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Polydatin-loaded chitosan nanoparticles ameliorates early diabetic
nephropathy by attenuating oxidative stress and inflammatory
responses in streptozotocin-induced diabetic rat
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Abstract
In various developed countries, diabetic nephropathy (DN) is the principal cause of end-stage kidney disease and amain reason of
injury and mortality in individuals with renal morbidity worldwide. Polydatin (POL) has been evaluated as a potential antiox-
idant, anti-inflammatory and a nephroprotective agent. In spite of this, the possible benefits and protective effects of POL on early
diabetic nephropathy are not quite clarified. For the effective clearance from the body besides safe drug delivery, biodegradable
nanoparticles have interesting attraction. This work was designed to evaluate the positive effect and possible mechanisms of
Polydatin-loaded Chitosan-Nanoparticles (POL-NPs) on early DN in streptozotocin–induced diabetic rats. Followed the induc-
tion of diabetes, rats classified into four groups, diabetic control and diabetic rats treated daily and orally with; POL, Polydatin-
loaded chitosan-Nanoparticles (POL-NPs), plus normal control rats. Our findings showed that diabetic group presented a
significant high level of the blood glucose, blood glycosylated hemoglobin (HbA1c), serum insulin, renal function related
parameters, renal Advanced glycation-end products (AGEs) and lipid peroxidation level compared to normal control rats, while
serum albumin level and the activities of renal antioxidant enzymes were significantly decreased. Moreover, in the kidney of
diabetic rat mRNA expression of nuclear factor-kappa B (NF-κB) and cyclooxygenase-2 (Cox-2) were up-regulated. Besides,
increase in serum levels of pro-inflammatory cytokines (TNF-α, IL-6 and IL-18) and decrease in anti-inflammatory cytokine (IL-
10). POL and POL-NPs supplementation were significantly attenuate the above-mention results and returned the normal equi-
librium between pro- and anti-inflammatory cytokines. In conclusion, POL and POL-NPs have antidiabetic effect, suppresses
oxidative stress and mitigates renal inflammation through inhibition of NF-κB in diabetic kidney in early progressive DN.
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Introduction

One of the chronic metabolic disorder is type 2 diabetes (T2D)
which influencing a noteworthy number of worldwide popu-
lation and the numbers is increasing uncontrollably.
Hyperglycemia-induced toxicity causes a significant develop-
ing pathogenesis to various organs. Hyperglycemia has been
reported to have a key role to induce oxidative stress, declined
cellular antioxidants and produce proinflammatory cytokines
[1]. It can manage many intracellular signal transduction

