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Abstract

Aim In the present study, we evaluated the therapeutic potentiality of S-allylcysteine (SAC) in streptozotocin (STZ)—nico-
tinamide (NAD)-induced diabetic nephropathy (DN) in experimental rats.

Methods SAC was orally administered for 45 days to rats with STZ-NAD-induced DN; a metformin-treated group was
included for comparison. Effect of SAC on body weight, organ weight, blood glucose, levels of insulin, glycated haemo-
globin, and renal biochemical markers was determined. Body composition by total body electrical conductivity (TOBEC)
and dual-X ray absorptiometry (DXA), kidney antioxidant analysis, real-time polymerase chain reaction, and western blot
analysis of superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), nuclear factor kappa B (NF-xB),
interleukin (IL)-6, and tumor necrosis factor (TNF)-a; histopathological and scanning electron microscope (SEM) analysis
of the kidneys were performed in both control and experimental rats.

Results SAC treatment showed significantly decreased levels of blood glucose, glycated haemoglobin, creatinine, albumin,
AST, ALT, creatinine kinase, lactate dehydrogenase, and expressions of NF-kB, IL.-6, and TNF-a compared with DN control
rats. Furthermore, SAC administration to DN rats significantly improved body composition and antioxidant defense mecha-
nism which was confirmed by the upregulation of mRNA and protein expressions of antioxidant genes.

Conclusions Thus, SAC showed adequate therapeutic effect against DN by downregulation of inflammatory factors and
attenuation of oxidative stress. Histological and SEM observations also indicated that SAC treatment notably reverses renal
damage and protects the kidneys from hyperglycemia-mediated oxidative damage.
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Introduction

Diabetes mellitus (DM) is a multifaceted metabolic disorder
characterized by defects in the body’s ability to utilize glu-
cose and maintain insulin homeostasis. Persistent hypergly-
cemia leads to long-term devastation, dysfunction, and even-
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Diabetic nephropathy (DN) is the most familiar compli-
cation and leading cause of DM-associated mortality. DN
is a leading contributor to cases of kidney malfunction in
the developed countries, and both type I and type II forms
of DM can cause DN [4]. DN is clinically assessed through
five-stage criteria, with each stage featuring a discrete set of
functional and structural changes and reflected alterations
in the standard renal function markers [5]. Several studies
evidently point out that both insulin resistance and diabetic
state play an essential role in producing oxidative stress.
Even though haemodynamic and metabolic factors are the
most important causes of DN, the current studies have rec-
ommended that DN is an inflammatory process, and immune
cells could be implicated in the progression of DN [6]. The
foremost pathological conditions of DN comprise mesangial
extension, extracellular matrix alterations, tubulointerstitial
fibrosis, and glomerular sclerosis [7]. Because the anti-dia-
betic drugs used for long-term treatment have diverse side
effects, the developmental process for innovation in anti-dia-
betic drugs has shifted its focus towards innate plant sources
with negligible side effects [8]. As a breakthrough in new
remedial agents against DM, phytoconstituents with a per-
suasive antioxidant nature are an excellent option, and they
have received much consideration as sources of biologically
active substances, including antioxidants, and hypoglycemic
and hypolipidaemic agents [9].

Garlic, a natural product, has been conservatively used as
a food item, folklore medication, and cultural icon, dating
back thousands of years. The persuasive remedial limit of
garlic and its components has been assessed through many
in vivo frameworks [10]. S-Allylcysteine (SAC), a deriva-
tive of garlic, is sulphur containing amino acid [3]. Similar
to garlic concentrate, SAC has anti oxidative and antican-
cer properties, and it can also moderate the frequency of
stroke [11]. Moreover, SAC has exhibit insulin-like anti
hyperglycemic effects in the streptozotocin (STZ)-nicoti-
namide (NAD)-induced diabetic rats, and has reversed the
changes in glucose metabolism in the liver, even though
there has been no scientific literature available on the thera-
peutic action of SAC against DN. Hence, this study aimed
to evaluate the effect of SAC on renal damage amelioration
of STZ-NAD-induced renal damage in rats.

Materials and methods

Chemicals

SAC ((2R)-2-amino-3-prop-2-enylsulfanylpropanoic acid)
(99%) was commercially obtainable and was purchased
from LGC Promochem India Pvt. Ltd, Bangalore, India.

STZ and NAD were purchased from Himedia, Bangalore,
India. All the drugs and biochemicals used in this study
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were purchased from Sigma Chemical Company Inc., St
Louis, MO, USA. All other chemicals used were of analyti-
cal grade.

