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Abstract 

Background  One of the most prevalent and serious side effects of diabetes mellitus is diabetic nephropathy, which 
is characterized by abnormalities in kidney structure that can occur before kidney function declines. Up to 90% 
of persons with diabetic nephropathy and 40% of adults with severe diabetic nephropathy are unaware that they 
have kidney disease. Through Nrf2/HO-1/NF κβ/TNF α signaling pathways, biochemical, oxidative stress, and anti‑
oxidant biomarkers, ultrastructural, immunohistochemical, and histopathological studies, so we attempt to evalu‑
ate the potential corrective mechanisms of polydatin nanoparticles against diabetic nephropathy in comparison 
with polydatin and metformin.

Results  POLY-CSNPs, POLY, and METF treatment lowered fasting superoxide dismutase, catalase activities, and glu‑
tathione content in treating the diabetic blood sugar level, glycosylated hemoglobin percentage, and oxidative stress 
such as lipid peroxidation level, and also enhanced antioxidant biomarkers like superoxide peroxidase, superoxide 
dismutase, catalase activities, and glutathione content in treating the diabetic nephropathy. POLY-CSNPs, POLY, 
and METF also significantly reduced the area % of immunohistochemical reaction of TNF α (tumor necrosis factor 
alpha) and NF κβ (nuclear factor-kappa-β), while significantly increasing the mRNA expression’s levels for nuclear 
factor erythroid 2-related factor 2 and heme oxygenase-1. The results observed that POLY-CSNPs showed extremely 
significant efficacy in treated diabetic rats as contrasted with POLY. Histological and ultrastructural studies showed 
marked improvement in glomeruli, basal laminae, and proximal tubules appearing nearly identical to the normal.

Conclusions  POLY-CSNPs revealed a marked ameliorative effect on diabetic nephropathy via its anti-inflammatory, 
antioxidant, and prolonged-release properties.
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1 � Background
One of the diabetic problems is DN (diabetic nephrop-
athy) which is known as diabetic kidney illness [1, 2]. 
Diabetic nephropathy affects 40% of people who have 
type 2 diabetes mellitus [3, 4]. DN leads to glomeru-
lar and tubular damage and the onset of kidney disease 
[2]. Albumin exposure is increased in tubular cells and 
causes cytotoxicity within the proximal and distal tubule 
cells via enhancing a variety of pathways of intracellular 
signaling [5] that trigger the inflammatory, vasoactive [6], 
and fibrotic substances release [7], resulting in intersti-
tial injury and eventually going to permanent loss of kid-
ney function [8]. Furthermore, albumin exposure that is 
increased in tubular cells can induce the apoptosis of the 
cells, resulting in decreased nephron functionality [8, 9].

The aggregation of macrophages in DN is caused by 
the pathways of NF κβ activation by TNF α and other 
cytokines [10]. Increased  advanced glycation end prod-
ucts (AGEs) and reactive oxygen species (ROS) stimulate 
leukocytes in diabetic patients, causing them to discharge 
proteases and superoxide radicals in the kidney [11]. TNF 
causes the formation of ROS in the kidney cells regardless 
of the hemodynamic pathways, and glomerular capillary 
wall modification, and as a result, enhances urinary albu-
min excretion [12]. In histological studies, DN showed 
irregular glomeruli as well as necrosis and congestion 
of the nephron’s distal and proximal tubules and thick-
ening of the Bowman’s capsule [13, 14]. Ultrastructural 
examinations also revealed a glomerular basement mem-
brane thickness enveloped with podocytes and an abnor-
mal nuclear membrane, a large subpodocytic space, and 
numerous vacuoles in the cytoplasm. The nucleus of the 
proximal convoluted tubule was also elongated, the basal 
mitochondria were disorganized [15], and the imbalance 
between oxidative stress and antioxidant elements causes 
both of these pathways [16].

Free radicals and ROS are scavenged by antioxidants 
[17]. Polydatin (POLY) is a glycoside of resveratrol and 
a major active element of a Chinese traditional medicine 
plant called Polygonum cuspidatum (Polygonaceae) [18]. 
POLY has antioxidant properties that can aid in body 
protection from diabetic complications and oxidative 
stress [19, 20]. It also modulates glucose and lipid metab-
olism to reduce diabetes [21]. POLY protects DN rats 
from renal inflammation by lowering the levels of inflam-
matory factors in the kidney tissue, which has an anti-
inflammatory protective  effect [22].   POLY  improved 
hyperglycemia, decreased inflammatory cells, and 
improved glomerular and tubular structures in dia-
betic rats [23]. The therapeutic applications of POLY 
are limited despite its promising pharmacological 

characteristics because of its poor water solubility, chem-
ical instability in aqueous alkaline media, and significant 
first-pass metabolism [24]. Nanoparticles can serve as 
various delivery systems—pharmaceutical carriers due 
to their small size and huge surface area [25]. Therefore, 
we investigate the potential beneficial effects of n-CSNPs 
against diabetic nephropathy [26], since the polydatin 
nanoparticles are biocompatible and more potent at pre-
venting diabetes than free polydatin [27]. The American 
Diabetes Association (ADA) suggests metformin, a syn-
thetic biguanide derivative that is frequently used to treat 
T2DM, as first-line therapy [28, 29]. Metformin success-
fully treated metabolism disorders of glycolipid, kidney 
function harm, and oxidative stress in rats with diabetes 
[30]. This research tries to assess the potential corrective 
mechanisms of polydatin nanoparticles against diabetic 
nephropathy compared to polydatin and metformin. So, 
this study was achieved through measurements of Nrf2/
HO-1/NF κβ/TNF α signaling pathways, biochemical, 
oxidative stress, antioxidant biomarkers, ultrastructural, 
immunohistochemical and histopathological studies.

