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Abstract 

Diabetes Mellitus is a prominent contributor to degenerative diseases globally and is often associated 
with hepatic injury. The dysfunction of the liver is characterized by cirrhosis, inflammation, apoptosis, and 
impaired antioxidant defense mechanisms. Our goal was to estimate the hepato-protecting properties of 
Liposomal resveratrol (LR) administered at 20 and 40 mg/kg in diabetic rat models and compare them 
with those of resveratrol at 40 mg/kg. The diabetes was induced in them using streptozotocin (STZ) 
(65 mg/kg) during a five-week long dosage. This study investigates the effects of LR and resveratrol on 
glucose levels, body weight, inflammatory markers (TNF-α, IL-6, NF-κB), oxidative stress parameters 
(MDA, catalase, GPx), apoptotic markers (caspase-3, BAX, BCL-2), liver function enzymes (SGOT, SGPT, 
GGT), and histopathological alterations in liver tissue. Diabetic rats infused with STZ exhibit changes in 
hepatic function markers, and increased inflammatory and apoptotic responses, all of which were 
reversed by administering LR. This reversal occurred through the downregulation of TNF-α and IL-6, 
inhibition of NF-κB translocation, upregulation of BCL-2, and downregulation of caspase 3 and Bax 
protein levels. STZ-induced diabetic rats experience a significant disruption in their antioxidant defense 
system, whereas LR administration notably inhibits lipid peroxidation and significantly enhances the 
activity of antioxidant enzymes. The histopathological analysis of liver tissue in STZ rats showed 
morphological changes when compared to the normal rats. This was indicative of the development of 
acute inflammations. In contrast, LR treatment resulted in normal liver histology with minimal presence of 
chronic inflammatory cells, predominantly lymphocytes. Remarkably, resveratrol alone was less effective 
than LR in restoring these parameters in diabetic subjects. Administration of LR effectively mitigates 
oxidative stress and hepatic impairment caused due to diabetes, suggesting its potential as a therapeutic 
agent to reduce liver dysfunction in diabetic patients. 
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1. Introduction 
Diabetes Mellitus (DM), a prevalent metabolic 

disorder, is characterized by chronic hyperglycemia 
due to abnormalities in insulin secretion, insulin 
action, or both [1, 2]. It is a significant global health 
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concern, associated with various complications that 
occur in both type 1 and type 2 diabetes, such as 
nephropathy, neuropathy, delayed wound healing, 
retinopathy, cardiovascular disease, and liver 
dysfunction. Among these, liver disease is 
particularly notable due to the liver’s critical role in 
eliminating harmful substances. However, its 
vulnerability to oxidative stress and other factors 
makes it a target for dysfunction [3]. 

The liver, being the largest, most important, and 
highly complex internal organ of the body, can 
eliminate harmful substances. Despite its beneficial 
functions, the liver is vulnerable to various factors 
that can interfere with its functioning, of which 
oxidative stress is a notable concern [3]. DM can cause 
severe liver damage, known as diabetic-associated 
hepatotoxicity since the liver is essential for the 
metabolism of glucose [4]. Diabetes-associated 
hepatotoxicity is a significant complication of DM [5]. 
Patients with diabetes have a higher chance of 
developing multiple liver diseases, including 
cirrhosis, fibrosis, viral hepatitis, hepatocellular 
carcinoma, and non-alcoholic fatty liver disease 
[6]. Inflammation and apoptosis in the liver are 
primarily triggered by the release of inflammatory 
cytokines and the activation of the NF-κB pathway. 
Additionally, an imbalance in apoptotic markers such 
as caspase 3, BAX, and BCL-2 contributes significantly 
to liver damage by disrupting the regulation of cell 
death and survival [7]. Therefore, the attenuation of 
hyperglycemia, along with its associated oxidative 
stress and inflammatory responses, is considered a 
viable strategy for mitigating liver damage induced 
by diabetes [8]. 

Notably, oxidative stress is one factor that stands 
out among numerous other factors in the 
advancement of disease and disorders. It is 
considered an important factor driving a variety of 
diseases. Liver damage is one of the conditions 
associated with oxidative stress, especially in 
individuals with diabetes. Another factor that 
co-occurs in almost all diseases is the elevation in 
reactive oxygen species (ROS) levels specifically in 
individuals with diabetes. It disrupts the balance 
between these species and the body's antioxidant 
defense mechanism. This imbalance is one of the 
reasons for driving oxidative stress which as a result 
causes damage at cellular and tissue levels through 
processes such as lipid peroxidation, protein 
oxidation, and DNA breakage [2, 9]. These 
mechanisms can significantly affect liver function and 
cause inflammation, fibrosis, and apoptosis. In brief, 
the onset of inflammation and apoptosis in the liver is 
primarily attributed to the secretion of inflammatory 
cytokines, as well as the activation of the 

proinflammatory gene regulator known as nuclear 
factor kappa B. Furthermore, findings from research 
studies indicate that dysregulation in the apoptotic 
markers’ expression such as caspase 3, BAX, and 
BCL-2 also play significant roles in this process [7, 10]. 
Also, various studies have showed that providing the 
dosage of STZ markedly enhances the expression of 
regulators associated with inflammation, apoptosis, 
and oxidative stress [11-14]. Numerous studies 
provide strong evidence that administering STZ 
induces diabetes mellitus and leads to the subsequent 
expression of regulators associated with 
inflammation, apoptosis, and oxidative stress, making 
it a widely used experimental model for diabetes 
research [11-14]. 

STZ induces diabetes primarily through selective 
pancreatic β-cell toxicity, mediated by its uptake via 
the GLUT2 glucose transporter, which is highly 
expressed in β-cells [15, 16]. Once inside, STZ causes 
DNA alkylation and strand breaks, activating 
poly(ADP-ribose) polymerase (PARP), which depletes 
intracellular NAD⁺ and ATP, leading to β-cell necrosis 
[15, 16]. Furthermore, STZ generates reactive oxygen 
species (ROS) and nitric oxide (NO), resulting in 
oxidative stress, to which β-cells are particularly 
susceptible due to their low antioxidant capacity [15, 
16]. In addition, STZ induces an inflammatory 
response, increasing the expression of cytokines such 
as IL-1β and TNF-α, which further promote β-cell 
damage through NF-κB activation and apoptotic 
pathways [15, 16]. In our model, a single 
intraperitoneal dose of 65 mg/kg was used to induce 
Type 1 diabetes via direct cytotoxicity and irreversible 
β-cell destruction, consistent with previous literature 
[17, 18].  

The historical use of natural phytochemicals for 
diabetes treatment is gaining wider acceptance due to 
their robust anti-disease benefits and minimal side 
effects compared to alternative therapies. Resveratrol, 
a polyphenolic compound that belongs to the 
stilbenoid family, is found in abundance in berries 
and alike fruits. The distinctive and unique chemical 
structure of resveratrol facilitates the delocalization of 
electrons, thereby improving its ability to scavenge 
radicals. It comprises two phenolic rings, which 
facilitate in H atoms’ sharing. Additionally, it contains 
three OH groups which enhances its ability to 
counteract oxidative stress and chelating metal ions, 
thereby inhibiting ROS production [19]. Research 
outcomes display important outcomes over the past 
several years to validate the human health benefits of 
resveratrol through experimental studies, which have 
revealed its ability to reduce oxidative damage, and 
apoptosis in disease models [20-24]. 

