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Abstract

Background: Diabetic nephropathy is a formidable microvascular complication of diabetes mellitus, considerably contribut-
ing to global morbidity and mortality due to its role as the primary factor of end-stage renal disease.
Objectives: This work was focused on evaluating the therapeutic effects of gardenin A on the streptozotocin (STZ)-induced 
diabetic nephropathy in rats.
Materials and Methods: Diabetic nephropathy was initiated in the experimental rats by administering 65 mg/kg of STZ. 
The rats with diabetic nephropathy were subsequently treated with gardenin A for a period of 10 weeks. Following the 
completion of the treatments, the body weight, glucose, and glycated hemoglobin (HbA1C) levels were evaluated. The renal 
dysfunction markers creatinine, urea, and uric acid levels were evaluated in the experimental rats. The concentrations of 
oxidative stress markers and pro-inflammatory markers were evaluated in the kidney tissues of the rats. The kidneys of the 
rats were subjected to histopathological analysis.
Results: Gardenin treatment markedly decreased body weight, glucose, and HbA1C levels in rats with diabetic nephropathy. 
Moreover, gardenin A treatment decreased the levels of renal dysfunction markers in the diabetic rats. The gardenin A treat-
ment also markedly reduced inflammatory cytokine levels and oxidative stress response by elevating antioxidant concentra-
tions in STZ-induced rats. Additionally, the results of histological analysis confirmed the therapeutic efficacy of gardenin A 
against diabetic nephropathy.
Conclusion: The present study suggests that gardenin A treatment may ameliorate diabetic nephropathy in STZ-induced 
rats. Thus, it was evident that gardenin A may have a therapeutic effect against diabetic nephropathy.
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Introduction

Diabetic nephropathy, a serious microvascular complication 
of diabetes mellitus, is defined by advanced structural and 
functional injury to the kidneys, resulting in chronic renal 
dysfunction and eventually end-stage renal disease (ESRD). 
This debilitating condition significantly contributes to high 
morbidity and mortality worldwide, often necessitating renal 
replacement therapies like dialysis or transplantation (Shan 
et al., 2024). The global prevalence of diabetes mellitus, a 
primary driver of diabetic nephropathy, has escalated dramat-
ically, with predictions suggesting an increase to 642 million 
affected individuals by 2040. Consequently, diabetic nephrop-
athy has appeared as the major cause of chronic kidney dis-
ease globally, affecting roughly 40% of all diabetic patients 
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(Hu et al., 2025). Type 2 diabetes is responsible for most of 
the diabetic individuals, and a pronounced increase in dia-
betic nephropathy is observed in this population. This com-
plex disorder is characterized by intricate pathophysiological 
mechanisms involving inflammatory processes, genetic pre-
dispositions, and epigenetic modifications, which are fre-
quently exacerbated by comorbidities such as hypertension 
and dyslipidemia (Zhang et al., 2025).

Diabetic nephropathy is also characterized by the overac-
cumulation of extracellular matrix within the tubulointersti-
tial and glomerular compartments, along with thickening of 
the intrarenal vasculature. These structural alterations are pri-
marily driven by chronic hyperglycemia, which instigates a 
series of cellular events and signaling pathways that culmi-
nate in renal injury. The early stages of nephropathy are char-
acterized by glomerular hyperfiltration, which progresses to 
albuminuria, a decrease in glomerular filtration rate, and, sub-
sequently, renal fibrosis (Raval et al., 2020). The onset of dia-
betic nephropathy is multifactorial, primarily driven by 
hyperglycemia-induced inflammatory processes that affect 
both hemodynamic and metabolic pathways. This involves 
chronic low-grade inflammation and activation of the immune 
system, resulting in elevated serum levels of inflammatory 
cytokines (Moreno et al., 2018). These inflammatory media-
tors contribute to glomerular and tubulointerstitial damage, 
exacerbating renal dysfunction and development to ESRD. 
Moreover, persistent hyperglycemia induces oxidative stress, 
which further contributes to renal injury by generating reac-
tive oxygen species that damage cellular components and 
activate pro-inflammatory signaling pathways, thereby accel-
erating the decline in renal function (Jin et al., 2023).