Animal maintenance

Male Wistar/NIN (National Institute of Nutrition) rats of
body weight 150-180 g were obtained from the National
Centre for Laboratory Animal Science, National Institute
of Nutrition, Hyderabad. Animals were housed individually
in the standard polycarbonate cages at 22 +2 °C, with the
top grill containing facilities for holding diet in the form of
pellet and drinking water in polycarbonate bottles; hourly
air changes, a relative humidity of 50-60%, and a 12 h light/
dark cycle were maintained. Before initiating the experi-
ment, the rats were acclimatized to the laboratory environ-
ment for 7 days. The protocol of this study was approved by
the Institutional animal ethical committee of the National
Centre for Laboratory Animal Science, National Insti-
tute of Nutrition, Hyderabad (Approval no. P7F/II-IAEC/
NIN/2015/GS/WNIN Rats/42M).

Induction of diabetes

The overnight fasted rats were made diabetic by a single
intraperitoneal injection of freshly prepared STZ (45 mg/
kg body weight) [12] in a citrate buffer (0.1 M, pH 4.5) ata
volume of 1 mL/kg, 15 min after the intraperitoneal adminis-
tration of NAD (110 mg/kg body weight) [3] in 0.9% normal
saline. Hyperglycemia was confirmed through the elevated
glucose levels (>250 mg/dL) in the blood, determined at
72 h and then on day 7 after injection. After 15 days of dia-
betes induction, DN was confirmed through renal markers.

Experimental design
After the successful induction of experimental DN, the rats

were divided into four groups comprising a minimum of six
rats in each group.

Group 1 Normal control rats

Group 2 DN control rats

Group3 STZ-NAD-induced DN rats orally treated with
SAC (150 mg/kg body weight) in a vehicle solu-
tion for 45 days using an intragastric tube [3].

Group4 STZ-NAD-induced DN rats orally treated with

metformin (25 mg/kg body weight) in a vehicle
solution for 45 days using an intragastric tube
[13].

The test drug and reference standard drugs were fed orally
for 45 days. Groups 1 and 2 rats received 0.9% normal saline
solution orally once a day for 45 days. The experiment was
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terminated at the end of 45 days and the animals were fasted
overnight. Blood was collected by retro-orbital sinus punc-
ture method for the analysis.

After blood collection, the animals were anaesthetized
using low doses of phenobarbitone and sacrificed by cer-
vical decapitation. Both kidneys were dissected out. Kid-
ney tissues were immediately excised from the rats and
stored in ice-cold containers. They were then homogenised
with buffer and centrifuged, and the supernatant was col-
lected. Biochemical estimations were performed in the
homogenates.

Effect on body and organ weight

Body weight was measured weekly; at the end of the treat-
ment, animals were sacrificed according to the ethical com-
mittee (IAEC) guidelines, and the kidney was dissected,
washed in ice-cold phosphate-buffered saline, and then
weighed.

Body composition determined through total body
electrical conductivity (TOBEC)

At the end of the experiment, the body composition param-
eters, namely lean mass, fat-free mass, fat percentage, total
fat (g), total body sodium (Na), potassium (K) levels, and
water content, were measured in all experimental groups
through TOBEC, using the small animal body composition
analysis system (EM-SCAN, Model SA-3000 Multi detector,
Springfield, USA), as described by Parim et al. [14].

Estimation of BMC and BMD assessed
through dual-X ray absorptiometry (DXA)

At the end of experiment, the body composition parameters
of the experimental animals were assessed through DXA,
using a body composition analysis system (halogen 1000
series). DXA data were used to compare the values of body
adiposity, bone mineral concentration (BMC), and bone
mineral density (BMD) between the control and experimen-
tal groups [15]; calculations were performed according to
manufacturer’s protocols.

Estimation of glucose, insulin, and glycated
haemoglobin levels

The effect on the status of hyperglycemic markers, namely,
plasma glucose (Stan Bio Laboratory Kits, USA), insu-
lin (Bio-Merieux, RCS, Lyon, France), and glycated

haemoglobin (Hitachi 912, Boehringer Mannheim, Ger-
many), was evaluated using the respective kits.

Estimation of biochemical markers

The effect of SAC on nephrotic markers, namely C-reac-
tive protein (CRP), albumin, total protein, serum cre-
atinine, serum uric acid, urea, and blood urea nitrogen
(BUN), and biochemical marker enzymes, such as alanine
transaminase (ALT), aspartate transaminase (AST), creati-
nine kinase (CK), and lactate dehydrogenase (LDH), was
measured in both the control and experimental rats using
the respective kits.