2 � Materials and methods
2.1 � Reagents and chemicals
The powders of nicotinamide (NA), STZ (streptozotocin), 
and polydatin (POLY) were obtained from Sigma-Aldrich 
Co. MO, USA. The tablets of METF (Glucophage Xr 1000 
mg) were obtained from Merck KGaA, Darmstadt, Ger-
many. Chitosan with medium molecular weight of 200 
kDa on average was obtained from Techno Pharmchem 
Co., Delhi, India.

2.2 � Preparation of polydatin‑loaded chitosan 
nanoparticles

Chitosan (CS) was dissolved in 2% glacial acetic acid (v/v) 
to create a chitosan solution (0.3%, w/v), which was then 
pH-adjusted to 4.8 with a 2% aqueous solution of NaOH. 
Chitosan solution (CS: POLY  3:1, w/w) was mixed with 
POLY  solution dropwise for 30 min at 1000 rpm while 
being magnetically stirred. Then, the POLY/CS combi-
nation was gently and gradually mixed with an aqueous 
solution of tripolyphosphate (TPP) (CS: TPP 3:1, w/w), 
with steady stirring for one hour at 1500 rpm. Tween 80 
(0.5%, w/v) was added to the mixture for coating after 
which it was continuously stirred for 30 min and soni-
cated for 15 min with a probe sonicator. Using a cooling 
centrifuge, the resulting nanoparticle suspension was 
centrifuged for 45 min at 14,000 rpm and 4 °C. The pel-
lets were then dissolved in distilled water, lyophilized for 
48 h in a freeze dryer, and kept in powder form at 4 °C 
[27, 31].
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2.3 � Induction of diabetes
Fifteen minutes after the intraperitoneal (i.p.) nicoti-
namide administration (110 mg/kg; formed in normal 
physiological saline), a streptozotocin single i.p. injec-
tion (50 mg/kg; soluble in 0.1 M cold citrate buffer 
with pH 4.5) induced experimental T2DM in overnight 
fasted rats [32], followed by an oral glucose load 10% 
after four hours to avoid hypoglycemia. After a week of 
NA/STZ injections, a sample of blood was drawn via 
the lateral tail vein, and fasting blood sugar level (FBS) 
was tested utilizing a glucometer (CERA-CHECK™ 
1070, Korea). The experiment used stable diabetic rats 
whose levels of blood glucose were about 200 mg/dl.

2.4 � Animal model
We used 48 male Wistar albino rats from the breeding 
unit of the Egyptian Organization for Biological Vac-
cine Production, Cairo, Egypt (VACSERA), weighing 
100–135 g. Rats were given full diet pellets and free 
access to water. To rule out any intercurrent infec-
tions, we observed the animals for two weeks before 
the experiment started. In this report, we adopted the 
IACUC (Institutional Animal Care and Use Commit-
tee) guidelines and Approval (BS-FS-2018-14) by the 
National Rules for Animal Care that follow the Health 
National Institutes for the Laboratory Animals Care 
and Use (NIH Publication no. 8023, revised 1978). Six 
rats groups were formed, each containing eight rats. 
The rats were given all doses daily through gastric intu-
bation for 30 days after STZ/NA administration for 
seven days. The first group (C) received 1% carboxy-
methyl cellulose (CMC)  and acted as normal control 
animals. The second group (D) was given CMC 1% and 
acted as untreated diabetic control animals. The dia-
betic rats within the third group (D + CSNPs) got 50 
mg/kg equivalent blank chitosan nanoparticles, soluble 
in CMC (1%) [27]. (D + POLY-CSNPs) was the fourth 
group  consisting of diabetics who were given POLY-
CSNPs containing 50 mg/kg POLY, soluble in CMC 
(1%) [27]. The fifth group acted as  50 mg/kg POLY-
treated diabetics (D + POLY), soluble in CMC (1%) 
[27].  The sixth  group (D + METF) received 100 mg/kg 
METF-treated diabetics, soluble in CMC (1%) [27].

2.5 � Measuring of glucose
Fasting blood glucose (FBS) levels before treatment and 
after treatment with POLY-CSNPs, POLY, and METF 
were estimated in the samples of blood obtained from 

the rat’s lateral vein of the tail before killing with a glu-
cometer with a 600 mg/dl maximum measuring power 
(CERA-CHECK™ 1070, Korea). Following kill, some col-
lected blood samples were used to calculate blood glyco-
sylated hemoglobin % (HbA1c%) by Biosystems (Spain) 
reagent kits.

2.6 � Renal function assessment
Following kill, additional samples of blood were centri-
fuged for 20 min at around 560 g after being permitted 
to clot for two hours at the temperature of the room. The 
serum (clear supernatant) was easily extracted and kept at 
– 20 °C before it was used to determine serum biochemi-
cal parameters for the kidney using an in vitro quantita-
tive reagent kit purchased from Vitro Scient (Hannover, 
Germany) following the enzymatic, colorimetric method 
(urease) adjusted Berthelot reaction [33] to estimate urea 
level. Also, serum was used to determine serum uric acid 
using the enzymatic, colorimetric method (Uricase/PAP) 
with uricase and 4-aminoantipyrine [34] by an in  vitro 
quantitative reagent kit procured from Vitro Scient (Han-
nover, Germany), and to determine creatinine by an 
in vitro quantitative reagent kit purchased from BioMed 
(Hannover, Germany) [35].