pathways like NF-κB signaling pathway, followed by the reg-
ulation of oxidative stress and inflammation [2]. Furthermore,
usually the transcription factor NF-κB was activated by reac-
tive oxygen species (ROS), and involved in inflammation
through COX-2 enzymes [3]. Therefore, considering the
abovementioned, it is of interest to promote the regulation of
the oxidative stress and the inflammatory responses to avoid
the serious diabetic complications. One of the main complica-
tions in T2D is diabetic nephropathy (DN) [4]. DN is the
principal origin of end-stage kidney disease in various devel-
oped countries and a main reason of mortality and morbidity
in individuals with renal dysfunction over world [5]. Several
studies evaluated that oxidative stress and NF-κB linked in-
flammatory responses on diabetic kidney participate together
to progress DN [6, 7]. However, DN pathogenesis is still not
fully appreciated. Therefore, it is important to get new
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strategies to avoid the occurrence and development of DN.
Despite the therapeutic drugs which fight the development
of DN are available, the herbal medicines are a new concern
to avoid the origin of this complication. For the safety profile,
the plant originated drugs always have benefits over present
synthetic drugs for managing the complications of diabetes.
Polydatin (POL), or pieceid, (3,4′,5-trihydroxystilbene-3-β-d-
glucoside) was originally extracted from the rhizome and root
of a Chinese herb called Polygonum cuspidatum .
Traditionally, the herb is used to treat fever, pain, cough, hy-
pertension [8]. It has many pharmacological activities, like
anti-oxidative, anti- inflammatory [9], ameliorating renal inju-
ry [10] and consequently a protective effect on diabetic ne-
phropathy [11]. POL improves kidney dysfunction of diabetic
rats by inhibiting activation of the NF-κB signalling pathway,
which results in DN resistance [11]. The possible beneficial
and protective effects of POL on early DN are not fully clar-
ified. The clinical applications of POL are limited, despite the
promising pharmacological properties, due to low bioavail-
ability because of chemical instability in aqueous alkaline me-
dium, poor aqueous solubility and severe first-pass metabo-
lism [12]. Several investigators are aiming to solve these prob-
lems through systems for drug delivery that protect from deg-
radation, increase the water solubility of the loaded drug, tar-
get drug to specific sites, and do continued release patterns
[13]. Because of the effective clearance from the body besides
safe drug delivery, biodegradable nanoparticles have attracted
broad interest. By our knowledge, no prior investigation stud-
ied whether POL-NPs had a therapeutic influence on early
DN. Hence, this work was performed on experimental diabet-
ic rats to study the mechanism and the ability of free POL and
POL-NPs in attenuating hyperglycaemia and further evaluate
its nephroprotective effect in early diabetic nephropathy fo-
cusing on (i) suppressing oxidative stress and renal inflamma-
tion via inhibition of NF-κB, (ii) its anti-inflammatory effect
by keeping the normal equilibrium between pro- and anti-
inflammatory cytokines and (iii) the marked antioxidative ef-
fects of free POL and POL-NPs.

Methodology

Chemicals and reagents

Polydatin (POL), nicotinamide and streptozotocin were
bought from Sigma Aldrich Co. MO, USA. Using a modi-
fied ionic gelation method [14], Polydatin-loaded chitosan
nanoparticles (POL-NPs) were synthesized. All details of
Polydatin-loaded chitosan nanoparticles synthesis and char-
acterization was mentioned by Abdel-Moneim et al. 2020
[15]. From standard commercial supplies, all other mate-
rials were got.

Animals

From the Holding Company for Biological Products and
Vaccines (VACSERA, Cairo, Egypt) 32 male Wistar albino
rats of 120–140 g body weight (b.wt.) were bought. Animals
were housed at normal atmospheric conditions and in good
aerated cages for normal 12 hours light/dark cycle. According
to the guidance of the Institutional Animal Care and use
Committee (IACUC) of Beni-Suef University (IACUC
Permit Number: BSU-FS-2018-8) experimental animal were
signed and managed. For 4 weeks after arrival, all the rats
were fed with common diets, and allocated into two groups.
The normal control group was still fed with common diets
during the study; the other (diabetes group) was fed with diets
high in fat [16].

Induction of T2D in rats

After 4 weeks feeding with high-fat diets. In cold citrate buffer
(pH 4.5), streptozotocin (50 mg/kg b.wt.) was dissolved and
injected intraperitoneally immediately in overnight-fasted rats
after 15minutes of nicotinamide (NA) injection (110mg/kg b.
wt. intraperitoneally) which was prepared in normal physio-
logical saline [17]. One weak post-injection, diabetic rats with
fasting blood glucose level ≥ 200 mg/dl were included in the
study. One of the of common animal model of DN is low-dose
streptozotocin and high fat-fed treated rats [18, 19]. Partial
lysis of pancreatic β -cell population and insulin resistance
in the experimental rats are induced by Lower dose of STZ
and high-fat diet respectively [20].

Design of the experiment

In the experiment, a total of thirty-two rats (24 diabetic rats, 8
normal rats) were used. The rats were allocated into 4 groups
(N = 8) as follow:

& The normal control rats: received a free tendency to water
and food and don’t receive any treatment.

& Diabetic control rats: were orally administered of distilled
water.

& Diabetic rats treated with POL (D + POL): were orally
administered POL (50 mg/kg b. wt.)