Kidney antioxidant analysis

The antioxidant potentiality of SAC in kidney was meas-
ured; the antioxidant parameters such as thiobarbituric
acid reactive substances (TBARS) level [16], the hydrop-
eroxide values [17], reduced glutathione (GSH) [18],
oxidized glutathione (GSSG) [19], superoxide dismutase
(SOD) activity [20], catalase (CAT) level [21], glutathione
peroxidase (GPx) activity [22] were measured.

RT-PCR analysis

Total RNA was isolated from the kidney using tri-reagent
(Sigma-Aldrich, USA) according to the manufacturer’s
protocol and was reverse transcribed to obtain cDNA
using the DNA synthesis kit (Applied Bio systems, Foster
City, USA); 20 ng of cDNA was used for semi-quantitative
PCR. PCR amplification was performed for 38 cycles in
the following cycling conditions: 30 s of denaturation at
94 °C, 30 S of annealing at 59 °C, and 1 min of extension
at 72 °C with the primers. The sequences of the primers
are given in (Table 1). The housekeeping gene p-actin was
used for normalization.

Western blot analysis

The kidneys of the rats were collected and lysed using a
bead beater, and centrifuged at 7000 rpm for 15 min at 4 °C.
The suspension samples were collected, and 20 pL of each
sample was loaded on a 6% sodium dodecyl sulfate gel and
run for the normal control, DN, and treated groups (SAC and
metformin). The bands were transferred the gels to polyvi-
nylidene fluoride membrane using trans-turbo gel transfer
equipment. The primary antibodies anti-SOD (ab13498),
anti-CAT (ab1673), anti GPx (ab22604), anti-NF-xB
(ab16502), anti-IL-6 (ab6672), and anti-TNF-a (ab6671)
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Table 1 Primer sequences

Gene Primer sequence Product
size (bp)
SOD F5'-CATTCCATCATTGGCCGTACT-3' 62
R5-CCACCTTTGCCCAAGTCATC-3'
CAT F5'-GTACAGGCCGGCTCTCACA-3’ 57
R5'-ACCCGTGCTTTACAGGTTAGCT-3'
GPx F5'-GCGCTGGTCTCGTCCATT-3' 56
R5-TGGTGAAACCGCCTTTCTTT-3'
NF-xB F5-GAA ATT CCT GAT CCA GAC AAA 95
AAC-3'
R5"-ATC ACT TCA ATG GCC TCT GTG
TAG-3'
TNF-a F5'-ATG TGG AAC TGG CAG AGG AG-3’ 84
R5-AGA AGA GGC TGA GGC ACA GA-3’
IL-6 F5'-ATG TTG TTG ACA GCC ACT GC-3’ 51
R5'-GTC TCC TCTCCG GAC TTG TG-3'
B-Actin F5'-GGCACCACACTTTCTACAAT-3' 259

R5'-AGGTCTCAAACATGATCTGG-3’

were added, and the membrane developed blots which were
analyzed using chemi doc equipment (ChemiDoc™, Bio-
Rad Laboratories, Inc.).

Histopathological study

Kidney tissue was fixed in 10% formalin, routinely pro-
cessed, and embedded in paraffin wax. Paraffin sections
(5 um) were cut on glass slides, stained with haematoxylin
and eosin (H&E), and examined under a light microscope by
a pathologist blinded to the evaluated groups.

Scanning electron microscope (SEM) analysis

All the grouped kidney samples were immersed in ice-cold
2.5% glutaraldehyde (buffered with 0.1 M sodium caco-
dylate buffer, pH 7.4) immediately after their extraction
and sectioning, and fixed for 4 h at 4 °C, carefully handling
samples to avoid ex vivo artefacts. Sections were repeatedly
washed in cacodylate buffer and postfixed in 1% osmium
tetroxide for 1 h. Fixed specimens were dehydrated through
increasing concentrations of ethanol, starting with 10, 50,
70, and 90% of ethanol. Once the tissues were equilibrated
in anhydrous 100% ethanol, they were rinsed with liquid
carbon dioxide with a Bal-Tec 030 critical point dryer (BAL-
TEC AG, Balzers, Liechtenstein). Samples were mounted on
stubs, and coated with a thin layer of atomic gold particles
in a sputter coater (Agar Scientific, Stansted, UK). Coated
specimens were observed through SEM using secondary
electron detection (Supra 55, Zeiss, Oberkochen, Germany).
Acceleration voltage was set to 15 kV, working distance to
4-8 mm, and enlargement up to 2 kx.
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Statistical analysis

All results for the six animals in each group are expressed
as the mean + SD. All the grouped data were statistically
evaluated using SPSS\10.0 software (Genericom, Germany).
Hypothesis-testing methods used were the one-way analysis
of variance and the least-significant difference test. The sig-
nificance levels were set at p <0.05, and 0.01.