2.7 � Oxidative stress and antioxidant biomarkers
Frozen kidneys were measured, cut, and homogenized 
in distilled water after being thawed and dissected. Oxi-
dative stress  and antioxidant biomarkers  were deter-
mined using a clear supernatant of kidney homogenate. 
The MDA (lipid peroxidation) was calculated using the 
approach of Preuss et  al. based on the conclusion that 
the level of malondialdehyde produced when polyunsatu-
rated fatty acids break down [36]. In addition, the level of 
superoxide dismutase activity (SOD antioxidant enzyme) 
was calculated as per the Marklund and Marklund 
approach due to the pyrogallol inhibition auto-oxidation 
by catalyzing the breakdown of superoxide [37]. The level 
of antioxidant enzyme of CAT (catalase activity) was 
determined using the approach of Cohen et  al. based 
on observing the potassium permanganate-catalyzed 
hydrogen peroxide enzyme breakdown [38]. The level of 
antioxidant enzyme of peroxidase activity (POX) was cal-
culated as per the method of Kar and Mishra based on 
utilizing a pyrogallol as a substrate while H2O2 is present 
[39]. The  level of antioxidant enzyme of GSH (reduced 
glutathione concentration) was calculated using the 
approach of Beutler et  al. based on the redox reaction, 
whereas GSH has a reducing power [40].



Page 4 of 20Abdul‑Hamid et al. Beni-Suef Univ J Basic Appl Sci           (2023) 12:99 

2.8 � Real‑time quantitative PCR
The effects of POLY-CSNPs, POLY, and METF on 
HO-1 and Nrf2 mRNA abundance were looked into using 
the reaction of the polymerase chain with quantitative 
reverse transcriptase (qRT-PCR). Isolation kits of total 
RNA were used to isolate total RNA from frozen kidney 
samples determined at 260 nm using cDNAs, made from 
two mg RNA and increased by applying SYBR green mas-
ter mix (Thermo Scientific, USA) and the sets of primer 
{HO-1 primers (Forward: 5′-TGC​TCA​ACA​TCC​AGC​
TCT​TTGA-3′, Reverse: 5′- GCA​GAA​TCT​TGC​ACT​
TTG​TTGCT-3′); Nrf2 primers (Forward: 5′-ATC​CAG​
ACA​GAC​ACC​AGT​GGATC-3′, Reverse: 5′-GGC​AGT​
GAA​GAC​TGA​ACT​TTCA-3′) and β-actin primers (For-
ward: 5′-TGT​TTG​AGA​CCT​TCA​ACA​CC-3′, Reverse: 
5′-CGC​TCA​TTG​CCG​ATA​GTG​AT-3′)}. The amplifica-
tion data were evaluated by using the 2−ΔΔCt approach 
[41], and β-actin was used to normalize the data that dis-
played as control percent.

2.9 � Histological and immunohistochemical studies
For histological studies, samples of the kidney were pre-
served in neutral formalin buffered (10%) for 24 h; after 
that, they were dehydrated using ethyl alcohol (ascending 
grades), cleared with xylene then submerged in paraffin, 
and inserted at 60  °C in paraffin wax. Hematoxylin and 
eosin [42] and Masson’s trichrome staining [43] are used 
to dye parts with a thickness of 4–5 μm.

2.10 � Immunohistochemical and Histomorphometric 
studies

Immunohistochemical studies of NF κβ and TNF 
α stains were used within other sections. For the avoid-
ance of arbitrary binding, the sections  were incubated 
in 3%  H2O2 to be blocked, then boiled in the buffer of 

citrate (pH 6.0), and blocked by a block of protein. After 
that, the sections  were examined using TNF α and NF 
κβ-specific antibodies, then rinsed in a buffer solution of 
phosphate (PB), and incubated using the secondary anti-
body. Sections were washed and counterstained together 
with Mayer’s hematoxylin; after that, sections were 
studied. Using the ImageJ software (Cambridge, Eng-
land-based Leica Qwin 500 image system), histomorpho-
metric analysis was completed to assess the mean area % 
of NF κβ and TNF α. The mean area percentage (%) was 
evaluated from 10 randomly selected fields with no over-
lap and a 400 overall magnification for each rat [44].

2.11 � Ultrastructural preparations
For ultrastructural studies, about 1 mm3 of tissue of the 
kidney was cut and fixed in  the solution of  glutaralde-
hyde–formaldehyde (3%). Following a wash in PB (pH 
7.4), these specimens were post-fixed in 1 % isotonic 
osmium tetroxide post for 1 h at 4  °C. Preparing sec-
tions  for electron microscopic examination method 
were as follows [45]. To identify the desired location, we 
stained the semi-thin sections with toluidine blue. After 
that, we prepared ultrathin sections by using knives of 
ultramicrotome glass. We used lead citrate and uranyl 
acetate to dye the specimens; then, we used electron 
microscope transmission (Joel CX 100) to examine the 
specimens.

2.12 � Statistical analysis
Data were analyzed, and findings were presented as 
mean ± standard error. IBM SPSS Statistics 20 statisti-
cal software (IBM Corporation, NY, USA) was employed 
to examine the data. One-way analysis of variance 
(ANOVA)  was employed to examine the results. Vari-
ances were shown as important at P < 0.05.
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3 � Results
3.1 � Body and kidney weights
The diabetic rats body weight revealed a significant 
(P < 0.001) reduce in the weight relative to the normal 
control group, whereas after treatment with each of 
POLY-CSNPs, POLY, and METF, this decrease was sig-
nificantly improved as opposed to the diabetic control 
group (Fig. 1a). According to what we had found, the kid-
ney weight in the diabetic group displayed a significant 
rise in comparison with the control group, whereas it was 
markedly improved after treating with POLY-CSNPs, 
POLY, or METF relative to the animals of the diabetic 
group (Fig. 1b).