& Diabetic rats treated with POL-NPs (D + POL-NPs): were
orally administered POL-NPs equivalent to 50 mg/kg
b.wt. of POL [15].

All doses by gastric intubation were given daily for four
weeks. According to the difference in body weight, the dose
was adjusted every week.
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Measurements of biochemical indexes

At the end of the experiment, on the day before sacrifice,
fasting blood samples were taken from a lateral tail vein of
overnight fasted rats (8–10 hours). Then all animals were sup-
plemented with a single dose of glucose solution (3 g / kg
b.wt.) through gastric intubation. After two hours of oral sup-
plementation of glucose solution another blood sample was
taken from all animals to estimate the level of postprandial
blood glucose [21, 22]. Then the rats were anesthetized and
sacrificed for the blood collection from the abdominal aorta.
After 3000 rpm centrifuged for 10 minutes, the supernatant
was collected from the blood sample. Level of fasting and
postprandial blood glucose (FBG and PBG), kidney function
tests as blood urea nitrogen (BUN), uric acid (UA), serum
creatinine (SCr), and albumin were estimated using kits from
Biodiagnostic Company (Dokki, Giza, Egypt). In addition,
reagent kits purchased from Biosystems (Spain) and DRG
(Germany) were used to evaluate blood glycosylated hemo-
globin (HbA1c) percentage and serum insulin level (assayed
by sandwich ELISA), respectively. Assessment of the renal
Advanced glycation-end products (AGEs) was done by avail-
able ELISA Kits (CSB E09413r. China). And Rat Interleukin
10 ELISA Kits for determination of interleukin 10 (IL-10)
were purchased from MyBioSource.com. USA. Interleukin
18 (IL-18) levels were assessed by using a rat IL‐18 ELISA
kit (Wuhan Boster Bio‐technology Co., Ltd., China). Besides,
tumor necrosis factor-alpha (TNF-α) and Interleukin 6 (IL-6)
were assayed by ELISAKits fromRayBiotech.com. Parkway.
All procedures were in accordance to the instructions provided
by the manufacturer. Moreover, kidney homogenate was pre-
pared by homogenizing kidney tissue in 10ml sterilized saline
solution (0.9% NaCl) to obtain 1% homogenate (w/v).
Homogenates were centrifuged and supernatants were stored
at -20oC for oxidative stress and antioxidant parameter esti-
mations [23] of renal lipid peroxidation index (MDA), re-
duced glutathione (GSH), activities of superoxide dismutase
(SOD) and catalase (CAT) according to the manufacturer’s
instructions of the kits purchased from Biodiognostic, Egypt.

Quantitative real-time PCR

Total RNA was isolated from kidney tissues using Qiagen
tissue extraction Kit (Qiagen, USA) according to instructions
of the manufacturer. The purity (A260/A280 ratio) and the
concentration of RNAwere obtained using spectrophotometry
(dual wavelength Beckman, spectrophotometer, USA). From
total RNA (0.5-2 µg) was used for cDNA conversion using
high capacity cDNA reverse transcription Kit (Fermentas,
USA) according to the manufacturer’s protocols. Real-time
qPCR amplification and analysis were performed using an
Applied Biosystem with software version 3.1 (StepOne™,
USA). The qPCR assay with the primer sets was optimized

at the annealing temperature. The relative quantification was
calculated according to Applied Biosystem software accord-
ing to the ΔΔCt method and the values were normalized to β-
actin. The RQ is the fold change compared to the calibrator
(untreated sample). The following primers were used for
qPCR ampl i f i ca t ion : NF-κB forward , 5 ′ -CATT
GAGGTGTATTTCACGG-3 ′ , r eve r se , 5 ′ -GGCA
AGTGGCCATTGTGTTC-3′ and Cox-2 forward, 5′-
GTGGGATGACGAGCGACTG-3 ′ , r e ve r s e , 5 ′ -
CCGTGTTCAAGGAGGATGG-3′. β-actin forward, 5′-
TACAACCTTCTTGCAGCTCCT-3′ and reverse, 5′-CCTT
CTGACCCATACCCACC-3′ (NM_031144.3).

