TGF-f.55¢
The decreased expression of TGF- mRNA is associated with
the inhibition of oxidative stress following the administration
of the active fraction of PA.>> The increased expression of
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SODI1 and SOD2 mRNA may indicate higher antioxidant
defense under diabetic conditions. Previous evidence has
shown that ROS can induce EMT through TGF-B1-related
signaling pathways in diabetic nephropathy.”” Therefore,
the reduced TGF-B mRNA expression observed in this
study, together with lower EMT/fibrosis-associated markers,
suggests possible modulation of TGF-B-related fibrotic
responses.*

TGF-B is essential for transforming fibroblasts into
myofibroblasts within fibrotic tissues; its fibrogenic effects
involve the differentiation of myofibroblasts.” Like fibro-
blasts, myofibroblasts display mesenchymal characteristics,
including a high abundance of vimentin-positive interme-
diate filaments.® Upon stimulation by TGF-p, these contrac-
tile fibers are characterized by the presence of a-SMA, which
serves as a widely recognized marker for identifying mature
myofibroblasts in tissues.®' In this study, increased mRNA
expression of vimentin and elevated protein levels of a-SMA
and PDGFR-B were observed in the DM group. TGF-$
significantly enhances the transcription of structural collagen
genes and facilitates post-translational collagen modification
by improving its stability through increased cross-linking.®
Additionally, TGF-p helps maintain the ECM by inhibiting
the activity of matrix-degrading proteases through the upreg-
ulation of protease inhibitors.® This phenomenon was evident

in the DM group, where a more significant percentage of
fibrotic tissue was observed.

The administration of the PA active fraction significantly
reduced the fibrotic area, as demonstrated by Sirius Red
staining. Treatment with the PA active fraction was also asso-
ciated with decreased expression of vimentin, a-SMA, and
PDGFR-B, in parallel with reduced TGF-f mRNA expression
(Figures 4 and 5). These findings suggest that the PA active
fraction attenuated fibrosis-associated alterations in diabetic
kidney tissue. Since TGF-B is a key profibrotic mediator
involved in myofibroblast activation, ECM deposition, and
renal fibrosis, the reduced TGF-f mRNA expression observed
in this study may be related to the decreased expression of
fibrosis-associated markers. The TGF-B/Smad pathway
is known to regulate the expression of profibrotic media-
tors, including a-SMA, PDGF, and collagen.®* However, the
present study does not provide direct evidence that the PA
active fraction inhibits the TGF-f/Smad signaling pathway,
because pathway-validation experiments, such as Smad phos-
phorylation, Smad nuclear translocation, or receptor-level
activity assays, were not performed. Therefore, the involve-
ment of TGF-B/Smad-related signaling should be interpreted
as a possible mechanism requiring further validation.

The antifibrotic effect of the PA active fraction was
further supported by the reduction in a-SMA and PDGFR-f
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expression observed in Western blot and immunohistochemical
analyses. a-SMA, a marker of myofibroblast activation,
was significantly reduced following administration of the
PA active fraction. While PDGFR-B, a fibroblast-associated
marker involved in fibrotic remodeling, was lower, particu-
larly in the DMP2 and DMP3 groups. These findings were
consistent with the reduced percentage of fibrotic areca
observed in the DMP1, DMP2, and DMP3 groups. Taken
together, these results indicate that the PA active fraction may
have potential as a renoprotective candidate in DN, particu-
larly through modulation of fibrosis-associated responses.
Phytosterol compounds present in PA may contribute to this
effect through possible regulation of TGF-B/Smad-related
profibrotic signaling. However, further mechanistic studies
are required to confirm this pathway. Future studies should
investigate this mechanism using an in vitro fibroblast culture
model stimulated with TGF-p to evaluate whether the PA
active fraction can directly modulate myofibroblast forma-
tion. Assessment of a-SMA, collagen expression, and Smad
phosphorylation in this model would help clarify whether
the antifibrotic effect of PA is mediated through TGF-p/
Smad-related signaling.

Limitation

This exploratory preclinical study was designed to evaluate
whether the PA active fraction could ameliorate DN-related
pathological alterations compared with untreated diabetic
rats. Therefore, the primary focus was to compare healthy,
diabetic, and PA-treated diabetic conditions, rather than to
perform a comparative efficacy study with a reference
nephroprotective agent. Nevertheless, the relatively small
sample size (n = 5 per group) may limit statistical power, par-
ticularly given the evaluation of multiple biochemical, histo-
logical, gene expression, and protein expression endpoints.
Although vehicle administration via oral gavage was pro-
vided to the control and diabetic control groups to ensure
comparable handling and administration procedures, the
absence of a positive comparator limits interpretation of the
relative magnitude of PA activity. This limitation should be
considered in the context that DN involves complex and mul-
tifactorial pathological changes that are not fully reversed by
a single therapeutic approach. Future studies with larger sam-
ple sizes, predefined primary outcomes, appropriate adjust-
ment for multiplicity, longer treatment duration, and suitable
comparative treatment arms are needed to validate these find-
ings and further define the efficacy of the PA active fraction.

Conclusion

The active fraction of PA ameliorated DN-related renal alter-
ations in diabetic rats, as indicated by reduced UACR values,
increased expression of antioxidant markers (SOD1 and

SOD?2), and decreased expression of the inflammatory marker
TNF-a. It also showed protective effects on glomerular and
tubular structures, as reflected by increased nephrin expres-
sion and decreased vimentin expression. Furthermore, the PA
active fraction demonstrated antifibrotic potential, as shown
by reduced TGF-B mRNA expression and lower a-SMA and
PDGFR-B expression. These findings suggest that the PA
active fraction may serve as a potential renoprotective candi-
date for DN. However, further mechanistic studies are
required to validate the underlying signaling pathways.
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