3.2 � Levels of fasting blood sugar and HbA1c%
In diabetic rats, FBS levels and HbA1c% observed signifi-
cant (P < 0.001) elevation in comparison with normal con-
trol rats, whereas blood glucose levels were significantly 
reduced in diabetic rats that had received each of POLY-
CSNPs, POLY, and METF in contrast to the rats of the 
diabetic control group and rats of diabetic groups before 
treatment. In addition, diabetic rats treated with POLY-
CSNPs revealed a highly significant (P < 0.001) effect in 
HbA1c% relative to diabetic rats that had received POLY 
and METF (P < 0.05) (Fig. 1c, d).

3.3 � Kidney function profile
In diabetic rats’ serum, urea, creatinine, and uric acid lev-
els were elevated significantly (P < 0.001) in contrast to 
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the normal control rats, whereas oral administration of 
POLY-CSNPs, POLY, and METF to diabetic rats avoided 
the elevation in these levels compared to the rats of dia-
betic control (Table 1).

3.4 � Kidney antioxidant and oxidative stress biomarkers
In animals with diabetes, the kidney displayed a notice-
able (P < 0.001) rise in MDA products; however, this 
change was significantly improved in diabetic rats that 
had received POLY-CSNPs more than in diabetic rats 
given each of POLY and METF when opposed to the 
rats of a diabetic control group. Concerning this study, 
antioxidant biomarkers such as SOD, POX, CAT activi-
ties, and GSH content displayed a significant (P < 0.001) 

reduction in animals with diabetes when opposed to the 
rats of a normal control group. Diabetic rats treated with 
POLY-CSNPs and METF revealed a very significant ame-
lioration effect (P < 0.001) than rats treated with POLY 
in MDA content and POX activity (P < 0.01), and GSH 
content and SOD activity (P < 0.05) compared to diabetic 
control rats (Table 1).

3.5 � Real‑time PCR
HO-1 and Nrf2 gene expressions in kidney tissue were 
significantly (P < 0.001) reduced in diabetic rats com-
pared to the rats of normal control animals. There was 
no ameliorative change in diabetic animals that had 
received CSNPs, whereas diabetic rats that had received 

Fig. 1  a–d Body weight changes (g) between (initial body weight and final body weight), kidney weight (g), FBS prior treatment and FBS 
after treatment (mg/dl) and HbA1c (%) of normal control animals (C), diabetic control group (D), diabetic animals treated with blank chitosan 
nanoparticles (D + CSNPs), diabetic group treated with polydatin-loaded chitosan nanoparticles (D + POLY-CSNPs), polydatin (D + POLY), 
and metformin HCl (D + METF), respectively, for 4 weeks. Data are expressed as mean ± SEM (n = 6). ###P < 0.001 versus control; *P < 0.05; **P < 0.01 
and ***P < 0.001 versus diabetic control
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POLY-CSNPs, POLY, and METF for 30 days displayed a 
significant improvement in HO-1 and Nrf2 genes expres-
sion levels (Table  1; Additional file  1: Fig. S1). Nrf2/
HO-1 signaling pathway modulation resulted in POLY-
CSNPs, POLY, and METF ameliorative role in the kid-
ney of diabetic animals against apoptosis and kidney 
injury induced by oxidative stress, whereas POLY-CSNPs 
showed a significant amelioration in HO-1 and Nrf2 
genes expression levels when compared to POLY (Addi-
tional file 1: Table S1).

3.6 � Histological examination
Control animals’ renal cortex sections displayed the nor-
mal structure of glomeruli with urinary space that is sur-
rounded by visceral and parietal cells and displayed the 
normal structure of proximal tubules and distal tubules 
(Fig. 2a, b). Diabetic control animals displayed renal cor-
tex with shrunk glomeruli and expanded urinary space, 
and also displayed severe degenerated renal tubules with 
pyknotic nuclei and completely demolished glomeruli 
and blood vessels with marked hyalinization and vacu-
olated cytoplasm (Fig. 2c, d). There was no ameliorative 
effect in diabetic kidney treated with CSNPs, whereas 
the renal cortex injury was represented by pyknotic 
nuclei and vacuoles (Fig.  2e). However, treatment with 

POLY-CSNPs displayed a notable improvement in the 
glomeruli, distal, and proximal tubules appeared almost 
identical to that of the control (Fig.  2f ), treating of dia-
betic rats with POLY illustrated moderate amelioration 
in the distal, proximal, and glomeruli tubules (Fig.  2g), 
and treating with METF displayed marked amelioration 
in the glomeruli, proximal, and distal tubules (Fig.  2h). 
Renal cortex sections of normal control rats stained by 
Masson’s trichrome stain displayed normal few fine col-
lagen fibers between tubules (Fig.  3a). The renal cortex 
of diabetic control animals indicated enormous deposi-
tion of the blue collagen fibers at the tubular lumen, in 
the tubular basement membrane, in interstitial areas, 
around the glomeruli, and around blood vessels (Fig. 3b). 
Diabetic rats administered with CSNPs showed marked 
blue collagenous fibers between the tubules and around 
blood vessels (Fig.  3c). POLY-CSNPs, POLY, and METF 
decreased the fibrosis of renal cortex in diabetic rat kid-
ney tissues, whereas the diabetic group treated with 
POLY-CSNPs displayed disappearance of collagen fib-
ers between tubules and around glomeruli (Fig. 3d), the 
diabetic group treated with POLY illustrated a reducing 
interstitial area collagen fibers (Fig. 3e) and diabetic rats 
that had received METF revealed a significant develop-
ment such as an elimination in collagen fibers (Fig. 3f ).

