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Abstract: Advanced glycation end-products (AGEs) induce the production of reactive oxygen species (ROS) and extra 
cellular matrix (ECM) degradation via suppression of neuropilin-1 (NRP-1) and interaction with AGE-receptors (RAGE). 
This study aimed to reveal whether modulation of NRP-1 by rosuvastatin (RT) prevents AGE-induced renal injury via 
targeting RAGE/matrix metalloproteinase-2 (MMP-2) signaling in diabetic rats. Treatment with RT ameliorated the altered 
level of markers of glycemic control, renal injury, cholesterol, triglyceride (TG) and hepatic HMG-CoA reductase activ-
ity; the level of circulatory carboxymethyl-lysine (CML) and the accumulation of fluorogenic-AGEs in renal tissue was 
reduced; the expression of renal NRP-1, a checkpoint target, was stimulated; the transcription of RAGE, NFκB-2, TGF-β1 
and MMP-2 was suppressed; the circulatory carbonyl content (CC) and paraoxonase-1 (PON-1) activity was ameliorated, 
and renal histopathological features were attenuated as evidenced by improved glomerular appearance, Bowman’s space and 
abundant podocytes in kidneys. In conclusion, RT exhibited the potential to counteract diabetes and AGE-induced renal 
pathologies via stimulation of NRP-1, suppression of RAGE, and of genes responsible for ECM disintegration (MMP-2) 
and the inflammatory response (NFκB-2).
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INTRODUCTION

Diabetes mellitus (DM), a critical global health con-
cern, has been correlated to long-term macro- and 
microvascular disorders, particularly diabetic ne-
phropathy (DN) and accelerated atherosclerotic 
cardiovascular disease (ASCVD) [1]. The patho-
genesis of DN affects up to 40% of cases with type-
2 DM and is assumed to be the major determinant 
of end-stage renal disease [2,3]. The pathogenesis 
of DN is initiated by the deposition of the glomeru-
lar basement matrix, mesangial expansion, renal fi-
brosis with glomerulosclerosis and podocyte death 
that ultimately cause renal failure [1,4,5]. There are 
several risk factors that lead to the initiation and ad-
vancement of DN. Persistently unmanaged glycemic 

control-induced generation of advanced glycation 
end products (AGEs) has recently been established 
as a the key mediator that triggers diabetic kidney 
disease [1,2,6,7]. AGE-associated complications under 
hyperglycemia in DN are primarily influenced by the 
interaction of circulatory and tissue AGEs with their 
receptors (RAGE), which activate distinct signaling 
pathways [1,7-9]. The level of plasma AGEs, includ-
ing pentosidine and carboxymethyl-lysine (CML) and 
their soluble receptors, has been strongly correlated 
with the severity of diabetic microvascular complica-
tions, including DN and renal fibrosis [10].

The interaction of AGE with RAGE also triggers 
oxidative stress and inflammatory cascades in distinct 
renal cells resulting in the loss of renal architecture 
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and functions associated with tubular injury [7,11]. 
Apart from RAGE and its transcriptional activator, 
nuclear factor-κB (NF-κB), the matrix metallopro-
teinase-2 (MMP-2), also significantly contributes to 
DN via disintegration of collagen (both type-I and 
type-IV), proteoglycans and laminin, the major com-
ponents of renal tissues [7,12]. A recent study has 
established that exposure to low-density lipoprotein 
(LDL)-AGEs significantly upregulated the level of 
MMP-2 and its transcriptional regulator, transform-
ing growth factor-β1 (TGF-β1) in HEK-293 cells [7]. 
TGF-β1 is a multifunctional cytokine that participates 
in diabetic kidney dysfunction by facilitating the 
buildup of extracellular matrix (ECM) counterparts 
in the glomeruli and other target sites of MMP-2 [13-
15], and overexpression of TGF-β1 has been reported 
in LDL-AGEs-exposed HEK-293 cells, pointing to its 
role in the establishment of DN [7].

Besides the contributing role of RAGE in DN, an-
other transmembrane receptor, neuropilin-1 (NRP-1) 
that is expressed in distinct cells, including renal cells, 
regulates discrete signaling pathways, particularly those 
associated with the AGE-RAGE axis, and protects 
against renal abnormalities [16]. Recently, we showed 
that exposure to a high level of low density lipoprotein 
(LDL)-AGE significantly downregulates NRP-1 tran-
scription in HEK-293 cells [7]. AGE-directed cardio-
metabolic complications are critically affected by the 
functionality of HMG-CoA reductase (HMG-R) [1,7], 
an enzyme involved in hepatic cholesterol synthesis and 
lipid homeostasis [17-19]. In light of this knowledge, 
targeting hyperglycemia, cholesterol homeostasis, the 
formation of AGEs, oxidative stress and AGE-RAGE-
associated signaling has now been established as a 
promising therapeutic target in DN management.