Statistical analysis

Data were analyzed using Statistical Package for the Social
Sciences (SPSS) version 20 for Windows software system
(SPSS Inc, Chicago, IL, USA). All statistical comparisons
were made by means of one-way ANOVA test followed by
Duncan′s method for post hoc analysis and the results were
articulated as mean ± standard error (SE). P value < 0.05 was
considered significant.

Results

Effect of POL and POL-NPs on blood glucose, HbA1c,
serum insulin and AGEs levels

In diabetic group fasting, postprandial blood glucose, HbA1c
and AGEs levels were significantly (P < 0.001) increased in
contrast with serum insulin levels which markedly decreased
in the diabetic group compared to normal control rats. POL
and POL-NPs led to a significant (P < 0.001) decrease in FBG,
PBS, HbA1c and AGEs levels while the insulin level was
noticeably improved in treated groups when compared with
the diabetic control group. Moreover, POL-NPs group
showed a more significant antidiabetic effect compared to free
POL group as illustrated in Table 1.

Effect of POL and POL-NPs on renal function related
parameters

As shown in Table 2 levels of serum UA, SCr and BUN were
significantly (P < 0.001) increased in diabetic group compared
with normal control rats while the serum albumin level was
significantly decreased (P < 0.001). POL and POL-NPs ad-
ministration significantly (P < 0.001) lowered their levels to
nearly the normal value as compared with diabetic group. In
contrast, POL and POL-NPs treatment significantly (P <
0.001) enhanced the reduced level of serum albumin com-
pared with diabetic group.
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Effect of POL and POL-NPs on renal oxidative indexes

Table 3 illustrated the anti-oxidative effect of POL on the
kidney of diabetic rats. The MDA level in the kidney of dia-
betic group was significantly higher than that in the normal
control group (p < 0.001). This increase was inverted signifi-
cantly (p < 0.001) by the treatments of POL and POL-NPs.
The activity of SOD, CAT and GSH decreased significantly
in the kidney tissue of diabetic rats as compared with the
normal control rats (p < 0.001). POL and POL-NPs treatments
led to a significant promotion (p < 0.001) of these enzyme’s
activity as compared with the diabetic group. POL-NPs has
the most significant (p < 0.01 for SOD & GSH and p < 0.001
for MDA & CAT) antioxidant effect compared to free POL
group in all these parameters.

Effect of POL and POL-NPs on expression of NF-κB
and Cox-2 in kidney

Compared to the normal control group, the expressions of NF-
κB and COX-2 proteins were both up-regulation in the dia-
betic rats. After the treatments with POL and POL-NPs, the
result presented a significant (p < 0.001) inversion of NF-κB
and COX-2 protein expressions as compared with diabetic
group. With more significant (p < 0.01 and p < 0.001 for
NF-κB and Cox-2, respectively) positive effect of POL-NPs
as compared with free POL group as shown in Fig. 1.

Effects of POL and POL-NPs on the levels of pro- and
anti -inflammatory cytokines

Table 4 explains the effects of POL and POL-NPs on serum pro-
and anti -inflammatory cytokines (IL-6, TNF-α, IL-18 & IL-10).
The diabetic rat’s serum showed a significant (p < 0.001) high
levels of pro-inflammatory cytokines (TNF-α, IL-6, IL-18) com-
pared with normal control rats. POL and POL-NPs treatment
significantly (p < 0.001) suppressed these serum pro-
inflammatory cytokines level as compared to diabetic group.
While anti-inflammatory cytokines IL-10 was significantly (p
< 0.001) lowered in diabetic rats compared with normal control
ones, which reversed significantly (p < 0.001) after administra-
tion of POL and POL-NPs compared with the diabetic group.
Moreover, POL-NPs group showed a more significant (p <
0.001) anti-inflammatory effect compared to free POL group.

