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Background: Nephropathy is a frontline complication of diabetes mellitus (DM) associated 
with impaired redox-inflammatory networks. The study investigated the antidiabetic and 
nephroprotective potentials of PCR against diabetic nephropathy (DN) in rats.
Methods: DN was induced in rats using a combination of a high fructose solution for 4 
weeks and an intraperitoneal injection of streptozotocin (35 mg/kg). Diabetic rats were 
treated with PCR (100 and 400 mg/kg body weight) for 8 weeks. Serum biochemical 
parameters as well as renal oxidative stress parameters, proinflammatory cytokines, 
Western blot and histopathological analyses were evaluated.
Results: There were significant increases in fasting blood glucose, urinary albumin, serum 
creatinine, blood urea nitrogen (BUN), total cholesterol (TC), triglycerides (TG), and low- 
density lipoproteins (LDL-C) levels in diabetic rats compared to the non-diabetic control 
rats. DM-induced DN prominently depressed renal superoxide dismutase (SOD), catalase 
(CAT) and glutathione peroxidase (GSH-Px) activities, whereas renal malondialdehyde 
(MDA) level was markedly increased. Furthermore, renal inflammatory cytokines, IL-1β, 
IL-6, TNF-α and TGF-β, were considerably elevated compared to non-diabetic control rats. 
Additionally, DN rats showed a significant increase in renal fibrosis, as evidenced by 
increased expression of TGF-β1, collagen-1, fibronectin and alpha-smooth muscle actin (α- 
SMA) in the kidneys. Histopathological lesions were consistent with tubule thickening and 
glomerular hypertrophy. Conversely, PCR treatment exerted significant attenuation of hyper-
glycemia, dyslipidemia and renal oxidative stress indicators. The increased renal levels of IL- 
1β, IL-6, TNF-α and TGF-β were also notably reversed dose-dependently with alleviation of 
nephropathic histology. Furthermore, PCR reduced the expression of α-SMA, fibronectin, 
collagen-1 and TGF-β1 in the renal tissues.
Conclusion: Our results suggest that PCR displayed antidiabetic and nephroprotective 
effects against DN by impeding oxidative stress and inflammation. As such, PCR has 
potentials as a food supplement for alleviating renal dysfunction caused by diabetes.
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Introduction
Diabetes mellitus (DM) is the fourth leading chronic, non-communicable disorder 
that accounted for almost 4.2 million mortality in 2019. The number of diabetic 
patients is projected to increase from 463 million in 2019 to 700 million by 2045.1,2 

DM is associated with several deteriorating complications including neuropathy, 
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nephropathy, retinopathy, cardiovascular diseases amongst 
several others, which significantly affects the quality of 
life of diabetic patients.3,4 Diabetic nephropathy (DN) is 
one of the leading and most frequently encountered com-
plication in DM and it significantly contributes to the 
mortality rates in diabetic patients.5,6 The clinical features 
characterizing DN include thickening of the basement 
membrane, extracellular matrix accumulation, as well as 
tubular and glomerular hypertrophy.7,8 A huge number of 
evidence from previous studies have linked the abnormal 
pathological changes associated with DN to an intricate 
interplay between several factors, mainly hyperglycemia- 
induced oxidative stress, proinflammatory cytokines and 
advanced glycation-end product formation.9–11 Although 
there are numerous medications approved for treating dia-
betes, unfortunately these drugs have not shown effective-
ness against DN, as such exploring alternative effective 
remedies has become a major priority in recent years. 
Since recent mechanistic studies have implicated oxidative 
stress and inflammation in the pathogenesis of many dis-
eases including metabolic disorders, suppressing hypergly-
cemia-induced oxidative stress, which is the major culprit 
implicated in DN by antioxidants, may be a reasonable 
approach to effectively combat DN.11

Accumulating studies have continued to showcase the 
importance of marine organisms, such as seaweeds as food 
and as sources of bioactive agents in the fight against 
many diseases. Seaweeds have been reported as active 
agents against inflammation, cancer, diabetes, bacterial 
infections and obesity to mention a few.12,13 Most of the 
reported bioactivities have been attributed to the bioactive 
constituents, such as proteins, polysaccharides, alkaloids, 
terpenoids and tannins present in the seaweeds.12 