Although the implication of aminoguanidine, the 
standard inhibitor of in-vitro AGE formation [11], has 
exhibited adverse effects in different experimental set-
tings, such as cell culture, animal model studies and 
human clinical trials in diabetic kidney disease [7,20], 
the development of an anti-AGE therapeutic approach 
remains open for the management of DN. Rosuvastatin 
(RT) is one of the most preferred modulators of choles-
terol homeostasis because of its ability to block hepatic 
HMG-R [1,11]. A recent report demonstrated that RT 
decreases the glucose level via enhanced insulin sen-
sitivity and glucose transport in adipocytes as well as 

in cholesterol-fed mice [21]. It also increases insulin 
secretion dose-dependently in NS-1 832/13 cells [22]. 
We demonstrated that RT exhibits a strong in vitro 
antiglycation effect and also protects HEK-293 cells 
against LDL-AGE-stimulated reactive oxygen species 
(ROS) generation and AGE-RAGE-associated signaling 
[7,11]. Except for our recent in vitro findings, there is 
no report that documents the in vivo effect of RT on 
AGE-induced diabetic microvascular complications. 
Therefore, in a continuation of our research findings, 
the current in vivo study was undertaken to examine 
whether the modulation of NRP-1 by RT prevents 
AGE-induced renal injury via targeting distinct bio-
chemical markers, including NRP-1 expression and 
subsequent ECM regeneration, and AGE-RAGE cross-
talk in the experimental diabetic rat model.

MATERIALS AND METHODS

Experimental animals

Male Sprague-Dawley rats (0.15-0.2 kg) were obtained 
from CDRI-Lucknow, India and were familiarized to 
the animal house settings for seven days (21-25°C). 
The ethical concerns for this study were cleared by 
the University IAEC, Integral University (IU/Biotech/
project/IAEC/17/02) and was carried out according 
to the principles of animal experimentation issued by 
the Government of India.

Drugs, reagents and kits

The biochemical kits for the estimation of creatinine, 
total cholesterol (TC) and triglycerides (TG) were 
purchased from Agappe Diagnostic Ltd., Chennai, 
India; the high-density lipoprotein (HDL) kit was 
obtained from the Autospan gold liquid kit, Surat-
Gujrat, India. The ELISA kit for quantitative determi-
nation of plasma CML was purchased from Bioassay 
Technology Laboratory Co. Ltd., Shanghai, China; 
rat insulin and microalbumin ELISA kits were sup-
plied by Elabscience® Ltd., USA. RT and glibenclamide 
(GB) were purchased from Sigma Aldrich Co., USA. 
Streptozotocin (STZ) was obtained from Sisco 
Research Laboratories Pvt. Ltd., Mumbai, India. The 
GenX HbA1c automated immunoassay kit was sup-
plied by Proton Biologicals India Pvt. Ltd., India. The 
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remaining chemicals/reagents/kits used for molecular 
assays were of analytical grade unless mentioned in 
the respective methodology sections.

In vivo experimental design

STZ, RT and GB preparation

Fresh STZ (60 mg/kg b.w. of rat) was dissolved in ci-
trate buffer (pH 4.5) as reported earlier [23,24]. The 
doses of RT [25] and the reference drug GB (10 mg/
Kg B.W./rat/day) were prepared in 10% DMSO as per 
recent reports [23,24].

Experimental diabetes

The animals were assigned to four groups and DM 
was induced as described [23,24]. Briefly, fasted ani-
mals were injected intraperitonially (i.p.) with freshly 
prepared STZ, except the control group in which the 
rats received only citrate buffer as the STZ vehicle. 
Fasting blood glucose (FBG) was determined after 72 
h of STZ injection using an Accu-Chek glucometer. 
Rats with FBG ≥230 mg/dL were designated as dia-
betic and appropriate for the therapeutic intervention 
study. The induction and treatment plan are summa-
rized in Supplementary Table S1.

Collection and preparation of blood, plasma and 
tissues for biochemical and molecular assays

Whole blood was collected by cardiac puncture in 
tubes containing the anticoagulant agent heparin, 
and processed as described to obtain plasma [19,26]. 
Hepatic and renal tissues were also rapidly excised, 
washed with chilled saline and stored at -20ºC until 
further biochemical and molecular assays.

Biochemical assays

Determination of blood glucose and HbA1c level

The level of FBG was measured by an enzymatic 
“Autospan kit” following the manufacturer’s instruc-
tions as described earlier [23]. The level of HbA1c 
was determined using a GenX HbA1c automated im-
munoassay kit supplied by Proton Biologicals India 
Pvt. Ltd., India. The assay principle was based on the 

direct interaction of antigen and antibody, and the 
percentage of HbA1c was calculated by measuring the 
absorbance of lyophilized calibrators at 660 nm with 
an Eppendorf BioSpectrophotometer [23].

Estimation of plasma insulin by ELISA

The estimation of plasma insulin was performed with 
a high sensitivity and high specificity rat insulin ELISA 
Kit, Elabscience Ltd., USA. Briefly, 100 µL of either 
standard/calibrator or plasma samples were added to 
respective wells in the ELISA plates that were precoat-
ed with rat insulin specific antibodies (Abs) except the 
blank. Following incubation at 37ºC for 90 min and 
aspiration of the reaction mixture, 100 µL of biotinyl-
ated Ab for rat insulin was added and left at 37ºC for 
60 min. Subsequently, the plate was washed three times 
and incubated with 100 µL of HRP conjugate for 30 
min at 37ºC and washed five times after decanting/
aspiring the solution from each well. Appropriate vol-
umes of the substrate reagent (90 µL) and stop solution 
(50 µL) were added to each well and the intensity of the 
formed chromogenic product was determined on an 
iMarkTM Bio-Rad, USA microplate absorbance reader.

Estimation of circulatory microalbumin by ELISA

The estimation of plasma microalbumin was per-
formed in accordance with a high sensitivity and high 
specificity rat microalbumin ELISA Kit, Elabscience 
Ltd., USA. The methodology was the same as de-
scribed for the quantification of rat insulin, while the 
micro-ELISA plate was precoated with rat microalbu-
min-specific antibody.