Discussion

Insulin resistance and hyperglycaemia is the primary origin of
DN [24] which is the main reason of end stage renal failure
[25]. The current study showed that oral supplement with free
POL and POL-NPs for 4 weeks after induction of diabetes
attenuated DN. The protective effects of free POL and POL-
NPs was markedly evidenced by its antidiabetic action, inhi-
bition of oxidative stress status by enhancing antioxidant

Table 2 Effect of POL and POL-NPs on renal function related parameters in STZ-induced diabetic rats

Group BUN
(mg/dl)

SCr
(mg/dl)

Uric acid
(mg/dl)

Albumin
(g/dl)Parameter

Control 14.33 ± 0.52 0.43 ± 0.03 4.21 ± 0.18 3.96 ± 0.17

Diabetic 26.66 ± 0.97*** 0.69 ± 0.02*** 6.24 ± 0.15 *** 2.19 ± 0.10***

Diabetic + POL 19.17 ± 0.70+++ 0.56 ± 0.08+++ 5.10 ± 0.09+++ 3.24 ± 0.12+++

Diabetic + POL-NPs 18.90 ± 0.64+++ 0.54 ± 0.03+++ 4.97 ± 0.20 +++ 3.57 ± 0.13+++

Values were expressed as mean ± standard error. ***P < 0.001, compared with normal control group. +++ P < 0.001, compared with diabetic group. STZ:
streptozotocin, POL: polydatin, POL-NPs: polydatin-loaded chitosan nanoparticles, SCr: serum creatinine, BUN: blood urea nitrogen

Table 1 Effect of POL and POL-NPs on blood glucose, HbA1c, serum insulin and AGEs levels in STZ-induced diabetic rats

Group FBG
(mg/dl)

PBG
(mg/dl)

AGEs
µg/ml

HbA1c
(%)

Insulin
µlU/mlParameter

Control 87.33 ± 1.65 110.67 ± 2.38 11.93 ± 0.88 4.19 ± 0.18 32.50 ± 1.02

Diabetic 259.33 ± 2.08*** 371.33 ± 4.39*** 53.50 ± 1.21*** 7.80 ± 0.34*** 14.89 ± 0.47***

Diabetic + POL 152.67 ± 3.06+++ 153.00 ± 2.58+++ 26.63 ± 1.11+++ 6.71 ± 0.29+++ 21.78 ± 0.68+++

Diabetic + POL-NPs 140.67 ± 3.04+++$$ 141.67 ± 4.41+++$ 17.40 ± 1.06+++$$$ 6.50 ± 0.28+++ 23.95 ± 0.75+++

Values were expressed as mean ± standard error. ***P < 0.001, compared with normal control group. +++P < 0.001, compared with diabetic group. $ P <
0.05, $$ P < 0.01, compared with diabetic group treated with free POL (Diabetic + POL). STZ: streptozotocin, POL: polydatin, POL-NPs: polydatin-
loaded chitosan nanoparticles, FBG: fasting blood glucose, PBG: postprandial blood glucose, HbA1c: blood glycosylated hemoglobin. AGEs:
Advanced glycation-end products
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enzymes and modulating pro-inflammatory cytokines with
more positive effect of POL-NPs.

Our results of the diabetic control group showed that the
anti-hyperglycaemic action of free POL and POL-NPs was
demonstrated via (i) a significant decrease of the high level
of FBG, PBG and HbA1c like other antioxidant herp as
Hypericum perforatum [26]. (ii) a significant promotion in
insulin secretion. These findings demonstrated the antidiabetic
effect of POL as shown in previous studies [15, 27, 28].
Factors leading to that are the insulin resistance and/or defi-
ciency, which sequentially leads to the activation of
gluconeogenic and glycogenolytic pathways [29]. However,
the hypoglycaemic effect was more pronounced by POL-NPs
as compared to free POL. Our findings showed that diabetic
group presented a significant high level of UA, SCr, and BUN
and that was in line with many studies [16, 30] and a hight
marked AGEs formation in the kidney tissue of diabetic group
which indicated to the renal injury as a DN. Elevated levels of
UA and BUN are associated to renal injury in uncontrolled
diabetes because of muscle wasting and metabolic disorders
which can also lead to an elevated release of purine, a main
origin of UA [31]. Non-enzymatic glycation reaction is the
reaction in which AGEs were formed nonenzymatically
through an interaction between glucose as a reducing sugar