Table 1  Effect of POLY-CSNPs, POLY, and METF on urea, creatinine, uric acid, MDA, GSH, SOD, POX, CAT, Nrf2, and HO-1 in the studied 
groups

Data are expressed as mean ± SEM (n = 6). C: control rats; D: diabetic rats; D + CSNPs: diabetic rats treated with blank chitosan nanoparticles; D + POLY-CSNPs: diabetic 
rats treated with polydatin-loaded chitosan nanoparticles; D + POLY: diabetic rats treated with polydatin; D + METF: diabetic rats treated with metformin HCl; MDA: 
lipid peroxidation; GSH: reduced glutathione concentration; SOD: superoxide dismutase activity; POX: peroxidase activity; CAT: catalase activity; Nrf2: nuclear factor 
erythroid 2-related factor 2; HO-1: heme oxygenase-1. ###P < 0.001 versus control; *P < 0.05, **P < 0.01 and ***P < 0.001 versus diabetic control

Tests Groups

C D D + CSNPs D + POLY-CSNPs D + POLY D + METF

Urea
(mg/dl)

31.730 ± 4.006 64.366 ± 2.501### 61.785 ± 0.825 26.092 ± 1.259*** 34.633 ± 0.661*** 28.735 ± 0.228***

Creatinine
(mg/dl)

1.857 ± 0.163 3.692 ± 0.246### 3.618 ± 0.312 1.876 ± 0.087*** 2.025 ± 0.062*** 1.975 ± 0.136***

Uric acid
(mg/dl)

2.889 ± 0.048 4.320 ± 0.044### 4.523 ± 0.102 2.699 ± 0.114*** 2.924 ± 0.094*** 2.889 ± 0.123***

MDA
(nmol/g protein)

208.667 ± 34.296 452.539 ± 19.257### 485.560 ± 24.157 246.695 ± 34.996*** 314.156 ± 15.748* 275.290 ± 24.526**

GSH
(nmol/mg protein)

13.060 ± 0.685 6.562 ± 0.174### 6.739 ± 0.458 13.170 ± 0.779*** 10.926 ± 0.501** 12.141 ± 1.447***

SOD activity
(U/g protein)

1.194 ± 0.094 0.643 ± 0.041### 0.645 ± 0.051 1.179 ± 0.080*** 1.026 ± 0.061** 1.130 ± 0.045***

POX activity (U/g protein) 1.084 ± 0.048 0.571 ± 0.055### 0.586 ± 0.055 1.059 ± 0.126*** 0.908 ± 0.026* 0.924 ± 0.017 **

Catalase activity (U/g protein) 0.576 ± 0.056 0.130 ± 0.041### 0.175 ± 0.031 0.647 ± 0.064*** 0.551 ± 0.057*** 0.573 ± 0.036***

Nrf2
(Relative to control)

1.010 ± 0.004 0.353 ± 0.014### 0.303 ± 0.021 0.827 ± 0.037*** 0.600 ± 0.027** 0.748 ± 0.018***

HO-1
(Relative to control)

1.510 ± 0.153 0.520 ± 0.042### 0.587 ± 0.018 1.057 ± 0.046*** 0.823 ± 0.015* 0.917 ± 0.031**
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3.7 � Immunohistochemical studies
Normal control rats’ kidney sections stained by NF κβ 
and TNF α stains displayed negative reactions (Figs. 4a, 
5a). Regarding this research, the kidney of the diabetic 
control group (Figs.  4b; 5b) and diabetic rats adminis-
tered with CSNPs (Figs. 4c, 5c) displayed intense brown 
positive immunoreaction in nuclei of renal cells for NF 
κβ and cytoplasm of renal cells for TNF α, respectively. 
POLY-CSNPs demonstrated negative nucleic immuno-
reactions for NF κβ and negative cytoplasmic immune 
responses for TNF α, respectively (Figs. 4d, 5d), whereas 
POLY showed moderate immunoreaction (Figs.  4e, 
5e) and METF showed weak immunoreaction (Figs.  4f, 
5f ) for NF κβ and TNF α, respectively. Notably, POLY-
CSNPs demonstrated a significant reduction in the mean 
area percentage of NF κβ and TNF α when compared to 
POLY (Additional file 1: Table S2).

3.8 � Ultrastructural studies
Normal control kidney tissue ultrastructural observa-
tions displayed the normal structure of a glomerulus 
with podocytes with a large nucleus (Fig.  6a), normal 
basal lamina, and podocytes secondary foot processes 
(Fig. 6b). The normal structure of proximal tubules with 
euchromatic spherical nucleus, apical microvilli, nor-
mal-sized mitochondria (Fig.  6c). Kidney sections of 
diabetic control rats displayed glomerulus with degener-
ated podocytes (Fig. 6d), marked thickening of the basal 
lamina with a fusion of foot processes of podocytes and 
effacement of others (Fig.  6e). The proximal tubules 
appeared with swelling mitochondria, dark heterochro-
matin clumps adjust to the nuclear membrane, marked 
degeneration of basal infoldings, and damage of micro-
villi (Fig.  6f ). CSNP-treated diabetic rats displayed no 
improvement effects in diabetic rats, whereas it showed 
the glomerulus with degenerated podocytes (Fig.  7a), 
thickening of the basal lamina with effacement of foot 
processes of podocyte (Fig. 7b) and the proximal tubules 
with swelling mitochondria, damage of microvilli, and 
numbers of lysosomes (Fig. 7c). However, treatment with 
POLY-CSNPs demonstrated the nearly normal structure 