Determination of plasma TC, TG, and lipoprotein 
levels

Plasma TC level was estimated by the Cholesterol 
LiquiCHEKTM enzymatic kit from AGAPPE, India 
[19]. Similarly, the TG level was estimated using 
the Triglycerides LiquiCHEKTM enzymatic kit from 
AGAPPE, India [26]. The HDL-C level was estimated 
by the Autospan Reagents, Span Diagnostics, Gujarat, 
India. The level of VLDL-C was obtained by divid-
ing the TG values of the respective groups by 5 [19]. 
Plasma LDL-C was prepared and quantified following 
the standard method [19,27]. The level of non-HDL-C 
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was achieved by deducting the HDL-C level from the 
TC level [19,26].

Plasma creatinine estimation

Plasma creatinine was assayed by the LiquiCHEKTM 
enzymatic creatinine assay kit supplied by AGAPPE, 
India. The assay principle was based on the enzymatic 
actions of creatininase, creatinase and sarcosine oxi-
dase to convert creatinine into H2O2, which subse-
quently reacted with 4-aminoantipyrine and N-ethyl-
N-(2-hydroxy-3-sulfopropyl)-m-toluidine to give a 
colored quinone product that was measured at 546 
nm against the blank.

Plasma FRAP, PON-1 and carbonyl content assay

The plasma ferric reducing antioxidant power (FRAP) 
was estimated by the standard protocol [28] with 
slight optimization [19,26]. The activity of paraox-
onase-1 (PON-1) in plasma was assessed by the stan-
dard protocol and CH3COOC6H5 was used as the 
PON-1 substrate [19,29]. The plasma carbonyl con-
tent (CC), the product of protein glycation/oxidation, 
was estimated using the 2,4‐dinitrophenylhydrazine 
(DNPH) assay [11,30]. The OD was recorded at 360 
nm and the CC level was calculated by applying a 
MEC of 22 x 103 M-1 cm-1 [30].

Measurement of plasma CML level via ELISA

The level of plasma CML, one of the most charac-
terized AGEs, was quantified using the CML ELISA 
kit. Briefly, either 40 µL of sample and 10 µL of bio-
tinylated Rat anti-CML Ab or 50 µL of the standard 
(without rat anti-CML Ab) was added to the ELISA 
plate which was precoated with rat CML Abs, followed 
by the addition of 50 µL of streptavidin-HRP to both 
sample and standard wells. The plate was incubated 
and washed repeatedly, and 50 µL of each substrate A 
and B were added and incubated. The color intensity 
was read at 450 nm after addition of stop solution 
using a Bio-Rad plate reader. 

Estimation of renal fluorescent AGEs

The level of fluorescent AGEs in the kidney homog-
enate was quantified as described [31]. Briefly, a 

portion of the kidney was homogenized in 0.25 M 
sucrose and extracted [32]. Soluble proteins in the 
kidney homogenate were determined by the Bradford 
method [33], and the concentration of the proteins 
was adjusted to 1 mg/mL; the level of fluorescent 
AGEs was assessed using an Agilent (US) spectro-
fluorometer with a λEx of 370 nm and a λEm range of 
380-550 nm. 

Liver homogenate preparation

One g of washed and ice-cold liver was homogenized 
with 0.1 M chilled phosphate buffered saline (PBS) in 
a homogenizer. The obtained homogenized suspen-
sion was centrifuged at 1000 rpm for 10 min at 4ºC, 
and a portion of the homogenate was aliquoted and 
stored at -20ºC.

Assay of HMG-CoA reductase (HMG-R) activity

HMG-R is the key enzymatic target in cardiovascu-
lar pharmacology, and is the central enzyme in the 
synthesis of cholesterol [17,34]. The activity of he-
patic HMG-R was estimated by following standard 
protocols [19,26]. In brief, the appropriate volume 
of liver homogenate was added to 9 mL 0.1% saline 
arsenate followed by the addition of 5% perchloric 
acid. After incubation and centrifugation, a 1-mL 
supernatant was mixed with 500 µL of 1 M of alka-
line hydroxylamine hydrochloride for the determi-
nation of mevalonate and HMG-CoA. Then, 1.5 mL 
of 616 mM FeCl3 was added to the resulting mix-
ture, incubated and read at 540 nm in an Eppendorf 
BioSpectrophotometer.

Isolation of RNA

RNA was isolated from kidney tissues of all groups 
using TRIzol™ reagent (Invitrogen, USA) as described 
[19]. The RNA pellet was dissolved in diethyl pyro-
carbonate (DEPC) water and quantified by nanodrop.

cDNA synthesis

The cDNA was produced using the Applied 
Biosystems™ cDNA Reverse Transcription Kit 
(Thermo Fisher Sci., India). The reaction mixture 
(20 μL) containing 2000 ng of RNA and Master Mix 
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was subjected to thermocycling with the following 
program: 25°C for 10 min, 37°C for 120 min, 85°C 
for 5 min [19,33].

Gene expression (qRT-PCR) analysis

Gene-specific oligonucleotide primers were cus-
tomized using Primer Express Software-3.0.1 
(Supplementary Table S2). qRT-PCR analysis was 

performed using 10 μL SYBR®Premix Ex 
Taq™ II (TliRNaseH Plus, DSS Takara, 
India), 1 μL primers for each gene, 5 μL 
of cDNA and RNase free water. qRT-PCR 
analysis was run on a BioRadCFX 96™ 
Real-Time System with the following cy-
cle profiles: 10 min at 95°C for activation 
(1 cycle), 15 s at 95°C (40 cycles), 1 min 
annealing at 60ºC, extension at 72°C for 
45 s. The difference in gene expression 
were determined by the 2−ΔΔCt protocol 
and expressed as the fold-change against 
β-actin [7,26].