Results

Effect of SAC on body and organ weights, blood
glucose, insulin, and glycated haemoglobin levels

Figure 1 shows the body weight (Fig. 1a), organ weight
(Fig. 1b), blood glucose levels (Fig. 1c), insulin (Fig. 1d),
and glycated haemoglobin (Fig. 1e) in both control and
experimental animals. A significant decrease in the insulin
levels (73.5%) and bodyweight (54.6%) and a concomitant
increase in the level of plasma glucose (64.95%) and gly-
cated haemoglobin (68.25%) were observed in STZ-NAD-
induced DN rats, and these levels were normalized after
treatment with SAC and metformin.

Body composition analysis by TOBEC and DXA

Administration of STZ-NAD produced a substantial change
in the body composition of the experimental rats. The results
revealed that the body composition parameters were con-
siderably decreased in the DN rats (Table 2). However, oral
administration of SAC and metformin for 45 days signifi-
cantly (p <0.05, 0.01) increased the body weight, lean mass,
total body water, total body Na, total body K, total fat, fat
percentage, and fat-free mass of the STZ-NAD-induced
DN rats. STZ-NAD produced a substantial decrease in the
BMC (43.03%) and BMD (50%) of the experimental rats
(Fig. 2.1a—d). However, compared with the untreated DN
rats, oral administration of SAC and metformin for 45 days
caused a significant (p <0.05, 0.01) increase in the BMC
(Fig. 2.2) and BMD (Fig. 2.3) of the experimental rats.

Effect of SAC on biochemical markers

Table 3 shows the effect of SAC on the levels of CRP, serum
creatinine, serum uric acid, blood urea nitrogen, urea, albu-
min, and total protein in both the control and experimen-
tal rats. A noteworthy increase in the levels of CRP, serum
creatinine, serum uric acid, urea, BUN, and concomitant
decrease in the albumin and total protein was noticed in DN
rats, and these levels became normalized in the SAC and
metformin-treated animals after 45 days. On the other hand,
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Table 2 Effect of SAC on body composition by TOBEC in control and experimental animals

Control DN control DN +SAC DN + metformin
Body length (cm)* 20.5+0.50 18.83 +0.28%" 19.5+0.51%™ 19.83+0.76>™
Lean body mass (g) 221.44+19.79 151.36 +11.70%™ 196.94 +26.68>" 177.61 +18.86>™
Total fat (g) 56.88+25.30 17.63 +8.31%™ 28.05 +4.58>™ 24.05+10.93>*
Fat (%) 20.27 +8.58 10.50 +5.18%" 12.44 +0.27>" 11.94 +5.40°™
Fat-free mass (g) 104.85+7.91 76.82 +4.68%" 95.05+10.67%" 87.32+7.54>"

445.63 +61.68
738.82+102.81
1530.05+203.57

Total body water (mg)
Total body sodium (mg)
Total body potassium (mg)

333.78 +32.04%™
552.41+53.39%"
1161.15+105.92%™

383.13+44.50>™
634.66+74.17>"
1323.80 + 146.87>™

420.13 +51.96>™
696.32+86.61>™
1445.90 +171.48%"

Values are mean+SD, n=6

aSignificantly different from normal control. ®Significantly different from DN control. *p <0.05, **p <0.01

the increased levels of biochemical marker enzymes such
as ALT, AST, CK, and LDH were observed in DN rats, and
these levels became diminished after treatment with SAC
and metformin (Table 3).

Effect of SAC on kidney antioxidant activities,
mRNA, and protein expressions

Figure 3 summarizes the kidney antioxidant profiles of both
the control and experimental animals. The levels of TBARS
(Fig. 3a) and hydroperoxides (Fig. 3b) in the DN rats were
significantly (p <0.05, 0.01) higher than those in the control

rats; in the DN rats treated with SAC and metformin, these
altered values were restored to near normal. A decreased
concentration (p <0.05, 0.01) of GSH (Fig. 3c) was observed
in the DN rats. Administration of SAC and metformin tended
to restore the GSH to near normal levels. Compared with the
control rats, a significantly (p <0.05, 0.01) increased level of
GSSG (Fig. 3d) and concomitant decreased level of GSH/
GSSG (Fig. 3e) were observed in the DN rats. Oral treatment
with SAC and metformin tended to bring the GSSG and
GSH/GSSG ratios towards near normal levels. The activi-
ties, expressions of mRNA, and protein of SOD, CAT, and
GPx in the kidneys were significantly (p <0.05, 0.01) lower
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Fig.2 Effect of SAC on (2.1)
body composition by DXA,
(2.2) BMC, and (2.3) BMD in
control and experimental rats. a
Normal control, b DN control, ¢
DN + SAC, d DN + metformin.
Values are mean=+SD, n=6,
“significantly different from
normal control, Psignificantly
different from DN control,
*p<0.05, **p<0.01