by the chemical reactivity of its carbonyl group with an amino
group of lipids and proteins [32]. Several studies stated that
the formation of AGEs in kidney tissue has a main pathogenic
role in DN development [33, 34]. The irreversible formation
of AGEs disturbs lipids and proteins, thus initiating injury to
the blood vessels and kidneys [35]. Thus, prevention of AGEs
accumulation appears to be a potential therapeutic choice that
could delay the progression of DN and alter the pathogenesis.
The current study reveals that free POL and POL-NPs lowered
BUN, UA and SCr levels, proposing an ameliorative effect on
renal dysfunction, and show an inhibitory effect against the
AGEs formation in the kidney of diabetic group. It could be
because of the diminution in glucose level and consequently
decrease the non-enzymatic glycation reaction. Furthermore,
we also detected decreased serum albumin levels in the dia-
betic rats which could be as a result of elevated urinary excre-
tion of albumin and glomerular basement membrane damage
[31] which was normalised by free POL and POL-NPs treat-
ment as well as showed by Chen et al. 2016 and 2013 [10, 36].
These results suggest that free POL and POL-NPs might ex-
hibit a protective role against renal injury and DN through its
anti-hyperglycaemic action and inhibiting AGEs formation
with more positive effect of POL-NPs. Investigations on hu-
man DN have attributed ROS in kidney tissues to high blood

Fig. 1 Effect of POL and POL-NPs on expression of inflammation-
associated proteins in STZ-induced diabetic rats. Values were expressed
as mean ± standard error. ***P < 0.001, compared with normal control
group. +++P < 0.001, compared with diabetic group. $$P < 0.01, $$$P <

0.001, compared with diabetic group treated with POL (Diabetic +
POL). STZ: streptozotocin, POL: polydatin, POL-NPs: polydatin-
loaded chitosan nanoparticles, NF-κB: nuclear factor-kappa B, Cox-2:
cyclooxygenase-2

Table 3 Effect of POL and POL-
NPs on kidney oxidative stress
and antioxidant enzymes in STZ-
induced diabetic rats

Group LPO

(nmol MDA/100 mg
protein)

SOD

(U/g protein)

CAT

(U/mg protein)

GSH

(nmol/100 mg
protein)

Parameter

Control 14.37 ± 1.10 7.33 ± 0.50 118.80 ± 0.94 76.63 ± 5.55

Diabetic 68.87 ± 3.08*** 1.50 ± 0.16*** 55.57 ± 1.47*** 25.47 ± 1.44***

Diabetic + POL 29.27 ± 0.48+++ 4.70 ± 0.73+++ 95.33 ± 3.21+++ 51.40 ± 1.67+++

Diabetic + POL-NPs 18.98 ± 0.60+++$$$ 6.03 ± 0.50+++$$ 108.13 ± 2.15+++$$$ 67.13 ± 2.62+++$$

Values were expressed as mean ± standard error. ***P < 0.001, compared with normal control group. +++ P <
0.001, compared with diabetic group. $$ P < 0.01, $$$ P < 0.001, compared with diabetic group treated with POL
(Diabetic + POL). STZ: streptozotocin, POL: polydatin, POL-NPs: polydatin-loaded chitosan nanoparticles,
LPO: Lipid peroxidation, MDA: malonaldehyde, SOD: superoxide dismutase, CAT: catalase, GSH: glutathione
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glucose level in diabetic patients [6, 37]. As above mentioned
in our results hyperglycaemia-induced accumulation of
AGEs, which has been considered as the principal origin of
ROS [4] because of ROS synthesis during oxidation of glu-
cose and glycation of protein [38]. Additionally, in the kid-
neys of diabetic group, the high level of UA has been sug-
gested to induce oxidative stress and inflammation [39].