Caulerpa racemosa (sea grapes) is a species of green 
seaweed belonging to the family Caulerpaceae. 
C. racemosa is widely distributed in tropical regions espe-
cially in Indo-Pacific Asia and it is widely consumed in its 
raw form as salad or cooked as part of the ingredients in 
some vegetable soup.14,15 Numerous bioactivities have 
been attributed to polysaccharides or polysaccharide 
extracts from C. racemosa including antioxidant, antibac-
terial, anti-herpetic, antinociceptive and anti-inflammatory 
effects.16–18 Although polysaccharides from C. racemosa 
have been reported to be effective in several biological 
assays, the kidney protective effects in diabetic models, 
especially DN, are yet to be explored. As such, this present 
study investigated the effects of the crude polysaccharide 

extract from C. racemosa (PCR) against DN in high fruc-
tose and streptozotocin (STZ)-induced diabetic rats.

Materials and Methods
Biological Material Collection and 
Preparation
C. racemosa was obtained from the coastal area of 
Southern Thailand in May 2019. The samples were 
washed with running tap water to remove debris, epi-
phytes and residual salt. The crude polysaccharide was 
extracted from the freeze-dried powdered sample by hot 
water extraction. 100 g of the sample was refluxed in 
1000 mL of distilled water thrice at 100°C for 2 hours. 
The combined water extracts were filtered and concen-
trated to a specific volume (approximately 10% of the 
original volume) with a rotary evaporator. The resulting 
solution was subjected to deproteinization using Sevag 
method and further dialysed against distilled water for 
48 h.19,20 The dialysate was freeze-dried to yield the 
crude polysaccharide (PCR) extract and stored at 4°C 
until further use.

Animals and Treatments
All the animal experimental protocols employed in this 
study received thorough review and approval from the 
Animal Ethics Committee of The First Affiliated 
Hospital of Xinxiang Medical College (Ethics approval 
number: 2021001). Furthermore, all procedures used 
were in accordance with the regulations of the 
National Institute of Health guide for the care and use 
of laboratory animals (NIH Publication No. 80–23; 
revised 1978). Healthy male six-week-old Wistar albino 
rats (140–180 g) were used in the study. Prior to the 
commencement of the study, the animals were housed in 
a facility with the following conditions: temperature (24 
± 2°C), relative humidity (55 ± 10%) and a 12 h light- 
dark cycle, in addition to unrestricted access to standard 
chow and normal tap water. After one week of acclima-
tization, the rats were divided into two groups: the first 
group comprising of six rats received standard chow and 
normal drinking water ad libitum, while the other group 
comprising of 24 rats were administered with 30% fruc-
tose solution as drinking water and standard rat chow 
for four weeks to induce insulin resistance.21,22 After 
four weeks, type 2 DN was established in overnight 
fasted rats using intraperitoneal injection of STZ 
(35 mg/kg) dissolved in sodium citrate buffer (pH 4.5). 
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Three days after STZ injection, fasting glucose concen-
tration in the blood obtained from the tail of the rats 
was measured using an Accu-Chek Active glucose meter 
(Roche Diagnostic, Germany). Rats having fasting blood 
glucose levels above 11.1 mmol/L were adjudged as 
having diabetes and were further divided into diabetic 
and PCR-treated groups as follows:

Normal control group (Ctrl): administered with normal 
saline for 8 weeks

DN control group (DNC): administered with normal 
saline for 8 weeks

DN+PCR-1 group: administered with 100 mg/kg body 
weight of PCR for 8 weeks

DN+PCR-2 group: administered with 400 mg/kg body 
weight of PCR for 8 weeks

The choice of the dose of PCR as well as the dura-
tion of treatment was based on our preliminary investi-
gation supported by previous studies.23–26 After 
treatment for 8 weeks, the 24 h urine of the rats were 
collected for the estimation of urinary albumin. 
Thereafter, all the rats were fasted overnight, sacrificed, 
blood samples and the kidney were obtained for various 
biochemical and histopathological analyses. The serum 
concentrations of creatinine, blood urea nitrogen, cho-
lesterol, triglycerides and low density lipoprotein cho-
lesterol were determined with the aid of an automated 
biochemical analyser (Dirui CS 600B, Japan). Serum 
insulin (CSB-E05070r) was determined with enzyme- 
linked immunosorbent (ELISA) from Cusabio Biotech 
Co., Ltd. (Hubei, China) following the manufacturer’s 
protocol. Kidney tissue homogenates were prepared in 
phosphate buffered saline and used for detecting levels 
of IL-6 (mL-68044), IL-1β (mL-68035), TNF-α (mL- 
31189) and TGF-β (mL-31133) by enzyme-linked 
immunosorbent assay (ELISA) kits (Mlbio, Shanghai 
Enzyme-linked Biotechnology Co., Ltd, China). Kidney 
homogenates were also used for estimating hepatic 
levels of lipid peroxidation (MDA), superoxide dismu-
tase (SOD), catalase (CAT) and glutathione oxidase 
(GSH-Px) using biochemical assay kits (Nanjing 
Jiancheng Bioengineering Institute, China).

Histopathological Evaluations
A small part of the kidney tissue from the left kidney was 
fixed in 10% buffered formalin and subjected to dehydra-
tion with a graded alcohol solution and further embedded 
in paraffin to make 5-μm sections. The kidney tissue sec-
tions were finally stained with hematoxylin-eosin and 

visualized for histopathological changes under a light 
microscope (Olympus DP73, Japan).

Western Blot Analyses
Relative protein expressions in the kidney tissues were 
analysed by Western blot. Briefly, renal tissues were 
lysed in RIPA buffer and further centrifuged at 
15,000 rpm for 30 mins at 4°C. The concentration of the 
proteins in the supernatant was estimated using BCA assay 
and samples with equal amount of proteins were loaded on 
SDS-PAGE and the separated proteins were further trans-
ferred to PVDF membrane and blocked with 5% bovine 
serum albumin. The membranes were successively incu-
bated with primary and the corresponding secondary anti-
bodies at 4°C. The protein bands were visualized using 
ECL method via a Tanon 5200 imaging system. Semi- 
quantification analyses of the bands were performed with 
Image J software.

Statistical Data Analysis
One-way ANOVA followed by Newman-Keuls multi-
ple comparison test was utilized for data analysis 
using Graph Pad Prism software (version 5.0; 
GraphPad Software, USA). Results are shown as 
mean ± SD (n = 6). P < 0.05 was regarded as statistical 
significance.

Results
Treatment with PCR Improves Metabolic 
and Renal Function Indicators in DN Rats
As indicated in Figure 1, DNC rats showed excessive 
increase in their fasting blood glucose concentration, 
which was accompanied by significant decrease in 
body weight and serum insulin levels when compared 
to the healthy normal control group (Figure 1A–C). In 
addition, DNC group showed significantly increased 
kidney weight and kidney index compared to the normal 
control group (Figure 1D and E). In the PCR (100 and 
400 mg/kg) treated rats, significant reduction in the FBG 
concentration, kidney weight and kidney index were 
observed compared to the DNC group. PCR also mark-
edly increased the body weight gain and serum insulin 
levels in the treated DN rat groups (Figure 1A–E). 
Moreover, the levels of serum creatinine, blood urea 
nitrogen and urinary albumin in the DN control group 
were significantly increased compared to the normal 
control, while the excessive increase in serum 
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creatinine, blood urea nitrogen and urinary albumin 
levels in DN rats were reversed after treatment with 
PCR (100 and 400 mg/kg; Figure 2A–C).

Treatment with PCR Ameliorated Serum 
Biochemical Parameters in DN Rats
As indicated in Figure 3, the serum biochemical para-
meters including TG, TC and LDL-C of the DN control 
group were significantly increased compared to those of 
the normal control rats (Figure 3A–C). However, in the 
DN rats that received PCR, there was a vivid decrease in 
these biochemical parameters compared to the DN control 
group.