2.1B

2.1A

in the DN control rats than in the normal rats (Fig. 4a—f).
Treatment with SAC or metformin showed a significant
increase in the activities and the levels of mRNA (4D&E)
and protein expressions (Fig. 4f) of SOD (Fig. 4a), CAT
(Fig. 4b), and GPx (Fig. 4c) in the kidneys of the DN rats.

Effect of SAC on inflammatory markers mRNA
and protein expressions

The effect of oral SAC treatment on the mRNA and protein
expressions of NF-kB, IL-6, and TNF-a in the renal tissues
of the control and experimental rats are shown in Fig. Sa—c.
In the DN rats, the mRNA (Fig. 5a, b) and protein expres-
sions (Fig. 5¢) of NF-xB, IL-6, and TNF-a indicated sig-
nificantly enhanced when compared with in the control rats.
Moreover, compared with the DN control rats, oral treatment
with SAC or metformin to DN rats significantly (p <0.05,
0.01) restored these levels to near normalcy.
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SEM analysis of kidney

Figure 6 depicts the SEM analysis of the control and experi-
mental rat kidneys. SEM analysis of normal control kidneys
demonstrated healthy conserved glomerular architecture
with normal peripheral capillary loop ultra structure. The
outer surfaces of glomerular capillaries were enclosed by
vastly divided podocytes exhibiting unbroken cell bodies
and primary processes with regimented interdigitating foot
processes (Fig. 6a). The examination of the diabetic kidneys
displayed a glomerular adaptative growth, with a subsequent
disparity between the expansion of the tuft and the hyper-
trophy of podocytes, which revealed flattened and stretched
cell bodies; the filtration barrier was structurally integral in
a few areas of the glomerular capillary tuft. The glomerular
basement membrane is expansively disjointed and devas-
tated, whereas the fundamental surface displayed a tangle of
stretched out fibrils which had replaced the usual glomeru-
lar structures, creating a fibrillar collagen network (Fig. 6b).
Treatment with SAC or metformin have shown that changes
in the diabetic kidneys were significantly restored to near
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Table 3 Effect of SAC on biochemical markers in control and experimental rats

LDH (U/L)

CK (IU/mg
protein)

ALT (IU/L) AST (IU/L)

Total protein
(g/dL)

Urea (mg/dL) Albumin (g/L)

Blood urea nitro-
gen (mg/dL)

Serum uric acid

(mg/dL)

Serum creatinine

(mg/dL)

CRP (mg/dL)

207.33+£2.33

4.67+0.77

45.88+2.59

68.31+£3.39

63.21+5.81

35+2.34

31.39+1.34

+ 0.69+0.40 2.22+0.79 18.20+1.15

1.33+0.47

Normal

control

302.05 +2.32%*
206.85 +3.49>"

9.42+1.46%™

64.22+1.86"" 4524 +2.37""

103.92+3.12%" 73.97+1.91%"

45.78 +4.19%"
57.89+6.10>"

26.78 +2.01%™

2.89+0.92%" 4.55+0.78%" 43.10+£1.80%"  65.14+2.54"

2.87+0.70%"

DN control

206.23 +2.12>"

4.82+0.64>"

4.51+0.92%"

65.76+2.00 48.22+1.48""

31.35+3.17%"

33.71+1.05>"

36.86+1.52>"

18.18+0.96>"
18.2+0.97>*

2.12+0.47%"

2.18+0.71%"

0.58+0.23"

1.20+0.48>™

1.47 +0.48>

DN+SAC

59.43 +4.90""

33.89+2.64>"

0.53+0.23"" +

DN + met-

formin

6
2Significantly different from normal control. ®Significantly different from DN control. *p <0.05, **p <0.01

Values are mean+SD, n

normal and displayed healthy glomerular architecture and
normal peripheral capillary loop ultrastructure (Fig. 6c, d).