Despite advancements in therapeutic approaches, a consid-
erable number of individuals with diabetic nephropathy inevi-
tably develop ESRD, requiring either dialysis or kidney 
transplantation. This progression highlights the current limita-
tions in preventing irreparable renal damage, especially given 
the complex interplay of oxidative stress, inflammation, and 
fibrotic mechanisms underlying diabetic nephropathy pathol-
ogy (Jung & Yoo, 2022). Existing clinical interventions, includ-
ing glucose-lowering medications and renin-angiotensin 
system inhibitors, frequently fail to prevent the inexorable 
development of diabetic nephropathy, leading to a persistent 
demand for improved and innovative therapeutic modalities. 
Consequently, there is an urgent clinical need for new therapies 
that target the multifaceted mechanisms underlying diabetic 
nephropathy, moving beyond symptomatic management to 
achieve disease modification (Yamazaki et al., 2021). Gardenin 
A is a major bioactive flavonoid compound widely present in 
various medicinal plants, including Gardenia resinifera and 
Gardenia gummifera plants. Several previous studies have 
reported that gardenin A has many biological activities, includ-
ing anti-tumor (Cabrera et al., 2016), neuroprotective (Alonso-
Castro et al., 2020), hepatoprotective and anti-hyperlipidemic 
(Toppo et al., 2017), and anti-parkinsonian (Hack et al., 2024). 

However, there is no such evidence for its therapeutic effects 
against diabetes, and diabetic nephropathy has been reported. 
Hence, this work focused on evaluating the therapeutic effects 
of gardenin A against streptozotocin (STZ)-induced diabetic 
nephropathy in rats.

Materials and Methods

Experimental Rats

The 6-week-old male Sprague–Dawley rats weighing about 
230–250 g were employed in this work, which were housed 
in sterilized polypropylene cages under laboratory settings, 
with a temperature range of 22 °C–26 °C and humidity of 
40%–60%. A 12-h cycle of alternating light and dark was 
established. During the study period, all rats had free access 
to a standard diet (Bio-Serv, USA) and purified drinking 
water. Prior to starting the experiments, all rats were assigned 
a 7-day acclimation period in a laboratory environment.

Experimental Groups

Following a 1-week acclimatization period, rats were divided 
into four groups, each consisting of six rats (n = 6). Group I 
was the control, which was administered with normal saline 
solution. Group II rats received a single administration of 
STZ at a 65 mg/kg dosage to initiate diabetic nephropathy. 
The rats were given glucose (0.5%) to prevent death from 
acute hypoglycemia. After a 3-day administration of STZ, 
blood glucose was evaluated, and rats with a glucose level 
exceeding 250 mg/dL were marked as diabetic and desig-
nated for additional evaluations. The Group III rats were 
undergone to STZ induction as specified in Group II and were 
treated with 50 mg/kg of gardenin A for 10 weeks. In Group 
IV, rats underwent STZ induction as specified in Group II and 
were treated with 5 mg/kg of gliclazide, a standard drug, for a 
duration of 10 weeks. The body weight of each rat was mea-
sured using a sensitive electronic balance. The glucose level 
was assessed utilizing a commercial glucometer (Roche, 
Germany). The animals were fasted overnight for 12 h before 
sacrification and blood sample collection.

Analysis of Glycated Hemoglobin and Kidney 
Function Marker Levels

The concentrations of HbA1C in the experimental rats were 
evaluated using a commercial kit sourced from Elabscience, 
USA. The HbA1C levels were assessed by measuring the 
absorbance at 450 nm. The levels of renal dysfunction mark-
ers, including urea, creatinine, and uric acid in the serum of 
experimental rats, were assessed using an assay kit obtained 
from Abcam, USA. Each test was performed with three repli-
cates using the manufacturer’s guidelines.
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Assessment of Inflammatory Cytokines and 
Oxidative Stress Marker Levels

The removed kidney tissues from the experimental rats were 
homogenized with saline, and the suspension was centrifuged 
at 5,000 rpm for 20 min. The resulting supernatant was used to 
assess oxidative stress biomarkers using kits. The glutathione 
peroxidase (GPx), superoxide dismutase (SOD), catalase 
(CAT), and malondialdehyde (MDA) were assessed using kits 
(Abcam, USA). The concentrations of inflammatory cytokines 
interleukin (IL)-6 and tumor necrosis factor (TNF)-α in the 
renal tissue homogenates were evaluated using commercial 
kits (MyBioSource, USA). The experiments were conducted in 
triplicate using the manufacturer’s procedures.