Treatment with PCR Attenuated Kidney 
Lipid Peroxidation and Antioxidant 
Enzymes
The efficacy of PCR administration on lipid peroxida-
tion (MDA level) in the kidney tissues of DN rats is 
shown in Figure 4A. The results indicated that MDA 
level was significantly upregulated in the DN control 
group compared to healthy normal control. As envi-
saged, the increase in MDA values was significantly 
reversed in response to PCR treatment. In addition, 
DN control rats showed a gross decrease in the activities 
of kidney antioxidant enzymes (CAT, SOD and GSH- 
Px) compared to the normal control (Figure 4B–D). In 

Figure 1 Effect of PCR on (A) fasting blood glucose concentration, (B) body weight gain, (C) serum insulin (D) kidney weight, (E) kidney index of DN rats. Data were 
expressed as the AQ3 means ± SD (n = 6). Statistical analysis was performed by one-way ANOVA followed by Newman-Keuls post hoc test for multiple comparisons. 
Notes: ##p< 0.05 vs Ctrl group; **p<0.05 vs DNC group. 
Abbreviations: Ctrl, control group; DNC, diabetic nephropathy control group; DN+PCR-1, diabetic nephropathy rats treated with PCR at 100mg/kg; DN+PCR-4, diabetic 
nephropathy rats treated with PCR at 400mg/kg.

Figure 2 Effect of PCR on (A) serum creatinine, (B) blood urea nitrogen, (C) urinary albumin levels in DN rats. Data were expressed as the means ± SD (n = 6). Statistical 
analysis was performed by one-way ANOVA followed by Newman-Keuls post hoc test for multiple comparisons. 
Notes: ##p< 0.05 vs Ctrl group; **p<0.05 vs DNC group. 
Abbreviations: Ctrl, control group; DNC, diabetic nephropathy control group; DN+PCR-1, diabetic nephropathy rats treated with PCR at 100mg/kg; DN+PCR-4, diabetic 
nephropathy rats treated with PCR at 400mg/kg.
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contrast to the results observed for the DN control 
group, PCR significantly upregulated the altered activ-
ities of CAT, SOD and GSH-Px in the kidney of DN rats 
(Figure 4B–D).

Treatment with PCR Ameliorated 
Kidney Proinflammatory Cytokines in 
DN Rats
As illuminated in Figure 5, the kidney concentrations of 
proinflammatory cytokines including IL-1β, IL-6, TNF-α 
and TGF-β were all significantly increased in the DN 

control group compared with those of the healthy nor-
mal group. Nevertheless, PCR (100 and 400 mg/kg) 
significantly reduced the kidney proinflammatory cyto-
kine levels compared to the DN control group (Figure 
5A–D).

Treatment with PCR Ameliorated Kidney 
Histopathological Alterations in DN Rats
As portrayed in Figure 6, the representative kidney 
histopathological image of the healthy normal control 
group presented normal glomerular architecture and 
tubule morphology, with no obvious signs of abnormal 

Figure 4 Effect of PCR on renal (A) malondialdehyde, (B) catalase activity, (C) superoxide dismutase activity, (D) glutathione peroxidase activity in DN rats. Data were 
expressed as the means ± SD (n = 6). Statistical analysis was performed by one-way ANOVA followed by Newman-Keuls post hoc test for multiple comparisons. 
Notes: ##p< 0.05 vs Ctrl group; **p<0.05 vs DNC group. 
Abbreviations: Ctrl, control group; DNC, diabetic nephropathy control group; DN+PCR-1, diabetic nephropathy rats treated with PCR at 100mg/kg; DN+PCR-4, diabetic 
nephropathy rats treated with PCR at 400mg/kg.

Figure 3 Effect of PCR on serum (A) triglycerides, (B) total cholesterol, (C) low-density lipoprotein cholesterol levels in DN rats. Data were expressed as the means ± SD 
(n = 6). Statistical analysis was performed by one-way ANOVA followed by Newman-Keuls post hoc test for multiple comparisons. 
Notes: ##p< 0.05 vs Ctrl group; **p<0.05 vs DNC group. 
Abbreviations: Ctrl, control group; DNC, diabetic nephropathy control group; DN+PCR-1, diabetic nephropathy rats treated with PCR at 100mg/kg; DN+PCR-4, diabetic 
nephropathy rats treated with PCR at 400mg/kg.
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kidney damages (Figure 6A). However, the representa-
tive image of the DN control group showed loss of 
normal glomerular architecture including reduction of 
glomerular space, detached basement membrane, 

endothelial cell damage and necrosis (Figure 6B). 
Notably, PCR could significantly improve these patho-
logical alterations in the DN-treated rats (Figure 6C 
and D).