Histopathological analysis

Figure 7 demonstrates the histology of kidneys in control
and experimental rats. Normal control rat kidney exhibits
a normocellular glomerulus with mild segmental mesan-
gial expansion and obvious capillary lumina. The adjoining
tubular parenchyma does not have any indication of injury
(Fig. 7a). Histological analysis of kidneys with H&E stain-
ing from the DN rats made distinctly brutal devastation in
tubulointerstitial and glomerular lesions including epithelial
necrosis and ballooning with focal fibrosis compared with
the normal control group (Fig. 7b). Supplementation of SAC
or metformin for 45 days ameliorated the histopathological
changes in diabetic kidney and changes were brought back
to near normal morphology as like normal control kidney
when compared to DN group (Fig. 7c, d).

Discussion

STZ-NAD-induced hyperglycaemia is a suitable animal
model for the preliminary screening of agents against DM
[23, 24]. In many animal experiments, STZ has produced
permanent DM that impersonates the pathological status
observed in human DM [25], as reflected by the glycosu-
ria, hyperglycaemia, polyphagia, polydipsia, and weight
loss observed in them [26]. STZ is well documented to root
pancreatic -cell destruction, while NAD is administered to
rats to moderately guard insulin-secreting cells against STZ.
Similarly, in the present study, the intraperitoneal adminis-
tration of STZ-NAD effectively induced DM in experimen-
tal rats, which was reflected by their increased blood glucose
levels. The hypoglycemic effectiveness of SAC has been
attributed to the sulphur compound [27]. The mechanism of
hypoglycemic action, perhaps, involves the direct or indirect
stimulation of insulin secretion. This could be a result of the
potentiation of the insulin effect of plasma through escala-
tion of the pancreatic secretion of insulin from the existing
B cells or liberation from bound insulin [28].

In the present study, total body weight and kidney weight
were measured. A significant decrease in body weight was
noticed in DN control animals, whereas increased body
weight was observed in DN rats treated with SAC. In type 2
DM, the loss of insulin responsiveness prevents the utiliza-
tion of glucose for energy in the cells. Under these condi-
tions, the body starts burning fat and muscle for energy,
which accounts for the loss in body weight observed in DN
control rats [29]. In this study, a significant increase in the
kidney weight was observed in the DN control group as
compared with that in the normal control and SAC-treated
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Fig.4 Effect of SAC on kidney enzymatic antioxidants activities of
a SOD, b CAT, ¢ GPx, d mRNA expression percentages, e mRNA
expressions, and f protein expressions of SOD, CAT, and GPx in
control and experimental rats. I: Normal control; II: DN control; III:

rats. This increase in kidney weight can be attributed to
glomerular hypercellularity, increased mesangium, and the
subsequent closure of glomeruli [30].
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DN+ SAC; IV: DN + metformin. Values are mean+ SD, n=6, *signif-
icantly different from normal control, ®significantly different from DN
control, *p <0.05, **p <0.01

DN refers to a characteristic set of structural and func-
tional kidney abnormalities observed in patients with DM.
The structural abnormalities include hypertrophy of the
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Fig.5 Effect of SAC on inflammatory markers (NF-xB, IL-6, and
TNF-a) a mRNA expression percentages, b mRNA expressions, and
¢ protein expressions in control and experimental rats. I: Normal con-
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Fig.6 SEM analysis of kidney in control and experimental rats; a
normal control: demonstrated healthy conserved glomerular archi-
tecture with normal peripheral capillary loop ultrastructure, b DN
control: displayed a glomerular adaptative growth, with a subsequent
disparity between the expansion of the tuft and the hypertrophy of

kidney, increase in glomerular basement membrane thick-
ness, nodular and diffuse glomerulosclerosis, tubular atro-
phy, and interstitial fibrosis. Hyperglycaemia and albuminu-
ria are present in STZ-NAD-induced diabetic rats and DN
progresses rapidly in this animal model [31]. In our study,
increased levels of BUN, urea, albumin, total protein, uric

trol; II: DN control; III: DN + SAC; IV: DN + metformin. Values are
mean +SD, n=6, significantly different from normal control, ®sig-
nificantly different from DN control, *p <0.05, **p <0.01

15.0kV 8.1mm x250 SE

podocytes, which revealed flattened and stretched cell bodies; the fil-
tration barrier was structurally integral in a few areas of the glomeru-
lar capillary tuft, ¢ DN+ SAC and d DN + metformin: SAC or met-
formin shown that changes in the diabetic kidney were significantly
restored to near normal

acid, and creatinine were detected in the untreated DN rats,
and a significant decrease in these levels were noted in the
rats treated with SAC. BUN is commonly known as the
major reliable indicator to evaluate renal function. Increment
in BUN level is universal in kidney damage or dysfunction.
An elevated level of blood urea and blood sugar indicates