Histopathological Analysis

The kidney tissue samples were obtained and subjected to a 
10% neutral formalin solution to assess the histopathological 
alterations in kidney architecture. Thereafter, the tissues were 
paraffinized, sectioned to 5 µm thickness, and stained with 
eosin-hematoxylin. Finally, the kidney tissues were examined 
microscopically to evaluate the histological changes.

Statistical Analysis

The data were assessed using GraphPad Prism (version 9.5.0), 
presented as a mean ± standard deviation (SD) of three repli-
cates. The results are evaluated using one-way analysis of 
variance and subsequently Tukey’s post hoc test, with signifi-
cance established at p < .05.

Results

Effect of Gardenin A on Bodyweight, Glucose, and 
Glycated Hemoglobin Levels in Experimental Rats

The current results indicated that STZ-induced rats with dia-
betic nephropathy showed a substantial increase in body 
weight, glucose, and HbA1C concentrations in comparison to 
the control. However, treatment with gardenin A at a dosage 
of 50 mg/kg markedly diminished the body weight, glucose, 
and HbA1C concentrations in the STZ-induced rats with dia-
betic nephropathy (Figure 1A). Similarly, the standard drug 
gliclazide treatment also decreased these parameters, sup-
porting the activity of gardenin A.

Figure 1. Effect of Gardenin A on the Bodyweight, Glucose, Glycated Hemoglobin (HbA1C), and Kidney Function Marker Levels in the 
Experimental Rats. The Data Were Evaluated Using GraphPad Prism Software, and Values are Presented as Mean ± Standard Deviation 
(SD) of Triplicates. The Level of Statistical Significance for Treatment Groups Were Established as “#” p < .01 for Comparisons 
Between the Control (Group I) and Streptozotocin (STZ)-induced (Group II) Groups; “*” p < .05 for Comparisons Between the STZ-
induced (Group II) and the Gardenin A (Group III) and/or Standard Drug Gliclazide-treated (Group IV) Groups.
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Effect of Gardenin A on the Kidney Function 
Markers in the Experimental Rats

The current findings demonstrated a significant elevation in the 
renal dysfunction markers, including creatinine, urea, and uric 
acid levels in the serum of STZ-induced rats with diabetic 
nephropathy compared to controls (Figure 1B). Captivatingly, 
the treatment with a 50 mg/kg dosage of gardenin A to the 
STZ-induced rats resulted in a marked reduction in urea, creati-
nine, and uric acid in their serum. Supportively, the standard 
drug gliclazide treatment also decreased these renal dysfunc-
tion markers in the serum of STZ-induced rats.

Effect of Gardenin A on the Oxidative Stress 
Markers in Experimental Rats

The oxidative stress biomarker levels in the kidney tissues 
of rats were evaluated to determine the antioxidant effect of 

gardenin A (Figure 2). The experimental rats with diabetic 
nephropathy had a significant elevation in MDA levels, 
accompanied by a decrease in antioxidant GPx, SOD, and 
CAT concentrations related to the control. Whereas gar-
denin A treatment at a dosage of 50 mg/kg markedly 
decreased the MDA levels and subsequently increased the 
GPx, SOD, and CAT concentrations in the kidneys of dia-
betic rats. Furthermore, the treatment with gliclazide also 
decreased the MDA and increased the antioxidants in the 
kidneys of diabetic rats, which suggests the antioxidant 
activity of gardenin A.

Effect of Gardenin A on the Inflammatory 
Cytokine Levels in the Experimental Rats

Figure 3 illustrates the concentrations of pro-inflammatory 
cytokine levels in the kidney tissues of experimental rats. The 
experimental rats with diabetic nephropathy demonstrated a 

Figure 2. Effect of Gardenin A on the Oxidative Stress Marker Levels in the Experimental Rats. The Data Were Evaluated Using 
GraphPad Prism Software, and Values are Presented as Mean ± Standard Deviation (SD) of Triplicates. The Level of Statistical 
Significance for Treatment Groups Were Established as “#” p < .01 for Comparisons Between the Control (Group I) and 
Streptozotocin (STZ)-induced (Group II) Groups; “*” p < .05 for Comparisons Between the STZ-induced (Group II) and the Gardenin A 
(Group III) and/or Standard Drug Gliclazide-treated (Group IV) Groups.
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significant increase in IL-6 and TNF-α levels in their kidneys 
compared to controls. Interestingly, the gardenin A treatment 
at a 50 mg/kg dosage showed a marked diminution in the IL-6 
and TNF-α levels in the STZ-induced rats. Moreover, glicla-
zide treatment also considerably reduced these cytokines in 
the kidneys of diabetic rats, further validating the anti-inflam-
matory activity of gardenin A.