Moreover, resveratrol diminishes malondialde-
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hyde (MDA) levels, affirming its antioxidant efficacy. 
Although previous evidence has shown the ability of 
resveratrol to combat diabetes and associated 
complications in animal models, clinical studies have 
yielded varying findings which may be due to 
variations in dosage and absorption rates [25]. 
Therefore, to address the challenge of limited 
bioavailability and enhance effectiveness, it is crucial 
to explore alternative strategies that not only improve 
absorption and bioavailability but also enable 
targeted drug delivery. In an attempt to validate the 
efficacy of LR, Gines and colleagues conducted a 
study in 2017, showing that LR efficiently diminished 
pancreatic damage in SAMP8 mice by suppressing 
inflammatory cytokines, mitigating oxidative stress, 
and apoptosis, along with the increase in SIRT1 
expression [26]. In a related study, Sannigrahi and the 
team sought to examine the impact of LR in rats with 
carbon tetrachloride-induced hepatic destruction. The 
results showed that administering resveratrol 
liposome doses (100 mg/kg and 200 mg/kg) over an 
8-week period efficiently lowered the levels of 
oxidative stress, suppressed cell apoptosis, and 
lowered the expression of proinflammatory cytokines, 
thus alleviating hepatic damage [27], while the 
200 mg/kg dosage showed a more pronounced effect. 
In addition, liposomes can overcome the pharmaco-
kinetic limitations of resveratrol by making the drug 
take on the pharmacokinetic characteristics of the 
carrier. Using liposomes as a drug delivery vehicle 
becomes a promising strategy to enhance the 
bioavailability of resveratrol [28].  LR has been shown 
to reduce pancreatic damage in mice and hepatic 
damage in rats, by suppressing inflammatory 
cytokines, mitigating oxidative stress, and apoptosis. 
LR treatment effectively countered cardiac 
dysfunction and kidney damage through the 
reduction of oxidative stress, inflammation, and 
apoptosis in cardiac and kidney tissues of 
streptozotocin-induced diabetic rats, demonstrating 
its potential to mitigate diabetes-associated 
complications [17, 18]. 

To date, there is no scientific evidence indicating 
that LR has beneficial effects in halting the 
progression of diabetes-related liver damage in any 
study. Therefore, by altering nuclear transcription 
factors, this research endeavors to explore LR's 
therapeutic potential as a hepatoprotective agent 
against diabetic-induced hepatotoxicity in type 1 DM 
by alleviating inflammation and oxidative stress. In 
order to effectively reduce the abundance of diabetes 
and its correlated complications, it is crucial to 
understand the complex interactions among diabetes, 
oxidative stress, and liver damage. 

2. Material and Methods 
2.1 Chemicals and materials 

Resveratrol and STZ were obtained from 
Sigma-Aldrich, Inc. (St. Louis, MO, USA). Liposomal 
Trans RES® formulation (~200 nm) was provided by 
Lipolife® (Drakes Lane, UK). Fasting blood glucose 
levels were measured using the Accu-Chek 
Compact-Plus glucose meter system (Roche 
Diagnostics, Meylan, France). Proinflammatory 
biomarkers (TNF-α, NF-kB, and IL-6) and enzymatic 
activities of MDA, CAT, and GPx were determined 
using ELISA kits from R&D Systems Inc. 
(Minneapolis, MN, USA). Serum biomarkers, 
including SGPT, CGT, and SGOT, were measured 
using commercially available diagnostic kits from 
Human (Wiesbaden, Germany). A high-capacity 
cDNA archive kit was obtained from Applied 
Biosystems (Waltham, MA, USA) while primers were 
purchased from GenScript (Piscataway, NJ, USA). 

2.2 Induction of diabetes 
After an overnight fast, male Wistar rats were 

given a single intraperitoneal injection of STZ 
(65 mg/kg) to induce type 1 diabetes mellitus as 
previously described [29]. Thereafter, we prepared the 
STZ-containing solution freshly. The buffer used for 
preparing the STZ dosage was citrate buffer, and the 
concentration was 0.1 M, maintained at a pH of 4.5. 
Diabetes occurrence was marked only when the rats 
used in this study displayed a glucose level of at least 
250 mg/dL. Then these rats were picked and used in 
the subsequent studies. 

2.3 Animal maintenance conditions 
Prior to initiating the diabetic animal study, 30 

male Wistar rats were provided on demand by the 
experimental animal care center, college of pharmacy, 
KSU upon obtaining the ethical clearance and other 
necessary formalities. The details of the rats obtained 
are as follows: age in weeks were 6 to 7, weight 
ranging from 250 to 270 gm, and the type is male 
Wistar. Their environment was meticulously 
regulated. This includes keeping a steady room 
temperature of 22 ± 1°C and a level of humidity 
between 50 and 55 %. A half-day cycle of 12 light and 
12 hours dark was also part of this methodology. 
Before we proceeded with our experimental studies, 
the rats were acclimatized so that they could adjust to 
the newly shifted laboratory environment. This 
period lasted for 7 days. All the animals used for 
research-related procedures adhered to the norms 
created by NIH (NIH publication No. 80-23;1996). 
Approval for the animal studies was also obtained 
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from the KSU’s research ethics committee. The 
approval number of the study is (KSU-SE-23-36).  

2.4 Experimental design 
After acclimatization, 5 groups were created 

each with 6 rats, labelled 1 to 5. The dosage delivered 
were as follows: 

Group 1: Control rats with no STZ injection and 
administered with vehicle-only. 

Group 2: Diabetic rats administered with vehicle 
only.  

Group 3: Diabetic rats administered with 
20 mg/kg/day oral LR for 5 weeks starting on day 8. 
Group 4: Diabetic rats administered with 
40 mg/kg/day oral LR for 5 weeks starting on day 8. 
Group 5: Diabetic rats administered with 
40 mg/kg/day oral resveratrol for 5 weeks starting on 
day 8. 

On the 42nd day, the rats were first anesthetized 
to reduce their suffering and later euthanized. For 
painless euthanasia, a mixture of two chemicals, 
xylazine and ketamine was given in the 
concentrations of (10 mg/kg) and (92 mg/kg). A 
cardiac puncture was made and then the sample 
required for centrifugation was collected. 
Centrifugation was done at a rotation speed of 2000 × 
g for ten minutes. Subsequently, the separated 
samples were kept inside the refrigerator at the 
temperature of -20 °C till further testing. 
Post-dissection of the liver from each group, a 
cross-section was placed in 10% formalin. For 
histological analysis. The rest of the unused liver 
tissues were promptly preserved at -80 °C using 
liquid nitrogen. Figure 1 illustrates the dosing 
schedule and the chart for diabetes induction. 

2.5 Measuring weight and blood glucose levels 
The changes in body weight of rats in each 

experimental group, beginning from the time of STZ 
administration, were documented through a precise 
mini-weighing balance. Along with it the levels of the 
blood glucose were measured one time per week to 
determine the effect of LR on diabetic rats.  

2.6 Biomarkers estimation 
Various biomarker levels were measured to 

determine the functioning level of the liver. These 
tests include Serum glutamate pyruvate transaminase 
(SGPT), Gamma glutamyl transferase (CGT), and 
serum glutamic oxaloacetic transaminase (SGOT). For 
this step, we ordered and utilized commercially sold 
diagnostic kits from the manufacturer named Human 
(Wiesbaden, Germany). Low as well as higher doses 
were examined using the mentioned kit to make a 
comparison between low and higher dosage amounts 
with respect to resveratrol in the absence of any dose. 