Histopathological investigations

Kidney sections from each group were 
fixed in 10% formalin and paraffin blocks 
were prepared, sectioned, stained with 
Ehrlich’s hematoxylin and eosin (H&E) 
and observed under the microscope 
[23,24].

Statistical analysis

Biochemical and molecular assays were 
performed in triplicate and the data were 
expressed as the mean±SEM. The vari-
ables were subjected to one-way analy-
sis of variance (ANOVA), followed by 
the post hoc Tukey-Kramer test using 
GraphPad Prism software (Ver 4.02) as 
described previously [19,26,33].

RESULTS

Rosuvastatin maintains body weight 
in experimental diabetic rats

The weight of DC rats was significantly reduced com-
pared to NC rats (Fig. 1A). Administration of RT to 
diabetic rats for the designated duration caused a 
marked improvement in body weight when compared 
to untreated DC rats. Treatment with GB also revealed 
an almost similar gain in body weight when compared 
to untreated DC rats.

Fig. 1. A – Impact of RT treatment on the body weight of STZ-induced diabetic 
rats. Values (g) are expressed as the mean±SEM of three determinants. No signifi-
cant difference in the body weight of rats among different groups was reported 
before treatment (nsP>0.05). Significant from NC at $$$P<0.001 (after treatment). 
Significant from DC at ***P<0.001 (after treatment). B – RT reduces the blood 
glucose level in diabetic rats. Values (mg/dL) are the mean±SEM from three in-
dependent determinations from each group. C – RT lowers the level of glycated 
hemoglobin (HbA1c) in diabetic rats. Values (% HbA1c) are the mean±SEM 
from three independent assays of each group. D – RT elevates the insulin level 
in diabetic rats after 4 weeks of treatment. Values (ng/mL) are the mean±SEM 
from three independent assays of each group. E – RT improves plasma creatinine 
concentration in diabetic rats. Values (mg/dL) are expressed as the mean±SEM 
from three independent assays of each group. F – RT increased circulatory micro-
albumin in diabetic rats. Values (mg/mL) are the mean±SEM. Stats for panels B-F: 
significant from NC rats at $$$P<0.001; significant from DC rats at ***P<0.001. 
NC – normal control; DC – diabetic control; RT – rosuvastatin-treated rats (10 
mg/kg b.w./rat/day); GB – glibenclamide-treated rats (10 mg/kg b.w./rat/day).
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Rosuvastatin ameliorates the markers of glycemic 
control in STZ-induced diabetic rats

Experimental diabetes caused a significant increase 
in FBG concentration from 108.2 to 323.3 mg/dL in 
untreated DC rats compared to NC rats. However, 
administration of RT to diabetic rats for 4 weeks de-
creased the FBG level when compared to DC rats. 
The standard drug GB also caused a significant re-
duction in FBG concentration when compared to DC 
rats (Fig. 1B). The level of HbA1c, an index for per-
sistently elevated mean blood glucose concentration, 
was significantly elevated from 4.51% in NC rats to 
11.16% in DC rats. However, subsequent treatment 
with RT for 4 weeks caused a decrease in the concen-
tration of HbA1c up to 7.2 % when compared to DC 
rats. Similarly, administration of GB also decreased 
the concentration of HbA1c (Fig. 1C). As shown in 
Fig. 1D, the STZ challenge resulted in the decline of 
the plasma insulin level in diabetic rats, which was 
markedly improved after they were administered with 
RT. The treatment with GB also improved the plasma 
insulin level in STZ-challenged diabetic rats.

RT diminishes plasma creatinine and 
microalbumin levels in experimental 
hyperglycemia

As shown in Fig. 1E, the concentration 
of plasma creatinine was significantly in-
creased in diabetic rats and subsequent 
treatment with RT markedly decreased 
the plasma creatinine level. GB also 
caused a significant decline in plasma 
creatinine concentration in diabetic rats 
when compared to matching DC rats. In 
contrast, a diminished level of plasma 
microalbumin was observed in DC rats 
when compared to matching NC rats. 
However, oral administration of RT sig-
nificantly (P<0.001) improved the level of 
circulatory microalbumin. The treatment 
with GB also significantly raised plasma 
microalbumin (Fig. 1F).

RT maintains plasma cholesterol and 
carrier lipoproteins in diabetic rats

The results from our interventional 
study showed that plasma TC, TG and 

non-HDL-C content were significantly increased, 
from 147.3 mg/dL to 207.05 mg/dL, from 81.72 mg/
dL to 167.7 mg/dL and from 114.65 to 184.74 mg/
dL in DC rats, respectively, when compared to NC 
rats. Administration of RT led to a marked decline 
in circulatory TC, TG and Non-HDL-C by 26.51%, 
45.15% and 33.51%, respectively, whereas the treat-
ment with GB showed a decline in the level of TC, TG 
and non-HDL-C by 23.26%, 17.35%, and 17.20%, re-
spectively, when compared to untreated DC rats (Fig. 
2A). In addition, the LDL-C, HDL-C and VLDL-C 
were also altered in DC rats by +53.80%, -31.67% and 
+105.26%, respectively, when compared to NC rats; 
RT administration markedly altered their levels by 
-30.08%, +33.03% and -41.72% in diabetic rats, re-
spectively, with GB also improving the level of these 
markers (Fig. 2B).