of the glomerulus with podocytes (Fig.  7d), the basal 
lamina and foot processes of podocytes were more like 
the typical control animals (Fig.  7e) and the structure 
of proximal tubules was resembled the normal control 
group closely with spherical nucleus with euchromatin 
and heterochromatin, microvilli (Fig.  7h). Diabetic ani-
mals’ treatment with POLY displayed improvement in 
the structure of a glomerulus and podocyte cell (Fig. 8a), 
improvement in the basal lamina and foot processes of 
podocytes (Fig. 8b), and the structure of proximal tubules 
with spherical nucleus with euchromatin and hetero-
chromatin, microvilli (Fig.  8c). Treatment with METF 
revealed marked amelioration in the glomerulus with 
podocyte cell (Fig.  8d) and marked improvement in the 
basal lamina with podocytes foot processes (Fig.  8e), in 
addition to an obvious amelioration in the structure of 
the proximal tubules with spherical nucleus and micro-
villi (Fig. 8h).

4 � Discussion
Long-term hyperglycemia in diabetes mellitus promotes 
the evolution of AGEs [46, 47], which are a part of dia-
betic complications pathogenesis as nephropathy [48]. 
The essential aim of diabetes care and nephropathy pre-
vention is to keep blood glucose and redox levels normal 
(Fig.  9). The current findings indicated that one month 
of oral administration of POLY-CSNPs, POLY, and METF 
independently decreased elevated FBS levels and HbA1c 
%, suggesting anti-diabetic activity. The current results 
corroborate previous research that found hypoglyce-
mic effects in POLY-CSNPs [27], POLY [49], and METF 
[50]. Since polydatin alleviated hyperuricemia-related 
diseases and alleviated damage to kidneys [51] and poly-
datin nanoparticles were more effective than polydatin 
in its anti-diabetic action, inhibition of oxidative stress 
status by boosting antioxidant enzymes, and modulation 
of pro-inflammatory cytokines [52]. AGEs accumulate 
in tissue, triggering target protein and lipid denatura-
tion and functional decline, as well as organopathy [53]. 
In diabetic animals, however, body weight decreased, 
kidney weight increased and kidney biomarkers such 

Fig. 2  Photomicrograph of kidney cortex sections stained with H & E (a and b) C animals showing a glomeruli (G) normal structure with urinary 
space (S) which is lined by visceral (arrowhead) and parietal (arrow) cells. Proximal (PT) and distal (DT) tubules are also seen (a; scale bar = 100 
μm and b; scale bar = 50 μm), c and d  D animals exhibiting renal cortex with shrinked glomeruli (G) and expanded urinary space (S). Severe 
degenerated renal tubules (arrows) with pyknotic nuclei (arrowhead) and completely demolished glomeruli (DG). Blood vessels with marked 
hyalinization (red arrow) and vacuolated cytoplasm (V) are also seen (c; scale bar = 100 μm and d; scale bar = 50 μm), e D + CSNPs animals 
displaying renal cortex injury represented by marked degenerated renal tubules (asterisk), pyknotic nuclei and vacuoles (V) (scale bar = 50 μm), 
f D + POLY-CSNPs animals demonstrating significant amelioration in glomeruli (G), proximal (PT), and distal (DT) tubules appear nearly similar 
to that of the control (scale bar = 50 μm), g D + POLY animals demonstrating moderate amelioration glomeruli (G) in addition to proximal (PT) 
and distal (DT) tubules (scale bar = 50 μm), h D + METF animals illustrating amelioration in the glomeruli (G) in addition to proximal (PT) and distal 
(DT) tubules (scale bar = 50 μm)

(See figure on next page.)
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as uric acid, creatinine, and urea increased [54]. The 
effects of POLY-CSNPs, POLY, and METF treatment on 
body weight loss, kidney weight gain,  and kidney func-
tion increase in diabetic animals were found to be ben-
eficial. This finding was confirmed by Niu et  al., who 

found that POLY protects diabetic rats from kidney 
injury [49], also METF could relieve renal injury in dia-
betic rats [55],  and  POLY-CSNPs had  an anti-diabetic 
effect and increased the level of serum insulin of diabetic 
animals when compared to free polydatin which could 