Effect of Gardenin A on the Kidney Tissue 
Histopathology of Experimental Rats

The histological examination was performed on the renal tis-
sues of the experimental rats, with the results illustrated in 
Figure 4. The kidneys of control rats exhibited normal mor-
phology with clear renal histoarchitectures. Conversely, the 
kidney tissues of the rats with diabetic nephropathy demon-
strated glomerular shrinkage, damage to renal tubular epithe-
lial cells, and increased infiltration of inflammatory cells 
when compared with the control. Fascinatingly, the gardenin 
A treatment at a 50 mg/kg dosage effectively mitigated these 
histological abnormalities in the renal tissues of diabetic rats. 
Furthermore, gliclazide treatment also reduced the histologi-
cal abnormalities in the renal tissues of diabetic rats.

Discussion

Diabetic nephropathy represents a formidable microvascular 
complication of diabetes mellitus, significantly contributing 
to global morbidity and mortality due to its role as the fore-
most cause of ESRD, requiring dialysis or kidney transplanta-
tion in advanced stages (van Raalte et al., 2024). Despite 
advances in understanding its complex pathogenesis, conven-
tional therapeutic approaches often fall short, leading to pro-
gressive renal dysfunction and a significant public health 
challenge. The current treatment methods offer some reno-
protective benefits but are often insufficient to halt disease 
progression in many patients. Moreover, while rigorous gly-
cemic and blood pressure control remains foundational, a 
substantial number of patients still advance to ESRD, under-
scoring the limitations of current strategies (Bell & Jerkins, 
2024). The multifaceted etiology of diabetic kidney disease, 
encompassing inflammatory and fibrotic pathways, necessi-
tates the development of novel therapeutic interventions that 
can effectively target these underlying mechanisms. The 
inherent difficulties in fully elucidating the precise patho-
genic mechanisms of diabetic nephropathy further compli-
cate effective intervention, contributing to the high mortality 
associated with this condition (Kushwaha et al., 2022).

Diabetic nephropathy is a multifactorial condition, com-
prising glucose metabolism disorders, inflammatory pro-
cesses, oxidative stress, and renal hemodynamic alterations. 
However, the precise mechanisms are still under extensive 
investigation. Central to its development is chronic hypergly-
cemia, which instigates numerous cellular and molecular 

Figure 3. Effect of Gardenin A on the Inflammatory Cytokine Levels 
in the Experimental Rats. The Data Were Evaluated Using GraphPad 
Prism Software, and Values are Presented as Mean ± Standard 
Deviation (SD) of Triplicates. The Level of Statistical Significance for 
Treatment Groups Were Established as “#” p < .01 for Comparisons 
Between the Control (Group I) and Streptozotocin (STZ)-induced 
(Group II) Groups; “*” p < .05 for Comparisons Between the STZ-
induced (Group II) and the Gardenin A (Group III) and/or Standard 
Drug Gliclazide-treated (Group IV) Groups.
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changes within the renal milieu, eventually resulting in glo-
merular and tubular damage (Wu et al., 2017). Persistent ele-
vated blood glucose levels directly impair the filtering 
capacity of the kidneys by damaging the small blood vessels. 
This persistent hyperglycemia leads to morphological and 
functional alterations, including mesangial expansion, glo-
merulosclerosis, and thickening of the glomerular basement 
membrane. Furthermore, long-term glycemic exposure, 
reflected by elevated HbA1C levels over time, serves as a pri-
mary risk factor for the onset of diabetic complications, 
including diabetic nephropathy. Poor glycemic control, evi-
denced by persistently high HbA1C levels, exacerbates these 
pathological features and drives structural changes within the 
kidney, such as telangiectasia and increased extracellular 
matrix expansion (Tian et al., 2020). This chronic hypergly-
cemia also triggers the overproduction of extracellular matrix 
components, which are key instigators of renal damage in 

diabetic conditions. The excessive channeling of glucose 
intermediaries into alternative metabolic cascades contributes 
to the accumulation of advanced glycation end-products, fur-
ther exacerbating kidney damage. Moreover, hyperglycemia 
triggers renal endothelial dysfunction and injury through sus-
tained metabolic anomalies, thereby compromising renal 
hemodynamics (Coca et al., 2012).