2.7 Biomolecular profiling 
Our next objective was to measure the levels of 

factors involved in transcription, oxidative stress 
markers, and inflammatory mediators. This 
investigation was carried out using specific 
procedures, as diabetes is known to elevate these 
factors. Proteinase inhibitors were incorporated into 
chilled phosphate-buffered saline (PBS) in order to the 
homogenization of liver samples, at a concentration of 
10% w/v. Subsequently, centrifugation of the 
homogenate yielded a transparent, clear supernatant 
fraction. The protein content of this supernatant 
fraction was quantified utilizing Bradford’s reagent. 
Following this, ELISA kits (obtained from R&D 
Systems Inc., Minneapolis, MN, USA), were utilized 
to measure the amounts of NF-kB, TNF-α, and IL-6. 
This quantification was conducted in accordance with 
the manufacturer's guidelines. 

2.7.1 Assessment of antioxidant activities 

The oxidative stress process leads to the 
formation of malondialdehyde (MDA) and its 
expression increases under hyperglycemic conditions. 
To measure the levels of TBARS (thiobarbituric acid 
reactive substances), we used a diagnostic kit 
purchased from Cayman Chemical Company, USA, 
following the manufacturer's instructions. 

 

 
Figure 1. Schematic representation of followed steps for the analysis of LR from the beginning of acclimatization to experimental analysis. 
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In addition to MDA measurements, we also 
analyzed the activities of Catalase (CAT) and 
Glutathione peroxidase (GPx) under diabetic 
conditions. To achieve this, we collected liver 
post-mitochondrial supernatants for the estimation of 
CAT and GPx enzymatic activities. These assessments 
were performed using assay kits obtained from R&D 
Systems Inc., USA, following the manufacturer’s 
instructions. 

2.8 RT PCR 
Subsequently, it was imperative to analyze the 

mRNA manifestation of several apoptotic markers, 
containing Caspase 3, BAX, and BCL-2, within liver 
tissues. High-capacity cDNA archive kit was 
purchased (from Applied Biosystems, USA) which 
was used for aiding the process of reverse 
transcription. After obtaining the primers (from the 
GenScript company, Piscataway, NJ, USA) the ABI 
PRISM 7500 Sequence Detection System (from 
Applied Biosystems) was occupied to assess the gene 
expression of these apoptotic markers. Beta-actin 
(β-actin) was employed as the housekeeping gene for 
normalization. Relative quantification was estimated 
using the 2−ΔΔCt method as follows: 

ΔCt (control)= Ct (target gene, control sample) – Ct 
(β-actin; control sample) 

 ΔCt (treatment) = Ct (target gene, treatment sample) – 
Ct (β-actin; treatment sample) 

 ΔΔCt = ΔCt (treatment) – ΔCt (control)  

Then fold-change expressed as 2−ΔΔCt ± Standard 
deviation (S.D).  

2.9 Histopathological analysis 
The histopathological analysis of the liver section 

was performed. This is done to evaluate liver 
histology and the limits of inflammatory response in 
rats undergoing LR therapy. This evaluation utilizes 
the Leica CM3050S research cryostat (manufactured 
by Leica Bio-Systems in the United States), to section, 
embed in paraffin wax, and slice the samples of liver 
tissues in 5 μm thick sectioning. The sliced tissue was 
subsequently stained using the stains Hematoxylin 
and Eosin dyes and prepared for inspection through 
light microscopy to observe any liver damage 
resulting from the treatment. The analysis was 
performed by a professional histopathologist. The 
Suzuki score was employed to quantitatively assess 
the extent of liver damage, focusing on parameters 
such as congestion, hepatocyte necrosis, and 
vacuolization. Each parameter was scored on a scale 
from 0 to 4, where 0 indicates no damage, 1 indicates 
minimal damage, 2 indicates mild damage, 3 indicates 

moderate damage, and 4 indicates severe damage. 

2.10 Statistical examination 
In this study, we assessed the differences 

between groups by comparing the mean values and 
standard errors using two tests, (which are 
Student-Newman-Keuls multiple comparison test and 
one-way ANOVA). Statistical significance was 
assessed using p-values, with significance levels 
denoted as follows: *p < 0.05, **p < 0.01, and ***p < 
0.001. A common Software was used for this purpose 
(GraphPad Prism 9). 

3. Results 
3.1 Administration of LR attenuates blood 
glucose levels and body weight loss 

Figure 2A presents a detailed analysis of glucose 
levels. Diabetic rats experienced a significant 2.75-fold 
rise in total the total levels of glucose (p < 0.001), when 
evaluated against the healthy ones in the controlled 
group. However, treating them with LR at the 
concentration of 20 mg/kg and the increased 
concentration of 40 mg/kg resulted in noteworthy 
decreases in glucose levels, with respective reductions 
of 1.8-folds (p < 0.001) and 2-folds (p < 0.001). Figure 
2B depicts the body weight changes in diabetic rats 
over time subsequent to STZ treatment. The data 
suggests that non-diabetic rats fed a normal pellet diet 
had higher body weights, whereas those infused with 
STZ showed a noticeably higher decline in body mass. 
Moreover, administering LR at 20 mg/kg and 
40 mg/kg to STZ-treated diabetic rats led to 
substantial improvements in body weight. 
Interestingly, when juxtaposed with the group 
receiving the 20 mg/kg dosage, the group 
administered the 40 mg/kg dose of LR showed the 
most significant enhancement in body weight. In 
addition, the 40 mg/kg dose of resveratrol 
significantly reduced blood glucose levels, while no 
notable effect was observed on body weight. 

3.2 Administration of LR attenuates hepatic 
inflammation in hepatic tissues of diabetic rats 
infused with STZ 

Since inflammation-associated genes are 
overexpressed in diabetes, we investigated whether 
treatment with LR and resveratrol could modulate 
their expression levels in diabetic rats. As depicted in 
Figure 3A-C, the levels of expression of TNF-alpha 
(2.5 times; p < 0.001), IL-6 (2.2 times; p < 0.001), and 
NF-κB (3.4 times; p < 0.001) was elevated in diabetic 
subjects compared to the vehicle control group. This 
indicates that the levels of inflammatory genes are 
upregulated under diabetic conditions. Furthermore, 
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as compared to STZ-induced diabetic subjects, giving 
the dosage of LR at 20 mg/kg and 40 mg/kg notably 
decreased the levels of such inflammatory-causing 
mediators. Notably, the 40 mg/kg dose of LR 
exhibited more pronounced effects, resulting in a 
respective reduction of TNF-alpha by 2.5-fold, IL-6 by 
2.5-fold, and NF-κB by 2.6-fold. Similarly, 40 mg/kg 
dosage of resveratrol showed a significant decrease in 
the expression of TNF-alpha (1.04 times; p < 0.01), IL-6 
(1.3 times; p < 0.001), and NF-κB (1.2 times; p < 0.001) 
markers. These results confirm the superior protective 
impact of LR therapy in reducing hepatic 
inflammatory damage in diabetic rats through the 
downregulation of inflammatory mediators, at both 
dosages. 

3.3 Administration of LR attenuates oxidative 
stress in hepatic tissues of diabetic rats infused 
with STZ 

After analyzing the protective effects of LR 
against inflammation in liver tissues of diabetic rats, 

we examined the inhibitory consequences of LR at 
both doses on MDA production, a marker of oxidative 
stress. As depicted in Figure 4A, the liver tissues of 
the subjects treated with STZ exhibited a rise in lipid 
peroxidative damage (1.6 times; p < 0.001), in contrast 
with the vehicle group. Furthermore, administering 
LR at 20 mg/kg and 40 mg/kg remarkably declined 
lipid peroxidation levels of diabetic subjects, with the 
40 mg/kg dose exhibiting stronger effects, resulting in 
a 1.5-fold reduction. Similarly, the resveratrol- 
administered group with a concentration of 40 mg/kg 
dosage showed a significant decrease in the 
expression of malondialdehyde (1.2-fold; p < 0.001), 
compared to the STZ group. In conclusion, such 
insights imply that administering LR at a high dose 
significantly reduces lipid peroxidation associated 
with STZ-induced diabetes by lowering the 
expression of MDA. 