Fig. 2  (See legend on previous page.)
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Fig. 3  Photomicrograph of kidney cortex sections stained with Masson’s trichrome a C animals with standard few fine collagen fibers 
between tubules (scale bar = 50 μm), b D animals demonstrating the deposition of collagen fibers in a huge blue color at the tubular lumen, 
in tubular basement membrane, in interstitial areas, around the glomeruli (arrows) and around blood vessels (arrowhead) (scale bar = 50 μm), c 
D + CSNPs animals displaying collagen fibers in a marked blue color between tubules (arrow) and around blood vessels (arrowhead) (scale bar = 50 
μm), d D + POLY-CSNPs animals displaying collagen fibers invisibility between tubules and around glomeruli (scale bar = 50 μm), e D + POLY animals 
showing reducing of interstitial area collagen fibers (scale bar = 50  μm), f D + METF animals illustrating a significant improvement as well as collagen 
fibers reduction (scale bar = 50 μm)
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Fig. 4  Photomicrograph of kidney cortex sections stained with NF κβ a C animals displaying negative immune response (scale bar = 50 μm), b D 
animals demonstrating positive immune response represented by dark brown color in renal cells nuclei (arrows) (scale bar = 50 μm), c D + CSNPs 
animals demonstrating nuclei positive immune response (arrows) (scale bar = 50 μm), d D + POLY-CSNPs animals demonstrating negative immune 
response (scale bar = 50 μm), e D + POLY animals demonstrating moderate immune response (scale bar = 50 μm), f D + METF animals demonstrating 
weak immune response (scale bar = 50 μm)
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Fig. 5  Photomicrograph of kidney cortex sections stained with TNF α a C animals displaying negative response (scale bar = 50 μm), b D animals 
displaying strong positive dark brown color in renal cell cytoplasm (arrows) (scale bar = 50 μm), c D + CSNPs animals displaying cytoplasm positive 
immune response (arrows) (scale bar = 50 μm), d D + POLY-CSNPs animals demonstrating negative immune response (scale bar = 50 μm) e D + POLY 
animals displaying moderate immune response (scale bar = 50 μm), f D + METF animals revealing few immune response (scale bar = 50 μm)
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Fig. 6  Electron micrograph of kidney cortex section a: C animals demonstrating the normal structure of a glomerulus with podocytes (P) with large 
nucleus (N) (scale bar = 2 μm), b: C animals showing normal basal lamina (arrow) and secondary foot processes of podocytes (arrowheads) (scale 
bar = 500 nm), c C animals showing normal structure of the proximal tubules with euchromatic spherical nucleus (N), apical microvilli (MV), normal 
size of mitochondria (M) (scale bar = 2 μm), d D animals demonstrating glomerulus with degenerated podocytes (P) (scale bar = 2 μm), e D animals 
demonstrating marked thickening of the basal lamina (arrow) with fusion of foot processes of podocytes (arrowhead) and effacement of others 
(white arrow) (scale bar = 500 nm), f D animals showing the proximal tubules with swelling mitochondria (M), a nucleus with dark heterochromatin 
clumps adjust to nuclear membrane (N) and marked degeneration of basal infoldings (arrowhead) and damage of microvilli (MV) (scale bar = 2 μm)
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Fig. 7  Electron micrograph of kidney section a D + CSNPs animals demonstrating glomerulus with degenerated podocytes (P) (scale bar = 2 μm), 
b D + CSNPs animals demonstrating thickening of the basal lamina (arrow) with effacement of foot processes of podocyte (arrowhead) (scale 
bar = 500 nm), c D + CSNPs animals demonstrating the proximal tubules with swelling mitochondria (M), damage of microvilli (MV) and numbers 
of lysosomes (L) (scale bar = 2 μm), d D + POLY-CSNPs animals demonstrating the glomerulus is more like the typical control animals with podocytes 
(P) (scale bar = 2 μm), e D + POLY-CSNPs animals demonstrating the basal lamina (arrow) and foot processes of podocytes (arrowhead) are more 
like the typical control animals (scale bar = 500 nm), f D + POLY-CSNPs animals demonstrating nearly normal proximal tubules with spherical nucleus 
(N) with euchromatin and heterochromatin and microvilli (MV) (scale bar = 2 μm)
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Fig. 8  Electron micrograph of kidney section a D + POLY animals demonstrating improvement in the structure of a glomerulus and podocyte cell 
(P) (scale bar = 2 μm), b D + POLY animals demonstrating the basal lamina (arrow) and foot processes of podocytes (arrowhead) are improved (scale 
bar = 500 nm), c D + POLY animals demonstrating amelioration in the structure of the proximal tubules with spherical nucleus (N) with euchromatin 
and heterochromatin, microvilli (MV) (scale bar = 2 μm), d D + METF animals demonstrating marked amelioration in glomerulus with podocyte 
cell (P) (scale bar = 2 μm), e Animals treated with D + METF demonstrating significant improvement in the basal lamina (arrow) with foot processes 
of podocytes (arrowhead) (scale bar = 500 nm), f D + METF animals demonstrating the structure of the proximal tubules with spherical nucleus (N) 
and microvilli (MV) is markedly improved (scale bar = 2 μm)
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be attributed to their capabilities for longer release and 
enhanced absorption [27].

Hyperglycemia results in redox imbalance and exces-
sive ROS generation, leading to mitochondrial malfunc-
tion and macromolecule oxidation, which speeds up 
apoptosis and disease progression [56]. Excess intracel-
lular glucose damages renal tissue, contributing to the 
intense oxidation that promotes the death of cells [46, 
57], while the interaction of AGEs with their receptor 
triggers the markers of oxidative stress, heme oxygenase, 
and NF κβ [58]. Oxidative stress is caused by a dispar-
ity between the generation of free radicals and the scav-
enging of antioxidant mechanisms [56]. In the diabetic 
group, MDA was significantly increased, NF κβ revealed 
positive immunoreactions in renal cell nuclei  and TNF 
α  revealed positive immunoreactions in the renal cell 
cytoplasm. TNF α causes the resistance of insulin 
because it is one of the most prevalent catalysts for NF κβ 
expression and is a cytoplasm pro-inflammatory cytokine 
[59]. Active NF κβ expression causes β-cell death via 
cytokine-induced cell death [60]. Increased ROS acti-
vates the response elements of antioxidants (ARE), which 
allow antioxidant genes to be inducted to protect cells 
from oxidative stress [61, 62]. Since GSH, CAT, SOD, and 
POX are the initial line of cellular protection for oxidative 