The chronic hyperglycemia characteristic of diabetes also 
leads to an overproduction of ROS, causing oxidative damage 
to critical cellular macromolecules and ultimately resulting in 
organelle dysfunction and energy failure, particularly within 
mitochondria. These metabolic derangements collectively 
initiate a pathological feed-forward cycle that drives struc-
tural and functional kidney abnormalities characteristic of 
diabetic nephropathy. This intricate interplay of metabolic 
imbalances, hemodynamic alterations, and chronic inflam-
mation establishes a feedback loop that promotes progressive 

Figure 4. Effect of Gardenin A on the Kidney Tissue Histopathology of Experimental Rats. Group I: Normal Control Rats. Group 
II: Streptozotocin (STZ)-induced Diabetic Nephropathy Rats. Group III: STZ-induced Diabetic Nephropathy + 50 mg/kg of Gardenin 
A-treated Rats. Group IV: STZ-induced Diabetic Nephropathy + 5 mg/kg of Standard Drug Gliclazide-treated Rats. Black Arrows: 
Glomerular Shrinkage. Red Arrows: Damage to Renal Tubular Epithelial Cells. Blue Arrows: Infiltration of Inflammatory Cells.
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kidney damage (Guo et al., 2017). Therefore, targeting the 
management of blood glucose and HbA1C levels in diabetic 
conditions is crucial to treat or prevent diabetic nephropathy. 
In this work, the findings indicated the increased glucose and 
HbA1C in the serum of STZ-induced rats. Interestingly, the 
gardenin A treatment remarkably decreased these markers in 
the diabetic rats, which indicates that gardenin A can alleviate 
diabetic complications in the STZ-induced rats.

The pathogenesis of diabetic nephropathy is complex, 
involving various risk factors. The early identification of dia-
betic nephropathy is crucial for timely intervention and 
improved patient outcomes, necessitating a deeper under-
standing of its biochemical markers. Traditional biomarkers 
such as serum urea, creatinine, and uric acid are well-estab-
lished indicators of renal function, reflecting the severity of 
kidney damage in uncontrolled diabetic patients. Among 
these, creatinine, an uncharged small molecule produced 
from creatine and phosphocreatine, is filtered by the glomer-
uli and excreted, making it a critical indicator of glomerular 
function. Elevated creatinine levels directly correlate with a 
diminished glomerular filtration rate, indicating a decline in 
renal excretory capacity. Moreover, it has been mentioned 
that increased serum creatinine levels in diabetic patients are 
related to an increased likelihood of developing nephropathy 
(Kawamoto et al., 2019). Similarly, urea, a waste product of 
protein metabolism, accumulates in the blood when kidney 
function is compromised, further reflecting impaired renal 
clearance. Additionally, uric acid, a product of purine metab-
olism, has garnered attention for its crucial role in the onset of 
diabetic nephropathy, with elevated levels contributing to 
inflammation and oxidative stress within the renal microenvi-
ronment (Han et al., 2023). Higher serum uric acid levels are 
also independently related to microalbuminuria, serving as an 
early indicator of renal damage in diabetes mellitus. This 
intricate interplay of these renal dysfunction markers high-
lights their critical role in both diagnosing and monitoring the 
progression of nephropathy. Additionally, the increase in 
urea, creatinine, and uric acid often aligns with a linear pro-
gression in diabetic nephropathy severity, correlating with 
declines in estimated glomerular filtration rate and increased 
inflammatory markers (Pandya et al., 2016). Therefore, tar-
geting these renal dysfunction markers is crucial to develop-
ing novel therapeutic candidates against diabetic nephropathy. 
This study showed increased serum concentrations of urea, 
creatinine, and uric acid in STZ-induced rats. Though treat-
ment with gardenin A has effectively decreased the concen-
trations of these renal dysfunction markers in the serum of 
diabetic rats, which suggests its nephroprotective properties.