Furthermore, we assessed the antioxidant 
potential of LR on a panel of oxidative stress 
indicators.  

 

 
Figure 2. The impact of LR dosages on: A) Glucose levels, B) Body weight (Mean ± Standard Error. Substantial variations are denoted as ***p < 0.001 compared to the control 
group, ***p < 0.001, **p < 0.01, and *p < 0.05 when compared to the STZ induced diabetic group). 

 
Figure 3. This figure displays the comparison data of the following: A) TNF-α, (B) IL-6, and (C) NF-kB within liver tissues. The units of concentrations used here for proteins are 
as pg/mg (where, mean ± Standard Error. Variations are denoted as ***p < 0.001 compared to the control group, ***p < 0.001, **p < 0.01, and *p < 0.05 when compared to the 
STZ induced diabetic group). 
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Figure 4. The figure presents bar graphs showing the effects of LR (20 and 40 mg/kg) and resveratrol (40 mg/kg) treatments on liver antioxidant levels in rats across experimental 
groups. The graphs depict (A) lipid peroxidation (n moles of MDA/mg protein), (B) Catalase activity (units/mg protein), and (C) GPx activity (units/mg protein). Data are 
expressed as Mean ± Standard Error, with statistical significance denoted by ***p < 0.001 compared to the control group and ***p < 0.001, **p < 0.01 compared to the STZ 
group. NS indicates non-significant differences.  

 
 
This is done through the evaluation of the 

hepatic enzymatic activities of proteins including 
catalase and glutathione peroxidase. As illustrated in 
Figures 4B and 4C, levels of these indicators were 
higher in the control group, while diabetic ones 
showed a significant decrease in these enzyme levels, 
by 3.3 and 2.7 times. Notably, administering LR at 
20 mg/kg and 40 mg/kg displayed a dosage-driven 
outcome, with the concentration of 40 mg/kg, 
producing more pronounced effects, leading to a 
2.1-fold and 1.9-fold rise in the activity of these 
enzymes. However, treatment with 40 mg/kg 
resveratrol partially restored the activity of these 
enzymes in diabetic ones but less effective than LR. 

3.4 Administration of LR Inhibits apoptosis in 
hepatic tissues of diabetic rats infused with 
STZ 

To evaluate the protective effect of LR on the 
regulation of apoptosis markers in liver tissues of 
STZ-infected diabetic rats, real-time PCR analysis was 
conducted. 

As indicated in Figures 5A-C, the normal control 
group exhibited decreased expression of caspase 3 
and BAX, along with increased expression of BCL-2 in 
liver tissues, suggesting no liver damage. In contrast, 
diabetic rats infused with STZ showed clear signs of 
liver damage, evidenced by a significant elevation in 
the level of caspase 3 and BAX by 8.3-fold and 
13.7-fold, respectively, while the 1.8-fold decrease in 
BCL-2 levels was not significant compared to the 
control group. Contrarily, treatment with LR at 
20 mg/kg and 40 mg/kg restored these parameters, 
demonstrated by the decline in the level of caspase 3 
by 2.5-fold and 3.2-fold, and BAX by 2.5-fold and 
3.2-fold, along with an increase in BCL-2 levels by 

10.8-fold and 11.6-fold. Likewise, administering 
resveratrol at a dosage of 40 mg/kg exhibited slightly 
less impact on these apoptotic markers, compared to 
LR-treated diabetic rats. This was evidenced by a 
decrease in caspase 3 levels by 1.4-fold and BAX levels 
by 1.4-fold, coupled with an increase in BCL-2 levels 
by 6-fold. Nonetheless, treatment with resveratrol 
alone at 40 mg/kg demonstrated significant inhibition 
of these apoptotic markers compared to the untreated 
diabetic group. The findings strongly proffer that 
treatment with both doses of LR and resveratrol alone 
can notably improve hepatic function in diabetic 
animals by effectively inhibiting apoptosis. 

3.5 Administration of LR enhances liver 
enzymatic functions in hepatic tissues of 
diabetic rats infused with STZ 

The results related to liver enzymes are shown in 
Figure 6A-C. As expected, diabetic rats demonstrated 
a significant increase in SGPT (2.8 times; p < 0.001), 
SGOT (2 times; p < 0.001), and GGT (2-fold; p < 0.001) 
relative to the control cohort (p < 0.001). But, after 
administering LR at 20 mg/kg and 40 mg/kg to 
diabetic rats, we were able to observe a substantial 
decrease in SGPT (by 1.1-fold and 1.6-fold), SGOT (by 
1.2-fold and 1.5-fold), and GGT (by 1.2-fold and 
1.5-fold) expression levels. Remarkably, the 
administration of resveratrol at a dose of 40 mg/kg 
engendered a significant reduction in the quotients of 
these markers (by 1.2-fold; p < 0.01, 1.1-fold; p < 0.001, 
1.1-fold; p < 0.01), when compared to untreated 
STZ-infused diabetic rats. These findings collectively 
confirm that LR, at both dosages, effectively improves 
liver enzyme function by decreasing their expression 
in STZ-induced diabetic animals. 
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Figure 5. The figure displays bar graphs representing the expression levels of (A) Caspase 3, (B) BAX, and (C) BCL-2 in liver homogenates, quantified using real-time PCR. Data 
are presented as Mean ± Standard Error, with statistical significance indicated by ***p < 0.001 compared to the control group and ***p < 0.001 compared to the STZ group. NS 
denotes non-significant differences. 

 
Figure 6. The figure here shows the impact of LR (20 and 40 mg/kg) and resveratrol (40 mg/kg) treatments on the serum concentrations of (A) SGOT, (B) SGPT, and (C) GGT 
in diabetic rats (n=6). The presented data are expressed as Mean ± Standard Error, with statistical significance denoted as ***p < 0.001 relative to the control cohort, and ***p 
< 0.001, **p < 0.01, *p < 0.05 relative to the STZ group. NS signifies non-significant variations. 

 
3.6 Administration of LR mitigates liver 
damage in diabetic rats: Histological analysis 

A histological investigation was undertaken 
using light microscopy to assess the impact of LR 
treatments at two varying doses on the livers of rats 
with STZ-induced diabetes. Figure 7 presents the 
representative liver histopathology of the 
experimental groups as observed under light 
microscopy. Figure 7 showcases the illustrative liver 
tissue pathology across the treatment cohorts, as 
visualized through light microscopy. The liver 
sections derived from the control group exhibited 
normal architecture with minimal chronic 
inflammatory infiltrates, such as lymphocytes, as 
shown in Figure 7A. The rats induced with 
STZ-induced diabetes (Figure 7B) exhibited extensive 
liver damage, marked by severe acute and chronic 
inflammation (hepatitis), along with notable 
infiltration of neutrophils, lymphocytes, and plasma 
cells. Although treatment with resveratrol at 40 
mg/kg showed a mild to moderate improvement in 
hepatitis with decreased inflammation infiltration 
(Figure 7D), a considerable reversal in the histological 
irregularities induced by STZ was notably improved 
with the higher LR dosage (40 mg/kg) (Figure 7C). 

These alterations encompass a decrease in the 
incidence of neutrophil and lymphocyte hepatitis. 
Therefore, these findings collectively emphasize that 
LR significantly mitigated the hepatic alterations 
induced by STZ administration. 