Fig. 2. A, B – RT treatment restores plasma cholesterol and carrier lipoproteins 
in diabetic rats. Values (mg/dL) are the mean±SEM from three determinants. 
C – Administration of RT restores plasma FRAP activity in diabetic rats. Values 
(μmol/dL) are the mean±SEM. D – administration of RT restores plasma PON-1 
activity in diabetic rats. Values (μmol/dL) are the mean±SEM from three deter-
minations of pooled plasma from each group. Stats for panels A-D: significant 
from NC rats at $$$P<0.001; significant from DC rats at ***P<0.001; significant 
from DC rats at **P<0.01.
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RT enhances plasma FRAP and HDL-associated 
PON-1 activities

The data from our interventional study showed that 
experimental diabetes led to diminished plasma FRAP 
activity in DC rats when compared with NC rats. The 
treatment with RT and GB markedly elevated plasma 
FRAP values by 112.47% and 66.56%, respectively, 
when compared to matching untreated DC rats (Fig. 
2C). In contrast, the activity of HDL-associated PON-
1 in the plasma of DC rats was also diminished; treat-
ments with RT and GB significantly increased plasma 
PON-1 activity by 130.08% and 52.74%, respectively, 
when compared to DC rats (Fig. 2D).

RT restores the protein bound carbonyl content in 
STZ-induced diabetic rats

Protein bound CC, a global biomarker of protein oxi-
dation, was assessed to determine the protein carbonyl 

groups in plasma [11,30]. The data from 
our in vivo experiment showed that the 
level of protein-bound CC was mark-
edly elevated from 5.99 to 32.09 nmol/
mg protein in DC rats. However, treat-
ment with RT markedly diminished the 
level of CC when compared to untreated 
DC rats. Moreover, the GB treatment also 
reduced the level of CC in diabetic rats 
but to a lesser degree than RT (Fig. 3A).

RT reduces plasma CML-AGEs in 
STZ-induced diabetes

Persistent hyperglycemia is linked 
with increased formation of AGEs [1]. 
Examination of the level of CML-AGEs 
in plasma revealed that the level of 
plasma CML-AGEs was increased from 
110.94 to 314.83 ng/mL in experimental 
diabetic rats. However, treatment with 
RT effectively ameliorated the increase 
in plasma CML-AGEs in diabetic rats 
when compared to matching DC rats. 
GB-treated diabetic rats also displayed 
restoration in plasma CML-AGEs when 
compared to DC rats (Fig. 3B).

RT reduces the accumulation of AGEs in kidney 
of diabetic rats

Enhanced levels of circulatory AGEs lead to their sub-
sequent accumulation in different tissues, including 
the kidney [1,7]. The degree of AGE accumulation 
in the kidney homogenate was determined by fluo-
rescence spectroscopy. Fluorescent intensity (FI) was 
found to be increased by 96.94% in DC rats, when 
compared with the FI of the kidney homogenate from 
NC rats, which indicates that STZ-induced diabetes 
led to increased levels of fluorescent AGEs in the kid-
ney homogenate. However, the administration of RT 
significantly reduced the emission of AGE-specific 
fluorescence; the standard drug GB also restored 
AGE-specific fluorescence when compared with 
matching untreated DC rats (Fig. 3C).

Fig. 3. A – Treatment with RT diminishes the level of plasma protein bound CC in 
STZ-induced diabetic rats. Values (nmol/mg protein) are the mean±SEM from three 
determinations. B – administration of RT significantly reduces the level of plasma 
AGEs (CML). Values (ng/mL) are the mean±SEM from three determinations of 
pooled plasma from each group. C – RT prevents the accumulation of fluorescent 
AGEs in kidney of diabetic rats. Determination of AGEs in the kidney homogenate 
was based on the spectrofluorimetric detection of fluorescent AGEs. D – RT signifi-
cantly inhibits hepatic HMG-R activity. Values are the mean±SEM from triplicate 
assays of pooled liver homogenates from each group. Stats for panels A, B and D: 
significant from NC rats at $$$P<0.001; significant from DC rats at ***P<0.001.
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RT inhibits hepatic HMG-R activity in diabetic rats

HMG-R activity was significantly elevated 6.82-fold 
in DC rats. However, intervention with RT apparently 
lowered HMG-R activity to a 2.51-fold increase with 
respect to the control. GB treatment also decreased 
hepatic HMG-R activity in diabetic rats to a 4.81-fold 
increase with respect to the control when compared to 
untreated DC rats, but the decrease in HMG-R activ-
ity caused by GB treatment was not as much as that 
observed in RT-treated rats (Fig. 3D).

RT downregulates renal transcription of RAGE 
and NFκB-2 in diabetic rats

The data from the current report show that diabetes 
led to a significant upregulation of renal RAGE mRNA 
expression. Moreover, the treatment with RT mark-
edly downregulated RAGE mRNA expression when 
compared to DC rats (to a 1.83-fold increase above 

the control level). The reference drug 
GB also exhibited suppression of RAGE 
mRNA expression (to a 2.59-fold increase 
above the control level) when compared 
to matching DC rats (Fig. 4A). In con-
trast, the expression of NFκB-2, the tran-
scription factor associated with RAGE 
expression, was found to be upregulated 
in diabetic rats (2.71-fold above the con-
trol level). However, administration of RT 
to diabetic rats significantly suppressed 
NFκB-2 expression (to a 1.49-fold in-
crease above the control level). Treatment 
with GB also suppressed NFκB-2 mRNA 
(to a 2.08-fold increase above the control 
level) (Fig. 4B).