Oxidative stress, a condition of imbalanced ROS accumula-
tion and the body’s antioxidant mechanisms, plays a crucial role 
in the initiation of nephropathy. This imbalance, often exacer-
bated by chronic hyperglycemia, leads to increased ROS gen-
eration and a concurrent reduction in antioxidant mechanisms, 
which subsequently cause oxidative damage to DNA and pro-
teins (Hernandez et al., 2022). The primary sources of these 

ROS in the kidney are mitochondria and the nicotinamide ade-
nine dinucleotide phosphate oxidase family, with additional 
contributions from endoplasmic reticulum and peroxisomes. In 
diabetic kidneys, NADPH oxidase and the mitochondrial elec-
tron transport chain are key contributors to ROS production, 
which is believed to initiate albuminuria and subsequent renal 
damage via podocyte depletion (Darenskaya et al., 2021). This 
intricate interplay of heightened oxidative stress and diminished 
antioxidant capacity ultimately contributes to structural altera-
tions in the kidney, including glomerular hypertrophy, thicken-
ing of basement membranes, and renal interstitial fibrosis, 
which are hallmarks of diabetic nephropathy (Qiu et al., 2022).

Chronic hyperglycemia further triggers oxidative stress by 
increasing ROS production, diminishing antioxidant mecha-
nisms, and triggering oxidative damage to cells. This elevated 
oxidative state activates various signaling pathways, includ-
ing those involving transcription factors, inflammatory cyto-
kines, chemokines, and vasoactive substances, eventually 
contributing to the initiation of renal injury (Rousseau et al., 
2022). MDA serves as a key biomarker of lipid peroxidation, 
which is significantly elevated in diabetic nephropathy due to 
increased ROS production, contributing to renal damage and 
fibrosis. Elevated MDA levels are a consistent marker of oxi-
dative stress that impacts renal metabolic pathways, resulting 
in inflammation, fibrosis, and endothelial dysfunction in dia-
betic nephropathy (Wang et al., 2020). Conversely, the anti-
oxidant enzymes, including SOD, CAT, and GPx, are typically 
diminished in diabetic nephropathy, highlighting a critical 
imbalance in the prooxidant/antioxidant homeostasis that fur-
ther exacerbates renal pathology. This imbalance compro-
mises the kidney’s ability to neutralize damaging free radicals, 
leading to sustained oxidative injury to renal cells and tissues. 
Specifically, a decrease in the activity and expression of the 
antioxidants has been observed in diabetic microvascular dis-
ease, indicating a compromised defense against oxidative 
damage (Zhang et al., 2021). This reduction in endogenous 
antioxidant capacity, coupled with increased ROS, results in 
the initiation of nephropathy by fostering renal interstitial 
fibrosis, glomerular hypertrophy, and podocyte injury. This 
intricate interplay between heightened oxidative stress, 
marked by elevated MDA, and diminished antioxidant 
defenses, such as reduced SOD, CAT, and GPx, drives the 
pathological progression of diabetic nephropathy (Ren et al., 
2020). Consequently, targeting the oxidative stress and its 
biomarker levels is crucial to developing novel therapies to 
mitigate the progression of nephropathy. In this study, the rats 
with diabetic nephropathy showed an elevated MDA level 
and subsequently diminished SOD, CAT, and GPx levels in 
their renal tissues, which suggests the onset of oxidative 
stress in the kidneys of diabetic rats. Captivatingly, the treat-
ment with gardenin A remarkably decreased the MDA levels 
and subsequently increased the antioxidant levels in the kid-
neys of diabetic rats. These findings suggest the antioxidant 
effects of gardenin A in mitigating the oxidative stress 
response in the kidneys of diabetic rats.
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Inflammation, a complex biological response to harmful 
stimuli, is defined by the activation of immune cells and the 
subsequent release of various mediators, including cytokines. 
In the context of diabetic nephropathy, sustained low-grade 
inflammation significantly contributes to disease initiation 
and progression, exacerbating renal damage (Rayego-Mateos 
et al., 2020). This inflammatory stress, stemming from both 
metabolic and hemodynamic derangements inherent to dia-
betic conditions, results in an elevated accumulation of cyto-
kines. Specifically, elevated TNF-α and IL-6 levels contribute 
to renal podocyte injury and glomerular endothelial dysfunc-
tion, thereby accelerating the progression of nephropathy. 
These cytokines induce structural and functional alterations 
within the glomeruli by promoting oxidative stress and dys-
regulating vasoactive pathways, eventually resulting in albu-
minuria and a decrease in renal function (Hou et al., 2025). 
Furthermore, the sustained presence of these cytokines can 
lead to a chronic inflammatory state within the kidney, pro-
moting fibrosis and scarring that irrevocably impairs renal 
function. TNF-α is a crucial cytokine that directly contributes 
to microvascular problems in diabetes, including nephropa-
thy, through its cytotoxicity on glomerular, mesangial, and 
epithelial cells. This cytokine not only orchestrates cellular 
apoptosis but also enhances the expression of adhesion mol-
ecules and chemokines, thereby augmenting inflammatory 
cell infiltration into renal tissues (Lim & Tesch, 2012). In par-
allel, IL-6 contributes to renal dysfunction by promoting 
mesangial cell proliferation, extracellular matrix accumula-
tion, and the induction of profibrotic growth factors, exacer-
bating glomerular injury in diabetic nephropathy.