In the current investigation of the kidneys of diabetic rats, we
detected an elevation in the level of renal lipid peroxidation index
(MDA) associated with the reduced activity of CAT, GSH and
SOD enzymes, free radical scavenging system, which indicated
to the oxidative stress status. Supplement with free POL and
POL-NPs significantly prevented oxidation of lipids as a scav-
enging agent for free radicals [2] by increasing the antioxidant
enzymes (SOD, CAT and GSH) levels in the diabetic rats and
decreased theMDA level. Our results are under previously stated
about POL antioxidant properties’ [40–42] and other antioxidant
agents as sesame oil [43], which by inhibiting the production of
ROS can abolish many organ injuries. These results suggest that
POL and POL-NPs might be a protective agent against DN
through reducing the generation of ROS by its hypoglycaemic
action, preventing AGEs formation and decreasing serum UA
level that including in the enhancement of kidney function, be-
sides enhance antioxidant enzyme activity.

Many clinical and experimental reports have established the
principal role of many inflammatory components in the progress
of DN. Similarly, in human DN renal inflammation is proposed
to be NF-κB correlated and pro-inflammatory cytokines can start
the event [44, 45]. Here, we investigated the effect of POL and
POL-NPs on NF-κB pathway of DN. In the status of oxidative
stress, ROS activate the transcription factor NF-κB, which is
involved in inflammation via COX-2 enzymes [3]. Also, UA
could regulate various intracellular signal transduction ways as
NF-κB signalling pathway, followed by regulating oxidative
stress and inflammatory responses [46, 47].

Furthermore, the expression of genes encoding cytokines
and mediators, such as IL-8, TNF-α and IL-6 can be regulated
by NF-κB [48]. One of the inducible form of prostaglandin
synthase enzymes is COX-2, which can be induced by TNF-α
to trigger the inflammatory condition [49]. Our results showed
that NF-κB and COX-2 upregulation was detected in the

kidney of diabetic rats. This may be owing to the severe oxi-
dative conditions induced by the hyperglycaemia in the renal
tissue. In accordance with our results, other studies on human
DN reported that in diabetic kidney NF-κB is highly upregu-
lated [50]. The alteration of NF-κB and COX-2 expression via
POL and POL-NPs showed their essential role in the amelio-
ration of oxidative status and inflammation in the kidney of
diabetic rats. Our results are consistent with these of Chen
et al. 2013 [36] who revealed that POL decrease the expres-
sions of NF-κB and COX-2 proteins in pathogenesis of urate
nephropathy. Moreover, POL-NPs was observed to be more
efficient in lowering the up- regulation of NF-κB and COX-2
and thus participates in the management of DN.

In this study, we detected abnormally elevated IL-6, IL-18
and TNF-α levels and reduced anti-inflammatory cytokine IL-
10 level in diabetic rats. In contrast, our results showed that
POL and POL-NPs administration pronounced the decreased
levels of pro-inflammatory cytokines (IL-6, IL-18 and
TNF-α) and enhanced the level of IL-10 with more positive
effect of POL-NPs. In the same context with our results, stud-
ies on human DM demonstrated higher levels of TNF-α, IL-
18 [51] and IL-6 [52] than the normal in the patient’s serum,
and reduced IL-10 level [53, 54] especially in those with DN.
The pathogenetic ability of TNF-α is for its potential to cause
direct renal cell injury [55]. The classical markers as IL-6 and
TNF-α are regarded as a pro-inflammatory cytokine that can
lead to insulin resistance [56–58]. Therefore, inflammation is
a related factor in the diabetes pathogenesis, with considerable
data that T2D includes an inflammatory molecule [59]. The
reduction effect of POL and POL-NPs on the level of TNF-α
explained the prevention of COX-2 expressions, and the im-
provement of the inflammatory responses in the diabetic rats.