Discussion 
Diabetes mellitus is a chronic metabolic 

condition characterized by impaired insulin 
production or utilization, leading to dysregulation of 
blood glucose levels [1]. This multifactorial disorder 
manifests due to either insufficient insulin secretion 
from pancreatic beta cells or inadequate 
responsiveness of target tissues to insulin action. Since 
the liver is essential for glucose metabolism, there is a 
close relationship between liver disease and 
hyperglycemia [6]. Nevertheless, regulatory processes 
such as glucose metabolism are disturbed in 
conditions such as cirrhosis, hepatitis, or fatty liver 
disease [6]. These disruptions can lead to alterations 
in glucose production and insulin responsiveness, 
ultimately resulting in hyperglycemia or elevated 
blood glucose levels. Liver damage caused by 
hyperglycemia has been correlated with heightened 
production of reactive oxygen species and an 
abnormal inflammatory response [6]. Consequently, 
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individuals with diabetes exhibit a high prevalence of 
liver dysfunction [30]. Most medical treatments for 
diabetic liver damage are unable to reverse or halt its 
progression, and current therapeutic approaches 
remain ineffective. As a result, there is a global search 
for effective alternatives that can potentially prevent 
or slow the progression of such conditions. 
Researchers globally are continuously striving to 
discover novel phytochemicals that possess the 
potential not only to decelerate disease progression 
but also to alleviate associated side effects. 

Extensive research conducted to date has 
demonstrated the capacity of resveratrol to mitigate 
liver damage induced by high glucose levels in cell 
lines or animal models. As an example, Chang et al. 

demonstrated that the administration of resveratrol 
doses of 0.1 mg/kg and 1 mg/kg over a span of seven 
successive days led to a notable decrease in oxidative 
stress and inflammatory indicators. This involved a 
reduction in the concentrations of superoxide anion, 
protein carbonyl, Mn-SOD, NF-kB, and IL-1β. These 
results further validate the protective effects of 
resveratrol on the liver and its anti-inflammatory 
properties in alleviating liver damage in diabetic 
animals [29]. In a separate investigation, 
administering oral resveratrol treatment at 5 mg/kg 
for over 30 days led to reductions in both reductions 
in glycated hemoglobin concentrations and blood 
glucose in diabetic rats induced by STZ-nicotinamide. 
This was followed by a pronounced rise in plasma 

 

 
Figure 7: Histopathological alterations in liver sections (60X magnification) are depicted. Liver sections from (A) control rats, (B) streptozotocin-induced diabetic rats, (C) 
LR-treated rats (40 mg/kg), and (D) resveratrol-treated rats (40 mg/kg) were stained with hematoxylin and eosin and evaluated for the severity of hepatitis. (E) The Suzuki score 
for the histopathological images to evaluate the degree of liver damage: 0 indicates no damage, 1 indicates minimal damage, 2 indicates mild damage, 3 indicates moderate damage, 
and 4 indicates severe damage. The photomicrographs represent tissue pathology observed in six animals (n = 6) from each experimental group.The following shapes are used 
in the histopathological images: Dot indicates portal venules; stars represent sinusoids; arrowheads denote arterioles; arrows indicate branches of bile ducts; filled squares 
represent hepatocytes; empty circles/ovals indicate inflammation; and empty squares/rectangles denote necrosis and vacuolation. 
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insulin concentrations. Furthermore, these rats 
exhibited altered functioning of various key enzymes 
that aid in the process of metabolization of 
carbohydrates. Examples of such enzymes are 
hexokinase, glucose-6-phosphatase, and 
fructose-1,6-bisphosphate, as well as glycogen 
synthase in the liver and kidney. However, the 
administration of resveratrol improved the activity of 
these enzymes, demonstrating its potential to 
ameliorate diabetic conditions and exhibit 
antihyperglycemic effects [31]. Based on the findings 
from previous research highlighting the effectiveness 
of resveratrol in alleviating liver damage linked to 
diabetes, we postulated that LR could serve as a 
promising therapeutic intervention for mitigating 
diabetes-driven liver alterations in diabetic subjects. 
Consequently, our goal was to assess the effects of LR 
on diabetes-caused liver damage. 

In type 2 diabetes, insulin resistance leads to 
enhanced hepatic glucose production and lipid 
accumulation, culminating in metabolic disruptions 
and instigating inflammatory reactions. This lipid 
buildup in the liver instigates the secretion of 
pro-inflammatory cytokines and activation of 
inflammation-mediating pathways, intensifying liver 
inflammation [32]. Furthermore, increased blood 
glucose levels promote the production of advanced 
glycation end products (AGEs), leading to the 
elicitation of inflammatory pathways, which further 
cause the upregulation of various inflammatory 
markers. For instance, administration of resveratrol 
for four consecutive months at 5 mg/kg per day 
strikingly suppressed TNF-α, cyclooxygenase-2, IL-6, 
and NF-kB in the pancreatic tissues [33]. Comparable 
findings were noted in another study, wherein the 
expression of proinflammatory markers NF-kB, IL-1β, 
and IL-6 was heightened, while treatment with 
resveratrol resulted in a notable decrease in these 
markers [34]. Likewise, the findings of our 
experimental study closely parallel those of prior 
research, which demonstrated elevated expression of 
TNF-α, IL-6, and NF-kB markers in diabetic animals. 
In an attempt to alleviate inflammation, they were 
provided LR at doses of 20 mg/kg and 40 mg/kg. 
Briefly, a notable diminution in the degrees of these 
proinflammatory indicators was noted in the liver 
tissues when provided with LR at 40 mg/kg. 
Although LR at 20 mg/kg showed considerable 
improvement in liver tissue inflammation, more 
pronounced and dose-dependent effects were 
observed at the 40 mg/kg dosage. In contrast, 
administration of resveratrol alone led to increased 
expression of these inflammatory markers compared 
to both doses of LR. In comparison standalone 
administration of resveratrol at mg/kg, our findings 

illustrate the effectiveness of LR administration in 
diminishing inflammation and enhancing the 
occurrence of diabetic liver damage, particularly at 
dosages of 20 and 40 mg/kg. 

Oxidative stress in diabetes arises from a 
disparity in reactive oxygen species synthesis and the 
body's antioxidative defenses. The interplay between 
diabetes and oxidative stress remains incompletely 
understood, with only limited knowledge available 
regarding their connection. Numerous reports have 
demonstrated that hyperglycemia triggers heightened 
generation of reactive oxygen species via diverse 
interconnected links, such as mitochondrial 
dysfunction, NADPH oxidase activation, and 
advanced glycation end-products (AGEs) production 
[35]. Due to the elevated production of ROS, oxidative 
stress induces damage to macromolecules such as 
lipids, DNA, and proteins by disrupting the levels of 
antioxidant enzymes [35]. Research indicated that 
diabetic rats display diminished quantities of CAT 
and GPx, alongside elevated lipid peroxidation. 
However, the commencement of resveratrol therapy 
at 20 mg/kg over a span of 10 weeks in diabetic rats 
notably restored antioxidant enzyme levels while 
decreasing lipid peroxidation [36]. In another 
experimental study, comparable results were 
observed, with a 15-day regimen of resveratrol 
treatment at 10 mg/kg demonstrating a reduction in 
oxidative stress by restoring catalase, superoxide 
dismutase, and glutathione levels to their baseline 
[37]. Our data corroborate these results, providing an 
overview of how reactive oxygen species can inhibit 
antioxidant defense mechanisms, resulting in reduced 
activities of antioxidant enzymes. However, the 
application of LR at 20 and 40 mg/kg notably reduced 
oxidative stress by rising them, with more 
pronounced effects observed at the 40 mg/kg dosage. 
In contrast to LR administered at both administered 
dosages, a lesser improvement in the levels of these 
oxidative damage markers was observed with 40 
mg/kg resveratrol treatment in diabetic rats. This 
indicates that both forms of resveratrol, whether LR or 
resveratrol alone, effectively alleviate oxidative stress 
induced by hyperglycemia. Hence, they possess the 
potential to maintain the balance between ROS and 
the antioxidant defense mechanisms, thereby 
attenuating the cascade of oxidative damage in the 
liver of rats with diabetes. 