The heightened systemic and local inflammatory 
responses observed in diabetes, characterized by increased 
TNF-α and IL-6, are closely correlated with the severity of 
albuminuria, indicating their early involvement in the patho-
genic cascade (Wada & Makino, 2013). Specifically, IL-6 
promotes glomerular basement membrane thickening and 
extracellular matrix synthesis, which are early morphologi-
cal changes in nephropathy. Indeed, it has been shown that 
patients with progressive nephropathy exhibit higher TNF-α 
and IL-6 levels, correlating with the degree of albuminuria. 
The intricate interplay between these cytokines further 
potentiates renal damage, thereby reducing renal function 
and exacerbating the pathogenesis of nephropathy 
(Zhao et al., 2024). In line with this statement, we observed 
the increased TNF-α and IL-6 levels in the kidney tissues of 
the STZ-induced rats with diabetic nephropathy, which 
shows its crucial role in the initiation and development of 
nephropathy. Interestingly, the gardenin A treatment to the 
STZ-induced rats resulted in a reduction in the TNF-α and 
IL-6 in their renal tissues. These results propose the anti-
inflammatory activity of gardenin A in ameliorating inflam-
matory response in the kidneys of diabetic rats, thereby 
hindering the initiation and development of nephropathy.

While our study demonstrates gardenin A’s promising 
therapeutic effects on diabetic nephropathy, it has several 

limitations. The present study’s single in vivo model may 
not fully replicate human disease complexity. Additionally, 
the study’s sample size was relatively small, and the lon-
ger-term effects of gardenin A remain unclear. Further 
research is needed to elucidate the molecular mechanisms 
underlying gardenin A’s renoprotective effects. Future 
studies should investigate gardenin A’s efficacy in combi-
nation with existing treatments and explore its potential in 
other kidney diseases. Larger, randomized controlled trials 
are necessary to confirm our findings. Moreover, investi-
gating gardenin A’s pharmacokinetics and toxicity profile 
will be essential for its clinical translation. Research on 
gardenin A’s effects on other organs and pathways is also 
warranted, providing a more comprehensive understand-
ing of its therapeutic potential. Addressing these limita-
tions will help establish gardenin A as a viable treatment 
option for diabetic nephropathy.

Conclusion

The present study suggests that gardenin A treatment may 
ameliorate diabetic nephropathy in experimental rats. The 
gardenin A treatment significantly diminished the blood glu-
cose, HbA1C, and renal dysfunction marker levels in the STZ-
induced rats. Moreover, gardenin A treatment significantly 
diminished the TNF-α and IL-6 levels and mitigated oxida-
tive stress via increasing antioxidant levels in the kidney tis-
sues of diabetic rats. The histological findings of the kidney 
tissues also suggested the therapeutic effects of gardenin A 
against diabetic nephropathy. Thus, it was evident that gar-
denin A may have a therapeutic effect against diabetic 
nephropathy. However, future in-depth studies are strongly 
advised to thoroughly understand the underlying mechanisms 
by which gardenin A shows its therapeutic effects on diabetic 
nephropathy.
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