Figure 5 Effect of PCR on renal (A) tumor necrosis factor alpha, (B) interleukin 6, (C) interleukin 1 beta, (D) transforming growth factor beta in DN rats. Data were 
expressed as the means ± SD (n = 6). Statistical analysis was performed by one-way ANOVA followed by Newman-Keuls post hoc test for multiple comparisons. 
Notes: ##p< 0.05 vs Ctrl group; **p<0.05 vs DNC group. 
Abbreviations: Ctrl, control group; DNC, diabetic nephropathy control group; DN+PCR-1, diabetic nephropathy rats treated with PCR at 100mg/kg; DN+PCR-4, diabetic 
nephropathy rats treated with PCR at 400mg/kg.

Figure 6 Effect of PCR on histopathological changes in the kidneys of DN rats. Representative histology were conducted using H&E staining from the experimental groups. 
(A) Ctrl group, (B) DNC group, (C) DN+PCR-1, (D) DN+PCR-4. 
Abbreviations: Ctrl, control group; DNC, diabetic nephropathy control group; DN+PCR-1, diabetic nephropathy rats treated with PCR at 100mg/kg; DN+PCR-4, diabetic 
nephropathy rats treated with PCR at 400mg/kg. (Original magnification: 200×, scale bar: 100 µm).
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Treatment with PCR Ameliorated Kidney 
Fibrosis in DN Rats
According to the results shown in Figure 7, the 
expressions of TGF-β1, collagen-1, α-SMA and fibronectin 
proteins were significantly higher in the DN control group 
when compared to the normal control. Administration of 
PCR (100 and 400 mg/kg) down-regulated the expression 
of these ECM-related proteins. These results collectively 
demonstrated that PCR could attenuate renal fibrosis in 
DN rats.

Discussion
In this present study, we evaluated the antidiabetic and 
nephroprotective effects of PCR extract against high fruc-
tose/STZ-induced DN. The results demonstrated that PCR 
markedly ameliorated DN in DN rats through its nephro-
protective properties related to hypoglycemic effects, sup-
pression of renal function markers, oxidative stress and 
inflammation. PCR extract dramatically suppressed blood 
glucose concentration, kidney function parameters, proin-
flammatory cytokines, oxidative stress and improved kid-
ney histopathological alterations. These results clearly 
suggested that PCR extract protected the progression of 
DN. Although there are quite a number of therapeutic 
drugs available to prevent the development of DN, natural 

products have displayed safer and better therapeutic effi-
cacy, owing to their unique properties including antioxi-
dant, antidiabetic and anti-inflammatory properties.

Diabetic nephropathy is hyperglycemia-induced renal 
deterioration consistent with glomerular damage, oxidative 
injury and albuminuria. It is the most common microvas-
cular complication of DM that has become one of the 
leading causes of end-stage renal disease.27 Currently, the 
clinical therapy for DN mainly targets blood glucose con-
trol and blood pressure without effective prevention of 
DN. However, the pathogenesis of DN is characterized 
by increased lipid profile, inflammation, oxidative stress, 
glomerular damage and decline in renal function.28 As 
such, it is imperative to search for effective and safer 
natural therapy for DN. Unlike the chemical drugs, bioac-
tive macromolecules, such as polysaccharides from natural 
resources, have multiple biological activities that are ben-
eficial against several diseases.29 It is, however, unknown 
whether the polysaccharide extract from the seaweed 
Caulerpa racemosa could alleviate DN, and this consti-
tuted the principal purpose of this study.