IL-18 is a new actor with a proinflammatory activity among
the group of interleukins, which has a role in DN [60]. Not
much is recognized about the association between IL-18 and
DM, except for some reports about IL-18 and type 1 DM [61].
In contrast, there are little studies of IL-18 with T2DM. The
present study may be considered one of the first reports showed
that IL-18 levels were elevated in the DN of T2DM. It has been
showed that IL-18 participates more strongly to the DN pro-
gression than other complications of diabetes [53]. IL-18 could

Table 4 Effect of POL and POL-NPs on the levels of pro- and anti- inflammatory cytokines in STZ-induced diabetic rats

Group TNF-α
pg/ml

IL-6
pg/ml

IL-18
pg/ml

IL-10
pg/mlParameter

Control 35.60 ± 1.18 62.73 ± 0.81 27.33 ± 0.56 145.58 ± 1.50

Diabetic 113.80 ± 4.94*** 136.40 ± 1.24*** 108.10 ± 2.22*** 77.03 ± 1.42***

Diabetic + POL 64.30 ± 1.69+++ 83.97 ± 1.44+++ 65.30 ± 0.70+++ 116.20 ± 1.52+++

Diabetic + POL-NPs 43.40 ± 2.76+++$$$ 69.57 ± 2.50+++$$$ 45.80 ± 0.86+++$$$ 132.50 ± 3.98+++$$$

Values were expressed as mean ± standard error. ***P < 0.001, compared with normal control group. +++ P < 0.001, compared with diabetic group. $$$ P
< 0.001, compared with diabetic group treated with POL (Diabetic + POL). STZ: streptozotocin, POL: polydatin, POL-NPs: polydatin-loaded chitosan
nanoparticles, IL-18, IL-10, IL-6: interleukin-18, 10, 6 respectively, TNF-α: tumor necrosis factor-alpha
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have a role in the progress of DN, since it is elevated with the
existence of albuminuria, so it could refer to early DN.
Infiltrating macrophages could be responsible for elevated
levels of IL-18 [51]. IL-10 is one cytokine that known as a
cytokine synthesis inhibitory factor (CSIF) [62] or an “anti-
cytokine” [63] because it inhibits the formation of many pro-
inflammatory cytokines as TNF-α [64].

Recognition of therapeutic agents that can downregulate pro-
inflammatory responses andmediators may be a hopeful strategy
in the management of complications of DM. POL could be one
of the anti-inflammatory agents which is useful in diabetes [65].
It is notable that our investigation is the first to study the effect of
POL-NPs on inflammatory cytokines in serum of DN rats. A
number of reports have established that POL influences the ox-
idative stress and consequently inflammatory respond [9, 27].
Furthermore, our results showed that POL-NPs could attenuate
the DN through ameliorating the inflammatory responses by
downregulation of NF-κB and consequently COX-2 besides re-
store the normal equilibrium between pro- and anti-inflammatory
cytokines through modulating of the pro-inflammatory response
in the kidney, leading to enhance renal injury.

Conclusions

The present study exhibited that POL-NPs new formula is
biocompatible and can successively ameliorate nephropathy

in diabetic rats than free POL. The nephroprotective effect of
POL-NPs shows the effectiveness of CSNPs as an efficient
nanocarrier for assisted POL delivery. The study also revealed
that the nephroprotective effects of POL-NPs on DN may be
because of (i) its antidiabetic action through promotion insulin
secretion, regulation of blood glucose and HbA1c, (ii) enhanc-
ing oxidative stress status by its antioxidant effect and reduc-
ing AGEs formation, (iii) its role as an anti-inflammatory
agent and (iv) The most positive effect of POL-NPs may be
attributed to improved absorption and prolonged-release prop-
erties as shown in Fig. 2. Therefore, POL-NPs formula could
represent a substitute to the usual form of POL for treatment.
Our findings will stimulate further interest in the protective
role of POL-NPs in renal disease.
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