One of the unwanted effects of diabetes on the 
liver’s role involves hyperglycemia, which impairs the 
enzymatic processes crucial for liver function. 
Elevated blood sugar levels, insulin resistance, and fat 
accumulation, all characteristic of diabetes, can hinder 
the liver's capacity to absorb nutrients and detoxify 
harmful substances. This impairment can aid in the 
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progression of hepatic diseases in diabetic 
individuals. As demonstrated in various studies, 
diabetic rats display raised levels of AST and ALT, 
indicating liver malfunctioning [38, 39]. Although 
these levels were elevated in rats with diabetes, 
resveratrol supplementation at 20 mg/kg was seen to 
normalize the quantities of these enzymes, indicating 
improvement in liver function in diabetic rats with 
hyperlipidemia [40]. Another study revealed that 
administering resveratrol to diabetic rats significantly 
alleviated liver injury by reducing levels of aspartyl 
aminotransferase, alanine aminotransferase, and 
bilirubin. These findings underscore the potential of 
resveratrol in ameliorating liver damage associated 
with diabetes [37]. In this study, our results align with 
previously reported findings, where diabetic rats 
exhibited liver damage characterized by alleviated 
marks of SGOT, SGPT, and GGT. However, 
administration of LR at both doses demonstrated 
significant alleviation in the levels of these enzymes, 
signifying the ameliorative effect of LR in mitigating 
liver damage. Although both doses were effective in 
reducing liver damage, more pronounced results 
were observed in the concentration of 40 mg/kg in 
contrast to 40 mg/kg of resveratrol independently. 

The interplay between oxidative stress, 
inflammation, and apoptosis in diabetic liver damage 
is intricate and multifaceted. In a vicious cycle that 
exacerbates liver damage, ROS can initiate the 
synthesis of pro-inflammatory cytokines, which in 
turn can increase ROS production. Oxidative stress 
and inflammation, both independently and 
synergistically, lead to apoptosis, resulting in 
significant hepatocyte loss and liver dysfunction [41]. 
The oxidative stress-induced damage to mitochondria 
initiates two critical processes in programmed cell 
death, for instance, the liberation of cytochrome c and 
the activation of caspases. Similarly, prolonged 
oxidative stress and inflammation can induce 
endoplasmic reticulum (ER) stress, further 
contributing to apoptosis [42]. In this study, 
STZ-induced diabetes in rats resulted in higher 
expression of apoptotic markers like Bax and caspase 
3, along with a reduction in BCL-2 expression in liver 
tissues. This is consistent with previous reports that 
indicate elevated levels of caspase 3 and BAX, and 
decreased BCL-2 expression under diabetic conditions 
[43, 44]. We observed that administering LR at doses 
of either 20 mg/kg or 40 mg/kg effectively 
modulated apoptotic markers, indicating reduced 
liver damage. Although both doses showed 
promising results, the 40 mg/kg treatment yielded 
more significant effects compared to the 20 mg/kg 
dose. Furthermore, a similar modulation of apoptotic 
markers was observed in the resveratrol-treated 

group, evidenced by decreased caspase 3 and Bax 
levels and increased BCL-2 expression. However, 
these changes were less significant compared to the 
LR treatment. Our findings fully support previous 
reports indicating that resveratrol treatment, a natural 
phytochemical abundant in grapes and berries, 
alleviates apoptosis in diabetic rats by 
downregulating caspase 3 and Bax while 
upregulating the BCL-2 gene [45, 46]. As both 
oxidative stress and inflammation play regulatory 
roles in apoptotic pathways, our hypothesis suggests 
that LR's anti-apoptotic effects are primarily 
attributed to its capacity to diminish oxidative stress 
and inflammation. Consequently, LR was found to 
prevent diabetes-associated apoptosis in liver cells. 

The notable reduction in liver damage and 
histological changes can be attributed to LR's distinct 
anti-inflammatory, antioxidant, and anti-apoptotic 
properties. Histological examinations revealed 
significant alterations in STZ-treated diabetic rats, 
characterized by neutrophil infiltration and 
pronounced acute and chronic inflammation, 
indicating the initiation of liver damage associated 
with diabetes. In comparison to the resveratrol 40 
mg/kg dosage, administering LR at 40 mg/kg 
demonstrated superior efficacy in ameliorating liver 
damage by mitigating histopathological changes. 
Additionally, resveratrol therapy was observed to 
decrease chronic inflammation and improve liver 
morphology in diabetic animals, consistent with 
earlier research [47]. Thus, while resveratrol alone 
improved the restoration of normal morphology, as 
well as biochemical and molecular parameters in 
diabetic mice, our findings suggest that administering 
LR was more effective in alleviating hyperglycemia- 
induced liver damage. 

The selection of doses for resveratrol and 
liposomal resveratrol as well as the sample size 
number in our study was based on previous research 
findings. The 20 mg/kg and 40 mg/kg doses of LR 
were based on our previous investigations, which 
demonstrated their therapeutic efficacy in various 
pathological conditions. Specifically, our prior studies 
[17, 18] established the effectiveness of these doses in 
mitigating diabetic nephropathy and cardiotoxicity 
via anti-inflammatory and antioxidant mechanisms. 
Additionally, previous research, including studies by 
Alanazi et al. and Alhusaini et al., has validated the 
20 mg/kg dose in cardioprotective and 
hepatoprotective models [28, 48]. For the free form of 
resveratrol, we selected the 40 mg/kg dose based on 
prior studies, such as Kodali et al., which 
demonstrated significant biological effects at this dose 
[49]. This allowed a direct comparison with the LR 
formulation at doses previously validated in 
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experimental models. Furthermore, the selection of 
six rats per group was supported by our previous 
studies [17, 18], which demonstrated sufficient 
statistical power to detect significant differences. Our 
study was conducted in accordance with ethical 
guidelines and received Institutional Animal Care 
and Use Committee (IACUC) approval under 
protocol number KSU-SE-23-36. 

Although the promising results, this study has 
few limitations. First, the research was conducted 
solely in a rat model, which may not fully replicate the 
complexity of human diabetic conditions. Further 
studies including clinical trials, are needed to validate 
the therapeutic potential of LR in human diabetes. 
Additionally, while the study investigated various 
biochemical markers and histopathological changes, it 
did not address the long-term effects of LR treatment 
or its safety profile over extended periods. Future 
research should investigate the molecular 
mechanisms behind LR’s protective effects, as well as 
potential drug interactions. Exploring LR in 
combination with other therapeutic agents could also 
provide valuable insights into its efficacy for treating 
diabetic liver damage and associated complications. 
Furthermore, more research into LR’s 
pharmacokinetics and bioavailability would be 
essential for clinical application. 