The DN model used in this study was established by 
high fructose feeding and intraperitoneal injection of STZ 
followed by 8 weeks of treatment. The American Diabetes 
Complications Consortium (AMDCC, http://www.amdcc. 
org) recommended a low-dose of STZ for DN 

Figure 7 Effect of PCR on renal fibrosis biomarkers in of DN rats. (A) Protein expression of TGF-β1, collagen-1, fibronectin and α-SMA in DN rats was measured by 
Western blot analysis and β-actin serve as the loading control. (B) Quantitative analysis of band intensity using ImageJ software. Data were expressed as the means ± SD (n 
= 6). Statistical analysis was performed by one-way ANOVA followed by Newman-Keuls post hoc test for multiple comparisons. 
Notes: ##p< 0.05 vs Ctrl group; **p<0.05 vs DNC group. 
Abbreviations: Ctrl, control group; DNC, diabetic nephropathy control group; DN+PCR-1, diabetic nephropathy rats treated with PCR at 100mg/kg; DN+PCR-4, diabetic 
nephropathy rats treated with PCR at 400mg/kg.
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establishment, so we adopted STZ at 35 mg/kg injection to 
induce DN. In the current study, DN rats showed elevated 
levels of fasting blood glucose, serum creatinine, BUN and 
body weight loss. In the untreated group, DN was con-
firmed with heavy albuminuria and depressed renal func-
tions compared to normal control. Urinary albumin, BUN 
and serum creatinine are markers for the progression of 
DN, indicating glomerular lesions that could trigger pro-
gressive glomerulosclerosis.30,31 Glomerular basement 
membrane damage and the consequent glomerular filtra-
tion barrier dysfunction contribute to renal damage and 
urinary albumin.32 Previous reports have shown albumi-
nuria/proteinuria and decimated renal function in DN as 
well as characteristic renal lesions including, hypertrophy, 
tubule thickening, necrosis and epithelial 
desquamation.27–29,33 In consistent with the findings of 
these aforementioned studies, our study herein also found 
albuminuria, renal dysfunction, tubule thickening, glomer-
ular hypertrophy and cytoplasm vacuolation in the DN 
model rats. Furthermore, the significant decrease in body 
weight and marked increase in the kidney index may be 
associated with hyperglycemia-induced catabolic derange-
ment, muscle loss and deposition of fats in renal tissues, 
respectively.34,35 DM-induced dyslipidemia was demon-
strated by increased levels of TC, TG and LDL-C in this 
study. Lipid metabolism is one of the pathways impaired 
in DM and usually contributes to DN development.28 

Studies in diabetic patients revealed the adverse effect of 
dyslipidemia on glomeruli integrity and DN 
development.36,37 Of note, the treatment of DN rats with 
PCR reduced the fasting blood glucose levels, increased 
body weight and decreased the kidney/body weight ratio 
(Figure 1). In addition, PCR prominently reduced the 
levels of serum creatinine, BUN, urinary albumin and 
lipid levels in the PCR-treated DN group compared to 
the untreated DN group (Figure 2). In earlier studies, 
polysaccharides from natural sources have been associated 
with beneficial pharmacological activities, including anti-
diabetic and nephroprotective effects.38–40 For example, 
polysaccharides from medicinal plants, pumpkin, sea 
cucumber and mushroom improve insulin sensitivity, alle-
viate glucose transporters and DM complications.39,41–43 

In consistent with the antidiabetic effect of PCR herein, 
the polysaccharides from Turbinaria ornata and 
Sargassum crassifolium seaweeds lowered blood glucose 
and improved body weight in DM rats.44 The study of 
BelHadj et al indicated that polysaccharides could protect 

the kidney function via reduced levels of creatinine, BUN 
and urea which was in agreement with our findings.45