@ Springer



2434

European Journal of Nutrition (2019) 58:2425-2437

Fig.7 Histopathological analysis of kidney in control and experimen-
tal rats, a Normal control: exhibits a normocellular glomerulus with
mild segmental mesangial expansion and obvious capillary lumina,
b DN control: brutal devastation in tubulointerstitial and glomeru-
lar lesions including epithelial necrosis and ballooning with focal

that hyperglycemia can lead to kidney damage [32]. Hyper-
glycaemia leads to the destruction of the glomerular filtra-
tion barrier, leading to glomerular damage, and which, in
turn, causes urinary protein or albumin leakage, thereby
exacerbating the progression of DN [33]. Albuminuria is
the main pathologic feature of many primary glomerular dis-
eases, including DN [34]. Consistent with this interpretation,
our study demonstrated that albuminuria and focal glomeru-
lar matrix expansion were markedly increased in the DN
rats. The elevated blood glucose; increased kidney weight;
altered intraperitoneal insulin tolerance; increased activities
of renal AST, ALT, CK, and LDH; diminished creatinine
clearance in the DN rats indicate the development of renal
hypertrophy, glomerular injury, and renal dysfunction [35].
However, oral treatment with SAC for these rats restored
these altered levels to near normalcy, suggesting that SAC
effectively ameliorates diabetic renal injury. The increased
activities of AST, ALT, CK, and LDH in the plasma may
be mainly caused by the leakage of these enzymes from the
liver cells into the blood stream [36], indicating the hepato-
toxic effect of STZ.

@ Springer

fibrosis compared with the normal control group, ¢ DN+SAC and d
DN + metformin: supplementation of SAC or metformin for 45 days
ameliorated the histopathological changes in diabetic kidney and
changes were brought back to near normal morphology as like nor-
mal control kidney when compared to DN group. H&E x40

Oxidative damage replicates the inequity between the
systemic manifestation of reactive oxygen species and the
ability of biological systems to restore the ensuing damage
or to willingly detoxify the reactive intermediate. Increased
oxidative stress and damaged antioxidant protection system
are vital aspects of the evolution and pathogenesis of dis-
eases connected to oxidants [37]. Augmented free radicals
detected in DN rats are attributed to the persistent hyper-
glycemia which damages the defense mechanism against
oxidants [38]. Free radicals can also be produced by the
auto-oxidation of unsaturated lipids in membrane and
plasma lipids. The free radicals produced might react with
the polyunsaturated fatty acids in the cell membrane, lead-
ing to the peroxidation of lipids [39]. Lipid peroxidation, in
turn, contributes to the prominent fabrication of free radicals
[40]. Improved lipid peroxidation damages the membrane
functions by altering the activity of the membrane-bound
enzymes and receptors, and reducing the membrane fluidity
[41]. In the current study, a noteworthy rise in tissue TBARS
and hydroperoxide levels was detected in STZ-NAD-
induced diabetic rats. The amplified TBARS content in the
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DN rats indicated that the peroxidative damage might be
implicated in the progression of diabetic complications.
TBARS and hydroperoxide levels in the kidneys of the SAC
and metformin-treated rats were markedly lower than those
of the DN control rats. These results suggested that SAC
has antioxidant activity and defends the tissues from lipid
peroxidation.

GSH is a chief endogenous antioxidant that compensates
for the damage mediated by free radicals. Studies have
revealed that the tissue GSH concentrations in STZ-induced
diabetic rats are considerably less than those in control rats
[42]. GSH is implicated in the defense of normal cell func-
tion and structure through sustenance of the quenching of
free radicals, redox homeostasis, and participation in detoxi-
fication reactions. Loven et al. [43] reported that a reduc-
tion in tissue GSH could be the consequence of increased
GSH degradation or lowered synthesis caused by oxidative
damage in DM. Improved oxidative stress, ensuing from a
momentous boost in the aldehydic products of lipid peroxi-
dation, possibly lowers the tissue GSH [23]. In the present
study, elevated GSH levels were detected in the kidneys of
the SAC and metformin-supplemented DN rats. This indi-
cates that SAC can either reduce oxidative stress or increase
the biosynthesis of GSH, leading to a reduced amount of
GSH degradation, or can induce both effects.