RT downregulates renal MMP-2 and 
TGFβ-1 expression in diabetic rats

The findings of gene expression analysis 
revealed that the MMP-2 was significant-
ly upregulated (2.91-fold higher than the 
control) in diabetic rats. Treatment with 
RT markedly suppressed MMP-2 tran-
scription in diabetic rats (to a 1.51-fold 
increase above the control); treatment 
with GB produced a comparatively lower 

downregulation of MMP-2 mRNA (to a 2.30-fold in-
crease above the control) (Fig. 4C).

Examination of the expression of TGFβ-1, the tran-
scriptional inducer of MMP-2 in renal tissue that 
was assessed in all groups by qRT-PCR analysis, 
revealed that the transcription of TGFβ-1 mRNA 
was significantly upregulated (2.82-fold relative to 
the control level) in STZ-induced diabetic rats, and 
when compared with the renal TGFβ-1 mRNA levels 
in matching NC rats (1.21-fold relative to the con-
trol). Treatment with RT significantly diminished 
the expression of TGFβ-1 mRNA levels (to a 1.66-
fold increase above the control level). In contrast, the 
administration of GB caused a lower decrease in the 
degree of amelioration in the expression of TGFβ-1 
mRNA (a 2.29-fold increase above the control level) 
(Fig. 4D).

Fig. 4. Treatment with RT significantly modulates renal AGE-RAGE signaling 
in STZ-induced diabetic rats. A, B – RT downregulates renal RAGE and NFκB-
2 transcription, respectively. Values are the mean±SEM. C, D – RT suppresses 
renal MMP-2 and TGFβ-1 transcription, respectively. Values are the mean±SEM. 
E – RT upregulates renal NRP-1 mRNA expression. Values are expressed as the 
mean±SEM. Stats for panels A-E: significant from NC rats at $$$P<0.001; signifi-
cant from DC rats at ***P<0.001.
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RT upregulates the expression of renal NRP-1 
mRNA in diabetic rats

Analysis of the expression of NRP-1 in renal tissues re-
vealed that NRP-1 expression was significantly down-
regulated in DC rats (to a 1.21-fold increase above 
the control level) when compared to NC rats (which 
exhibited a 2.56-fold increased level compared to the 
control). Administration of RT significantly stimu-
lated NRP-1 transcription (2.18-fold above the control 
level) in diabetic rats, whereas the treatment with GB 
augmented NRP-1 transcription to a comparatively 
lesser extent (Fig. 4E).

RT maintains the renal histopathological features 
in experimental diabetes

Histopathological examination of the kidney after 4 
weeks of administration of RT and GB to STZ-induced 
diabetic rats revealed that NC rats had normal glo-
merular lobules with normal Bowman’s space and an 
abundant podocyte count (Fig. 5). In contrast, STZ-
induced diabetes accompanied by oxidative stress and 
AGE-RAGE signaling was characterized by degenera-
tive changes in kidney, including enlarged Bowman’s 
spaces and smaller podocyte counts in DC rats. The 
administration of RT showed marked normalization 
of Bowman’s space, glomerular lobule appearance and 
podocyte abundance, when compared to DC rats; 
GB treatment also normalized the Bowman’s space, 
glomerular lobules and podocyte count. No other 
significant pathology was observed in either RT- or 
GB-treated rats.

DISCUSSION

Persistent hyperglycemia in DM, if left untreated, con-
tributes to the initiation, progression and development 
of distinct secondary complications of diabetes via the 
formation and accumulation of AGEs [1,9]. Moreover, 
inhibition of AGE formation, maintenance of redox 
homeostasis and lipid metabolism and regulation of 
RAGE expression and associated signaling are consid-
ered to be the most promising therapeutic strategies 
in diabetes and related complications [7,30]. Recently, 
we showed that RT potentially inhibits in vitro protein 
(bovine serum albumin and LDL) AGE formation as 

well as LDL-AGE-triggered AGE-RAGE signaling in 
HEK-293 cells [7,11]. Other studies in animal models 
and human clinical trials also showed the antidiabetic 
potential of RT, but to the best of our knowledge, there 
are no reports that present mechanistic insights into 
the role of RT in attenuating diabetes-mediated renal 
pathologies. Herein, we assessed the therapeutic im-
pact of RT in attenuating STZ-induced diabetes and 
renal pathologies via the targeting of distinct mecha-
nisms, in particular the glycemic and redox status, 
formation of AGEs, NRP-1 expression and RAGE-
associated signaling.

STZ is an acknowledged compound used for the 
induction of experimental diabetes in animal models 
as it causes DNA damage in pancreatic β-cells leading 

Fig. 5. RT maintains renal histopathological features in ex-
perimental diabetic rats. Histopathological study of kidney 
was performed after 4 weeks of administration of RT and GB 
to STZ-induced diabetic rats. A – kidney micrograph from NC 
rats showing normal glomerular appearance, normal Bowman’s 
space (thick red arrows) and abundant podocytes (thin black ar-
rows). B – kidney micrograph from DC rats showing abnormal 
glomerular appearance with glomerulosclerosis (thick yellow ar-
rows), enlarged Bowman’s space (thick red arrows), and reduced 
podocyte count (thin black arrows). C – Kidney micrograph from 
RT-treated rats showing normal glomerular appearance, normal 
Bowman’s space (thick red arrows) and abundant podocytes (thin 
black arrows). D – kidney micrograph from GB-treated rats with 
normal glomerular appearance, normal Bowman’s space (thick red 
arrows) and abundant podocytes (thin black arrows).