Chronic hyperglycemia provokes glucose toxicity in sev-
eral tissues and organs via oxidative stress. Oxidative stress, 
which results from excess free radical production, is strongly 
implicated in DN as impaired antioxidant defence 
systems.30,34,46 In an attempt to explore the possible antiox-
idant efficacy of natural agents, previous studies assessed 
antioxidant enzymes and lipid peroxidation in target organs. 
Similarly, we evaluated renal SOD, CAT, and GSH-Px activ-
ities, as well as MDA in the current investigation. It was 
strikingly observed that DN aggravated MDA level (Figure 
4A) as a consequence of the concomitant decrease in renal 
SOD, CAT and GSH-Px activities (Figure 4B–D) following 
accumulating published evidences.28,32,47 Existing literatures 
indicated that impairment of renal antioxidant homeostasis is 
a critical factor in the development and progression of DN. 
Reactive oxygen species (ROS) ensuing from uncontrolled 
hyperglycemia attacks renal cell membrane, causing oxida-
tive damage and lipid peroxidation.48 However, certain stu-
dies have suggested that excess ROS could induce increased 
expression of cellular antioxidant machinery,49,50 however, 
this compensatory mechanism may be insufficient to coun-
teract the consumption of antioxidant apparatus. As such, the 
excessive production of renal ROS could have overwhelmed 
the counteracting effects of SOD, CAT, and GSH-Px leading 
to their reduced activities in this study. As a consequence, 
peroxidative damage in the kidney contributed to the 
enhanced formation of MDA observed in this study. 
Interestingly, the administration of PCR was found to promi-
nently increase the activities of SOD, CAT and GSH-Px as 
well as reduced the levels of MDA. In vivo animal studies 
have suggested the antioxidant effect of polysaccharides on 
several fungi, plants and seaweeds.29,38,51 Polysaccharides 
from Grifola frondosa and Salvia miltiorrhiza Bunge attenu-
ated oxidative damage and restored the activities of SOD, 
CAT, GSH-Px and decreased MDA levels.7,52 Thus, the 
antioxidant effect of PCR may be associated with its ability 
to inhibit ROS formation and enhanced the activities of SOD, 
CAT and GSH-Px in the kidney.51

Increasing volume of evidence has strongly suggested 
that oxidative stress is a prime trigger for pro-inflammatory 
cascades.32,53,54 In fact, the crosstalks between oxidative 
stress and inflammatory response are two linked pathways 
in DN pathophysiology, which are considered to be a major 
hallmark of DN. On the one hand, however, the renal 
histopathology of the untreated DN rats revealed vacuolated 
cytoplasm, tubule basement thickening and glomerular 
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hypertrophy. In particular, tubule basement thickening and 
glomerular hypertrophy are peculiar histological features of 
DN.32,34 Our study portrayed a significant increase in TNF- 
α, IL-1β, IL-6 and TGF-β levels in the kidneys of DN rats 
(Figure 5). The increased expression of TGF-β has been 
previously linked to renal hypertrophy.30 In agreement with 
our findings, previous studies have also reported prominent 
increase in renal TNF-α, TGF-β, IL-1β and IL-6 levels in 
DN models.28,47 In contrast, PCR administration resisted 
the pro-inflammatory mechanism evident by a dose depen-
dent reduction in TNF-α, TGF-β, IL-1β and IL-6 levels.

The prominent role that TGF-β1 plays in extracellular 
matrix (ECM) deposition and evoking renal fibrosis cannot 
be overemphasized. Accumulating evidence has stressed 
the importance of TGF-β signaling pathway in the devel-
opment and progression of DN. The extent of renal fibrosis 
in DN largely depends on the accumulation of ECM pro-
tein, the mesangial cell matrix deposition and thickening 
of the glomeruli basement membrane.55,56 In addition, 
TGF-β pathway has been proposed to induce renal fibrosis 
through the expression of α-SMA.57,58 Consistent with 
DN, the results obtained from this study demonstrated 
that the expression of TGF-β1, α-SMA, collagen-1and 
and fibronectin proteins were significantly upregulated in 
DN rats in contrast to the normal control rats and the 
administration of PCR displayed significant regulatory 
effects on the expression of these fibrosis-related biomar-
kers (Figure 7). These results strongly suggested that PCR 
could improve renal fibrosis in DN model rats.

Conclusion
In conclusion, our study findings strongly suggested that 
PCR possess antioxidant and anti-inflammatory properties 
that can be applied to prevent progression of diabetic 
nephropathy. We observed that PCR extract significantly 
reduced blood glucose concentration, proinflammatory 
cytokines, oxidative stress, dyslipidemia, renal function 
biomarkers and improved kidney histopathological 
damages. PCR also increased renal antioxidant capacity 
by inducing SOD, CAT, and GSH-Px levels in DN rats. 
While these findings and that of other researchers await 
clinical confirmation, further studies need to explore mole-
cular mechanisms for PCR efficacy related to apoptosis, 
ferroptosis, nuclear transcription factors, phosphatidylino-
sitol-3-kinase/kinase B (PI3K/Akt), peroxisome prolifera-
tor-activated receptor-γ (PPAR-γ) genes.
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