5. Conclusion 
In conclusion, we present the first evidence of 

LR's ability to counteract the molecular, biochemical, 
and microscopic modifications driven by STZ in 
hepatic tissue. Our findings indicate that LR 
significantly affects diabetic hepatic damage by 
modulating the expression of apoptotic markers, 
oxidative stress indices, inflammatory mediators, and 
liver enzymes. This implies that LR may help mitigate 
hyperglycemia-induced diabetic liver damage and 
holds the potential for treating diabetic liver damage 
and other related complications. Next-phase research 
should probe the precise underlying steps of LR's 
defensive properties and evaluate its therapeutic 
potential in clinical settings. 

Acknowledgments 
The authors involved in this research express 

their gratitude to the Ongoing Research Funding 
Program, (ORF-2025-563), King Saud University, 
Riyadh, Saudi Arabia.  

Data availability statement 
The data disclosed in this study can be requested 

from the corresponding author. 

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1. Jazieh C, Arabi TZ, Asim Z, Sabbah BN, Alsaud AW, Alkattan K, et al. 

Unraveling the epigenetic fabric of type 2 diabetes mellitus: pathogenic 
mechanisms and therapeutic implications. Frontiers in Endocrinology. 2024; 
15: 1295967. 

2. Garg SS, Gupta J, Sahu D, Liu C-J. Pharmacological and Therapeutic 
Applications of Esculetin. International Journal of Molecular Sciences. 2022; 
23: 12643. 

3. Gensluckner S, Wernly B, Datz C, Aigner E. Iron, Oxidative Stress, and 
Metabolic Dysfunction—Associated Steatotic Liver Disease. Antioxidants. 
2024; 13: 208. 

4. Alamri ZZ. The role of liver in metabolism: an updated review with 
physiological emphasis. International Journal of Basic & Clinical 
Pharmacology. 2018; 7: 2271-6. 

5. Alanazi AZ, Alqahtani F, Mothana RAA, Mohany M, Abuohashish HM, 
Ahmed MM, et al. Protective Role of Loranthus regularis against Liver 
Dysfunction, Inflammation, and Oxidative Stress in Streptozotocin Diabetic 
Rat Model. Evidence-Based Complementary and Alternative Medicine. 2020; 
2020: 5027986. 

6. Zhao Y, Xing H, Wang X, Ou W, Zhao H, Li B, et al. Management of Diabetes 
Mellitus in Patients with Chronic Liver Diseases. Journal of Diabetes Research. 
2019; 2019: 6430486. 

7. Ullah A, Singla RK, Batool Z, Cao D, Shen B. Pro- and anti-inflammatory 
cytokines are the game-changers in childhood obesity-associated metabolic 
disorders (diabetes and non-alcoholic fatty liver diseases). Reviews in 
Endocrine and Metabolic Disorders. 2024; 25: 783-803. 

8. Alqahtani F, Mohany M, Alasmari AF, Alanazi AZ, Belali OM, Ahmed MM, et 
al. Angiotensin II receptor Neprilysin inhibitor (LCZ696) compared to 
Valsartan attenuates Hepatotoxicity in STZ-induced hyperglycemic rats. 
International Journal of Medical Sciences. 2020; 17: 3098-106. 

9. Garg SS, Gupta J, Sharma S, Sahu D. An insight into the therapeutic 
applications of coumarin compounds and their mechanisms of action. 
European Journal of Pharmaceutical Sciences. 2020; 152: 105424. 

10. Üremiş N, Aslan M, Taşlidere E, Gürel E. Dexpanthenol exhibits antiapoptotic 
and anti-inflammatory effects against nicotine-induced liver damage by 
modulating Bax/Bcl-xL, Caspase-3/9, and Akt/NF-κB pathways. Journal of 
Biochemical and Molecular Toxicology. 2024; 38: e23622. 

11. Ly HT, Pham KD, Le PH, Do THT, Nguyen TTH, Le VM. Pharmacological 
properties of Ensete glaucum seed extract: Novel insights for antidiabetic 
effects via modulation of oxidative stress, inflammation, apoptosis and MAPK 
signaling pathways. Journal of Ethnopharmacology. 2024; 320: 117427. 

12. Ouyang G, Wang N, Tong J, Sun W, Yang J, Wu G. Alleviation of taurine on 
liver injury of type 2 diabetic rats by improving antioxidant and 
anti-inflammatory capacity. Heliyon. 2024; 10: e28400. 

13. Li Q, Wang Y, Yan J, Yuan R, Zhang J, Guo X, et al. Osthole ameliorates early 
diabetic kidney damage by suppressing oxidative stress, inflammation and 
inhibiting TGF-β1/Smads signaling pathway. International 
Immunopharmacology. 2024; 133: 112131. 

14. Mohamed AA-R, Khater SI, Hamed Arisha A, Metwally MMM, 
Mostafa-Hedeab G, El-Shetry ES. Chitosan-stabilized selenium nanoparticles 
alleviate cardio-hepatic damage in type 2 diabetes mellitus model via 
regulation of caspase, Bax/Bcl-2, and Fas/FasL-pathway. Gene. 2021; 768: 
145288. 

15. Lenzen S. The mechanisms of alloxan- and streptozotocin-induced diabetes. 
Diabetologia. 2008; 51: 216-26. 

16. Szkudelski T. The mechanism of alloxan and streptozotocin action in B cells of 
the rat pancreas. Physiol Res. 2001; 50: 537-46. 

17. Alanazi AZ, Mohammed A, et al. Cardioprotective effects of liposomal 
resveratrol in diabetic rats: unveiling antioxidant and anti-inflammatory 
benefits. Redox Report. 2024; 29: 2416835. 

18. Alhazzani K, Alrewily SQ, Alanzi AR, Aljerian K, Raish M, Hawwal MF, et al. 
Therapeutic Effects of Liposomal Resveratrol in the Mitigation of Diabetic 
Nephropathy via Modulating Inflammatory Response, Oxidative Stress, and 
Apoptosis. Applied Biochemistry and Biotechnology. 2025; 197: 1570-89. 

19. Salehi B, Mishra AP, Nigam M, Sener B, Kilic M, Sharifi-Rad M, et al. 
Resveratrol: A Double-Edged Sword in Health Benefits. Biomedicines. 2018; 6: 
91. 

20. Ghavidel F, Amiri H, Tabrizi MH, Alidadi S, Hosseini H, Sahebkar A. The 
Combinational Effect of Inulin and Resveratrol on the Oxidative Stress and 
Inflammation Level in a Rat Model of Diabetic Nephropathy. Current 
Developments in Nutrition. 2024; 8: 102059. 

21. Yuan D, Xu Y, Xue L, Zhang W, Gu L, Liu Q. Resveratrol protects against 
diabetic retinal ganglion cell damage by activating the Nrf2 signaling 
pathway. Heliyon. 2024; 10: e30786. 

22. Zhang D-Z, Jia M-Y, Wei H-Y, Yao M, Jiang L-H. Systematic review and 
meta-analysis of the interventional effects of resveratrol in a rat model of 



Int. J. Med. Sci. 2025, Vol. 22 

 
https://www.medsci.org 

3392 

myocardial ischemia-reperfusion injury. Frontiers in Pharmacology. 2024; 15: 
1301502. 

23. Yalcın T, Sercan K, and Kuloğlu T. Resveratrol may dose-dependently 
modulate nephrin and OTULIN levels in a doxorubicin-induced 
nephrotoxicity model. Toxicology Mechanisms and Methods. 2024; 34: 98-108. 

24. Tshivhase AM, Matsha T, Raghubeer S. The protective role of resveratrol 
against high glucose-induced oxidative stress and apoptosis in HepG2 cells. 
Food Science & Nutrition. 2024; 12: 3574-84. 