274 Arch Biol Sci. 2021;73(2):265-278

to impaired insulin secretion and cell death [23,24,35]. 
The data from our study revealed that DC rats showed 
increased FBG levels due to STZ-induced DNA dam-
age in pancreatic β-cells and compromised plasma 
insulin level. The elevated FBG level was decreased 
upon oral administration of RT and GB, which could 
be attributed to the protective effects of these pharma-
cological agents against pancreatic DNA damage, as 
well as regeneration of β-cells that ultimately modu-
lated insulin secretion, observed as the amelioration of 
the level of plasma insulin in both RT- and GB-treated 
rats. These effects of RT and GB on FBG and plasma 
insulin in experimental diabetic rats are expected 
as in other reports the hypoglycemic effects of both 
compounds was demonstrated [23,24,36]. HbA1c is a 
highly sensitive indicator of glycemic control [24,37]. 
We also reported a significant rise in HbA1c in DC 
rats that may be attributed to the increased glycosyl-
ation of hemoglobin (Hb) due to the persistently el-
evated blood glucose levels. However, administration 
of RT markedly reduced the level of HbA1c, which 
could be due to the RT-mediated improvement in 
blood sugar control as well as decreased interaction 
between blood sugar and Hb.

Elevated plasma creatinine is a well-known bio-
marker of the progression of diabetic nephropathy 
[38]. The glomerular filtration rate (GFR) in glomeru-
lonephritis declines, which leads to reduced creati-
nine clearance and subsequent elevation in plasma 
creatinine level [39]. We also observed a substantial 
increase in plasma creatinine level in DC rats, which 
could be associated with increased protein degrada-
tion and reduced GFR. The administration of RT to 
diabetic rats markedly reduced the plasma creatinine 
level as compared to the DC group, which could be 
due to the increased renal clearance of circulatory 
creatinine. These results are strongly supported by 
a previously published report [40]. Similarly, the di-
minished level of serum microalbumin is a recog-
nized early biomarker of DN [41,42]. We observed 
the reduction in plasma microalbumin level in DC 
rats that could be attributed to increased urinary mi-
croalbumin secretion under abnormal kidney func-
tioning due to persistent hyperglycemia. However, 
the administration of RT and GB markedly improved 
the level of plasma microalbumin in diabetic rats and 
probably prevented urinary loss of microalbumin due 
to improved renal functioning. The observed level of 

plasma microalbumin is in agreement with previous 
reports [15,43].

The pathophysiology of DN has been strongly 
linked with dyslipidemia [1,24,44]. In our in vivo 
study, TG and atherogenic lipoproteins (LDL-C) were 
significantly elevated in DC rats, which was attributed 
to increased hepatic HMG-R activity. Previous stud-
ies showed that experimental hyperglycemia leads to 
raised hepatic HMG-R activity in rats [23,24]. These 
alterations in the levels of TC, lipoproteins and TG 
were markedly ameliorated after 28 days of treatment 
of diabetic rats with RT. The attenuation achieved by 
RT administration is supported by the diminished he-
patic HMG-R activity observed in our study. HMG-R 
inhibition produced by treatment with RT in diabetic 
rats is in agreement with studies that demonstrated 
pharmacological inhibition of HMG-R activity by 
other inhibitors [19,26,45]. The GB-treated group also 
exhibited restoration of altered lipid and lipoprotein 
levels, and these effects are consistent with a previ-
ous report [24], however, the reduction was much less 
than that caused by the RT treatment.

Diabetes is characterized by enhanced free radical 
generation, as well as by diminished activity of plasma 
HDL-associated PON-1 [46]. Our results show a de-
creased level of HDL-C as a result of decreased activity 
of plasma PON-1. Other studies also demonstrated 
compromised HDL-associated PON-1 activity in dif-
ferent animal models [19,26]. Administration of RT 
improved plasma PON-1 activity in diabetic rats and 
elevated plasma HDL-C. The improvement in PON-1 
activity by RT treatment may also be associated with 
the decreased blood sugar concentration that ultimate-
ly protected HDL from glycation; HDL is linked with 
reduced PON-1 activity under the influence of oxida-
tive stress [19,26,47]. In addition, the decreased level of 
FRAP in diabetic rats was also improved by the treat-
ment with RT, and this could be attributed to the anti-
oxidant potential of RT [7,11]. Increased production of 
free radicals in hyperglycemia results in the buildup of 
reactive carbonyl species (RCS), the global biomarker 
for the protein oxidation [11,30]. We also reported that 
the level of plasma protein-bound CC was markedly 
increased in experimental diabetes, however, repeated 
oral administration of RT significantly diminished the 
level of plasma CC in diabetic rats as a result of the 
potent antioxidant and antiglycation activities of RT; 
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RT was previously shown to exhibit shielding effects 
against D-ribose-triggered in vitro protein-bound CC 
generation, as well as AGE-stimulated ROS production 
in HEK-293 cells [7,11].