stress [63], the number of enzymatic antioxidants such 
as GSH, SOD, CAT, and POX decreased in diabetic rats. 
Via binding to and triggering the expression of antioxi-
dant response factor promoters, Nrf2 is a  transcription 
factor important in the complex regulation of a network 
of cytoprotective genes and antioxidants [64]. Therefore, 
the activation of Nrf2 regulates the antioxidant pro-
tein expression that preserves cells from oxidative harm 
induced by inflammation and injury [65]; also, it inhibits 
NF κβ activation and induces HO-1 cytoprotective pro-
tein [66]. Thus, in diabetic rats, Nrf2 and HO-1 signaling 
pathway dysfunction was discovered in this study. In dia-
betic rats, however, oral administration of POLY-CSNPs, 
POLY, and METF decreased lipid peroxidation products 
and gene expression (NF-κβ  and TNF-α) by increasing 
enzymatic antioxidant activities as GSH, SOD, CAT, and 
POX, also rising the expression of HO-1 and Nrf2. POLY 
nanoparticles have antioxidant activity and anti-lipid per-
oxidation [67]. POLY protects against DN by reducing 
inflammatory reactions and preventing cell death, at least 
in part, by turning off the pathway of TLR4/NF-κβ [49]. 
The treatment with METF decreased the oxidative stress 
activation and improved the function of mitochondria by 
the activation of Nrf2 transcription and binding to ARE 
[68], additionally lowering TNF-α and NF-κβ levels [69].

Biochemical and immunohistochemical results were 
confirmed by histopathological kidney examinations. 
Diabetic kidney tissues showed a renal cortex with 
shrunk glomeruli and expanded urinary space [70]. Also, 
diabetic kidneys displayed severe degenerated renal 
tubules with pyknotic nuclei and completely demolished 
glomeruli and blood vessels with marked hyalinization 
and vacuolated cytoplasm and collagen fibers deposition 
at the tubular lumen, in the tubular basement membrane, 
in interstitial areas, around the glomeruli and blood ves-
sels [71]. Such pathological alterations are consistent 
with the previous research that showed oxidative stress’s 
negative impacts on the kidneys of diabetic rats [72]. The 
kidney architecture of diabetic rats was preserved after 
treatment with POLY-CSNPs, POLY, and METF, accord-
ing to the findings. This may be because of their antioxi-
dant, anti-apoptotic, and anti-inflammatory properties. 
POLY attenuates  the oxidative stress  of the kidney and 
reduces the diabetic renal fibrosis progression [73–75]. 
METF, on the other hand, reduces glycolipid metabolism 
disorders, kidney function damage in rats with diabetes, 
and oxidative stress, implying a metformin-protecting 
function for the pathological mechanism of diabetic kid-
ney disease [30].

Diabetes caused changes in the kidney, whereas the 
diabetic kidneys showed glomerulus with degenerated 
podocytes, thickening of the basal lamina with a fusion 
of foot processes of podocytes, and effacement of others. 

Fig. 9  A diagram summarized the probable mechanism 
of polydatin nanoparticles for alleviating diabetic nephropathy. STZ: 
streptozotocin; MDA: lipid peroxides; GSH: reduced glutathione 
concentration; SOD: superoxide dismutase activity; POX: peroxidase 
activity; CAT: catalase activity; TNF α: tumor necrosis factor alpha; NF 
κβ: nuclear factor-kappa β; Nrf2: nuclear factor erythroid 2-related 
factor 2; HO-1: heme oxygenase-1; ARE: antioxidant response 
elements
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Proximal tubules with swelling mitochondria, a nucleus 
with dark heterochromatin clumps, adjust to the nuclear 
membrane, and degeneration of basal infoldings and 
damage of microvilli. As compared to standard GBM, 
the glomerular basement membrane is diffusely thick-
ened  and the tubular basement membrane is thickened 
[76, 77]. Administration of POLY-CSNPs, POLY, and 
METF had a major ameliorative effect in diabetic rats 
relative to untreated diabetic rats, implying that POLY-
CSNPs, POLY, and METF treatment would prevent 
diabetic kidney tissue ultrastructural alterations in this 
animal model. Treatment with POLY prevented mesan-
gial expansion and preserved normal glomerular struc-
ture, and the podocin and nephrin protein levels also 
normalized the foot processes’ shape and the slit pores of 
podocyte [78]. In diabetic rats, METF decreased the glo-
merular basement membrane’s thickness and prevented 
foot process fusion [55, 70].

Although the present study succeeded in revealing the 
protective impact of polydatin nanoparticles for diabetic 
nephropathy, the study had some limitations. Firstly, a 
lack of estimation of more anti-inflammatory and inflam-
matory biomarkers could affect inflammation and patho-
genesis processes related to diabetic nephropathy. Finally, 
the study was not subject to the testing insulin-treated 
group for comparison with other treated groups as well 
as assessing urine albumin/creatinine ratio.

5 � Conclusion
Since CSNPs were a possible nano-carrier for sustained 
delivery of POLY, POLY-CSNPs as a new formula 
showed a strong anti-diabetic and kidney-protective 
efficacy when compared to POLY and METF. As a 
result, POLY-CSNPs are effective and significant in 
protecting diabetic rats’ kidneys from nephropathy by 
lowering NF-κβ  and TNF-α levels in the kidneys and 
promoting the HO-1/Nrf2 signaling pathway. In rats 
with diabetes, POLY-CSNPs markedly reduce the bio-
markers of oxidative stress, ultrastructural, and histo-
pathological alterations when compared to free POLY. 
Therefore, POLY-CSNPs formula may serve as a poten-
tial improvement over the current POLY treatment for 
type 2 diabetes.
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