25. Brown K, Theofanous D, Britton RG, Aburido G, Pepper C, Sri Undru S, et al. 
Resveratrol for the Management of Human Health: How Far Have We Come? 
A Systematic Review of Resveratrol Clinical Trials to Highlight Gaps and 
Opportunities. International Journal of Molecular Sciences. 2024; 25: 747. 

26. Ginés C, Cuesta S, Kireev R, García C, Rancan L, Paredes SD, et al. Protective 
effect of resveratrol against inflammation, oxidative stress and apoptosis in 
pancreas of aged SAMP8 mice. Experimental Gerontology. 2017; 90: 61-70. 

27. Roy S, Sannigrahi S, Majumdar S, Ghosh B, Sarkar B. Resveratrol Regulates 
Antioxidant Status, Inhibits Cytokine Expression and Restricts Apoptosis in 
Carbon Tetrachloride Induced Rat Hepatic Injury. Oxidative Medicine and 
Cellular Longevity. 2011; 2011: 703676. 

28. Alanazi AM, Fadda L, Alhusaini A, Ahmad R, Hasan IH, Mahmoud AM. 
Liposomal Resveratrol and/or Carvedilol Attenuate Doxorubicin-Induced 
Cardiotoxicity by Modulating Inflammation, Oxidative Stress and S100A1 in 
Rats. Antioxidants. 2020; 9: 159. 

29. Chang C-C, Chang C-Y, Huang J-P, Hung L-M. Effect of Resveratrol on 
Oxidative and Inflammatory Stress in Liver and Spleen of 
Streptozotocin-Induced Type 1 Diabetic Rats. The Chinese Journal of 
Physiology. 2012; 55: 192-201. 

30. Ramesh PR, Balkrishna BS, Kashinath AM, Ramnath NS. Co-Administration 
of Polyamines with Rutin and Metformin Ameliorates Streptozotocin-Induced 
Diabetes: Possible Involvement of Antioxidants, Inflammatory Cytokines, and 
Biochemical Paradigms. Revista Brasileira de Farmacognosia. 2024; 34: 370-85. 

31. Palsamy P, Subramanian S. Modulatory effects of resveratrol on attenuating 
the key enzymes activities of carbohydrate metabolism in streptozotocin–
nicotinamide-induced diabetic rats. Chemico-Biological Interactions. 2009; 
179: 356-62. 

32. Yu W, Zhang Y, Sun L, Huang W, Li X, Xia N, et al. Myeloid Trem2 
ameliorates the progression of metabolic dysfunction-associated steatotic liver 
disease by regulating macrophage pyroptosis and inflammation resolution. 
Metabolism - Clinical and Experimental. 2024; 155: 155911. 

33. Nahavandi S, Rahimi M, Alipour MR, Soufi FG. Long-term resveratrol 
administration improves diabetes-induced pancreatic oxidative stress, 
inflammatory status, and β cell function in male rats. Brazilian Journal of 
Pharmaceutical Sciences. 2023; 59: e21468. 

34. Chen K-H, Cheng M-L, Jing Y-H, Chiu DT-Y, Shiao M-S, Chen J-K. Resveratrol 
ameliorates metabolic disorders and muscle wasting in 
streptozotocin-induced diabetic rats. American Journal of 
Physiology-Endocrinology and Metabolism. 2011; 301: E853-E63. 

35. Bhatti JS, Sehrawat A, Mishra J, Sidhu IS, Navik U, Khullar N, et al. Oxidative 
stress in the pathophysiology of type 2 diabetes and related complications: 
Current therapeutics strategies and future perspectives. Free Radical Biology 
and Medicine. 2022; 184: 114-34. 

36. Szkudelska K, Okulicz M, Hertig I, Szkudelski T. Resveratrol ameliorates 
inflammatory and oxidative stress in type 2 diabetic Goto-Kakizaki rats. 
Biomedicine & Pharmacotherapy. 2020; 125: 110026. 

37. Hamadi N, Mansour A, Hassan MH, Khalifi-Touhami F, Badary O. 
Ameliorative effects of resveratrol on liver injury in streptozotocin-induced 
diabetic rats. Journal of Biochemical and Molecular Toxicology. 2012; 26: 
384-92. 

38. Kushwaha K, Suren GS, Debojyoti M, Navneet K, and Gupta J. Screening of 
natural epigenetic modifiers for managing glycemic memory and diabetic 
nephropathy. Journal of Drug Targeting. 2024; 32: 807-19. 

39. Shafi S, Navneet K, and Gupta J. PPAR gamma agonistic activity of dillapiole: 
protective effects against diabetic nephropathy. Natural Product Research. 
2025; 39: 3581-6. 

40. Rašković A, Ćućuz V, Torović L, Tomas A, Gojković-Bukarica L, Ćebović T, et 
al. Resveratrol supplementation improves metabolic control in rats with 
induced hyperlipidemia and type 2 diabetes. Saudi Pharmaceutical Journal. 
2019; 27: 1036-43. 

41. LeFort KR, Rungratanawanich W, Song B-J. Contributing roles of 
mitochondrial dysfunction and hepatocyte apoptosis in liver diseases through 
oxidative stress, post-translational modifications, inflammation, and intestinal 
barrier dysfunction. Cellular and Molecular Life Sciences. 2024; 81: 34. 

42. Ott M, Gogvadze V, Orrenius S, Zhivotovsky B. Mitochondria, oxidative stress 
and cell death. Apoptosis. 2007; 12: 913-22. 

43. He X, Sun J, Huang X. Expression of caspase-3, Bax and Bcl-2 in hippocampus 
of rats with diabetes and subarachnoid hemorrhage Retraction in 
/10.3892/etm.2024.12704. Exp Ther Med. 2018; 15: 873-7. 

44. Mohtadi S, Salehcheh M, Tabandeh MR, Khorsandi L, Khodayar MJ. Ketotifen 
counteracts cisplatin-induced acute kidney injury in mice via targeting 
NF-κB/NLRP3/Caspase-1 and Bax/Bcl2/Caspase-3 signaling pathways. 
Biomedicine & Pharmacotherapy. 2024; 175: 116797. 

45. Huang S-S, Ding D-F, Chen S, Dong C-L, Ye X-L, Yuan Y-G, et al. Resveratrol 
protects podocytes against apoptosis via stimulation of autophagy in a mouse 
model of diabetic nephropathy. Scientific Reports. 2017; 7: 45692. 

46. Tian Z, Wang J, Xu M, Wang Y, Zhang M, Zhou Y. Resveratrol Improves 
Cognitive Impairment by Regulating Apoptosis and Synaptic Plasticity in 
Streptozotocin-Induced Diabetic Rats. Cellular Physiology and Biochemistry. 
2016; 40: 1670-7. 

47. Sadi G, Pektaş MB, Koca HB, Tosun M, Koca T. Resveratrol improves hepatic 
insulin signaling and reduces the inflammatory response in 
streptozotocin-induced diabetes. Gene. 2015; 570: 213-20. 

48. Alhusaini AM, Alanazi AM, Fadda LM, Alqahtani QH, Sarawi WS, Hasan IH. 
The beneficial efficacy of liposomal resveratrol against doxorubicin-induced 
hepatotoxicity in rats: Role of TGF-β1 and SIRT1. Journal of King Saud 
University – Science. 2021; 33: 101640. 

49. Kodali M, Parihar VK, Hattiangady B, Mishra V, Shuai B, Shetty AK. 
Resveratrol Prevents Age-Related Memory and Mood Dysfunction with 
Increased Hippocampal Neurogenesis and Microvasculature and Reduced 
Glial Activation. Scientific Reports. 2015; 5: 8075. 

 
 