Exposure to reducing sugars induces glycation of 
different proteins, resulting in the formation of AGEs, 
ROS and RCS with a proclivity to irreversibly alter the 
structure of proteins and lipids and ultimately lead to 
severe renal complications [11,30,48]. Marked produc-
tion of AGEs, particularly of CML and pentosidine, 
leads to their accumulation in different organs, includ-
ing glomerular tissue, which can worsen renal com-
plications [1,10,49]. In the same context, our results 
also showed that the levels of plasma CML and renal 
fluorescent AGEs were markedly elevated in diabetic 
rats. Oral administration of RT significantly decreased 
the level of plasma CML and reduced the accumula-
tion of renal AGEs possessing intrinsic fluorescence in 
diabetic rats. These beneficial effects of RT on plasma 
as well as on the tissue level of AGEs could be ascribed 
to the potent antiglycation and antioxidant activities of 
RT that have already been described in our biochemi-
cal, biophysical and cell culture studies [7,11]. Thus, 
this is the first in vivo report on RT-mediated inhibi-
tion of different glycation markers, such as protein-
bound CC, plasma CML and fluorescent AGEs, which 
provides strong support that RT possesses the potential 
to protect plasma proteins and renal tissue through the 
reduction in circulatory AGE formation in diabetes.

The molecular mechanism underlying the protec-
tive effects of RT in experimental diabetic rats was 
also assessed. Studies have established that AGE-
RAGE interaction as the key mechanistic aspect of 
AGE-induced diabetic complications [1,9,10,50]. 
RAGE is expressed in different cells, including HEK-
293, podocytes and proximal tubules of the kidney 
[7]. Our results also revealed increased RAGE tran-
scription in renal tissue of diabetic rats. However, aug-
mented expression of RAGE was markedly suppressed 
after treatment with RT. The suppression of RAGE 
expression by RT is in agreement with our previously 
published in vitro report in which we showed that RT 
significantly suppressed RAGE transcription in LDL-
AGEs-challenged HEK-293 cells [7].

AGEs stimulate RAGE expression, and AGE-RAGE 
interaction triggers the expression of transcription 

factor NF-κB [1,51,52]. The expression of renal NF-κB 
mRNA in DC rats was upregulated, and significantly 
downregulated in RT-treated diabetic rats, likely due 
to the decrease in AGE and ROS. TGF-β1, a major 
profibrotic cytokine, promotes renal interstitial fibro-
sis and matrix hypertrophy [13,15,53]. It has also been 
established that the accumulation of AGEs and AGE-
RAGE interaction in renal and other cells is strongly 
related to increased renal TGFβ-1 expression [1,7]. 
Herein we observed significant elevation in TGFβ-1 
mRNA in diabetic animals due to increased oxida-
tive stress and AGE-RAGE interaction. Treatment of 
diabetic animals with RT significantly suppressed the 
expression of TGFβ-1, possibly achieved through its 
antioxidant activity, reduced level of AGEs, and re-
duced AGEs-RAGE signaling.

MMP-2 is considered to be a key target in the 
therapeutic management of DN due to its ability to 
affect the ECM in kidney tissues [7,15]. Augmented 
synthesis of MMP-2 mRNA and protein has been re-
ported in response to hyperglycemia due to higher 
levels of AGEs, oxidative stress and stimulation of 
TGF-β1 [7,12,54]. Our data also revealed overexpres-
sion of renal MMP-2 that could be attributed to the 
co-expression of TGFβ-1, AGE-RAGE interaction 
and associated signaling. The overexpressed MMP-
2 mRNA in diabetic rats was downregulated after 
repeated oral administration of RT, which might be 
attributed to suppressed RAGE and TGFβ-1 mRNA 
expression that led to the downregulation of AGE-
RAGE signaling and decreased MMP-2 expression.

NRP-1 has recently gained much attention in DN 
management [7,16]. Exposure to LDL-AGEs has been 
reported to suppress the transcription of NRP-1 in 
renal podocytes and HEK-293 cells, respectively [7]. 
qRT-PCR analysis revealed downregulation of NRP-1 
mRNA expression in diabetic rats, which could be re-
lated to enhanced CML and accumulated AGEs in re-
nal tissues. However, RT significantly alleviated NRP-1 
expression in the STZ-induced diabetic rats, which 
might be attributed to the potent inhibitory effects of 
RT against AGE formation and AGEs-RAGE signaling.

Persistent hyperglycemia, alterations in lipid 
homeostasis, redox imbalance and accumulation of 
AGEs influence the development of CKD via increased 
glomerular hyperpermeability which alters the tight 
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junctions between renal cells [1,6,9,24]. Our histopath-
ological investigations revealed that persistently elevat-
ed blood glucose in experimental diabetic rats resulted 
in marked changes in renal cytoarchitecture, includ-
ing abnormal glomerular lobules, enlarged Bowman’s 
space and a lower podocyte count. Treatment with RT 
markedly attenuated the alterations in renal cytoarchi-
tecture, which may be ascribed to RT-mediated reduc-
tion in lipid peroxidation, reduced renal accumulation 
of lipids and AGEs, improved antioxidant potential 
and ameliorated AGE-RAGE signaling.

CONCLUSIONS

The present in vivo study revealed that treatment of 
diabetic rats with RT improved AGE-induced patholo-
gies, affecting biochemical markers of glycaemic con-
trol and ASCVD (such as lipids and hepatic HMG-R 
activity), and circulatory CML and renal fluorogenic 
AGEs. RT exerted a downregulating effect on RAGE, 
NFκB-2, TGF-β1 and MMP-2 transcription, and an 
upregulating effect on NRP-1 expression, which re-
sulted in improved renal ECM and cytomorphology. 
RT alleviated the circulatory redox imbalance by de-
creasing CC levels and increasing HDL-associated 
PON-1 activity. RT exhibited potent antidiabetic and 
renoprotective effects via the targeting of AGEs and 
AGE/RAGE-associated signaling, oxidative stress and 
regulation of NRP-1 expression.
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