In the diabetic state, insulin shortage causes the destruc-
tion of glucose consumption, leading to an increased pro-
duction of oxygen-free radicals. Studies have reported on
the decrease in tissue SOD activities in STZ-NAD-induced
diabetic rats [44]. SOD is an imperative defense enzyme that
catalyses the dismutation reaction in superoxide radicals to
produce hydrogen peroxides (H,0,) and molecular oxygen,
thereby reversing the toxic effects of this radical. Wohaieb
and Godin [45] suggested that reactive oxygen-free radicals
can reduce and inactivate the activities of tissue SOD. The
noteworthy decrease in SOD activity could result from the
inactivation through glycation of enzymes or H,0, [46].
Oral supplementation of SAC caused a momentous rise
in SOD activities in diabetic rats. This indicated that SAC
can decrease reactive oxygen-free radicals and improve the
activities of the tissue antioxidant enzymes. CAT is a heme-
protein that catalyses the reduction of H,O, and protects the
tissues from highly reactive hydroxyl radicals. The reduc-
tion in CAT activity could result from inactivation through
glycation of the enzyme [47]. CAT reduces H,0O, produced
by the dismutation reaction. It also averts the generation
of hydroxyl radicals, thus defending the cellular constitu-
ents from peroxisome-induced oxidative damage. The con-
densed activity of CAT in STZ-NAD-treated rats results in
the accretion of H,0,, which produces poisonous effects. In
this study, SAC caused a considerable increase in the activity
of CAT in diabetic rats. This action is principally due to the

antioxidant character of SAC and could involve a mechanism
associated with scavenging activity.

GPx, a selenium-containing enzyme present in important
concentrations, detoxifies H,0O, to water through reduced GSH
oxidation. GPx works jointly with GSH in the putrefaction
of H,0, or other organic hydroperoxides to non-toxic prod-
ucts, at the expense of reduced GSH [42]. Condensed activi-
ties of GPx may result from the glycation of the enzyme and
radical-induced inactivation. The squat activity of GPx could
be explained by the low content of GSH found in diabetic
state, because glutathione is a cofactor and substrate of GPx.
Decreased activities of GPx in the kidney have been observed
during DM and this may lead to numerous lethal effects caused
by to the accretion of toxic products. In addition, a reduction
in the GPx activity in kidneys of DM rats has been noted [23].
In concurrence with Haliga et al. [48], the DN rats in our
study had higher levels of renal TBARS and lower expression
of renal antioxidant enzyme (SOD, GPx, and CAT) genes.
SAC diminished the renal oxidative stress by the restoring the
expression of SOD, CAT, and GPx, and decreasing TBARS
in STZ-NAD-induced DN rats. These results were supported
those of RT-PCR and western blot analysis, which revealed
that of SAC upregulated the expression of SOD, CAT, and
GPx genes and proteins in the kidneys of SAC-treated DN rats.

Oxidative stress and inflammation are concerned in mul-
tifaceted processes in the expansion and succession of renal
disease in diabetic patients. When taking into consideration
the task of cytokines in pathophysiological processes under-
lying disease, it is obligatory to take into description the
fact that the activities of these molecules are exceptionally
intricate, as reflected by imperative characteristics, includ-
ing their pleiotropic actions, and therefore, a cytokine may
elicit numerous different cellular responses [49]. NF-kB is
a family of pleiotropic transcription factors that combine a
complex network of signaling pathways and extracellular
perturbagens, consequential in the transcriptional regula-
tion of many genes interrelated to immunity, inflamma-
tion, cell proliferation, differentiation, and apoptosis [50].
In experimental renal disease, NF-«xB triggers in mesangial
and podocytes cells in glomerular injury as well as in tubular
cells during the line of primary tubulointerstitial diseases
including toxic acute kidney injury [51]. IL-6, a cytokine
formed by numerous cells. IL-6 plays a major role in the
pathogenesis of DN, and there was a well-built relationship
between the cruelty of diabetic glomerulopathy and expres-
sion of IL-6 mRNA in glomerular cells. More modern stud-
ies in type 2 DM patients reveal a noteworthy relationship
between IL-6 and glomerular basement membrane thick-
ening, a decisive lesion of DN and a strong forecaster of
renal progression [52]. TNF-a is a pleiotropic inflammatory
cytokine that is mostly formed by T cells, macrophages, and
monocytes. Navarro et al. [53] reported a momentous rela-
tionship between TNF-a and proteinuria in DN. TNF-a is
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cytotoxic to renal cells and capable to persuade direct renal
injury, apoptosis, and necrotic cell death [54]. Hence, in the
current study, we found that there were significant upregu-
lated mRNA and protein expressions of NF-kB, IL-6, and
TNF-a in DN rats when compared to normal rats, and after
treatment with SAC or metformin, these expressions were
found downregulated. The downregulation of these inflam-
matory factors by SAC indicates the anti-inflammatory role
and it might be playing a significant role in amelioration of
renal damage which was caused by inflammation and oxida-
tive stress due to DM.

Conclusion

In conclusion, the present study elucidates the reno-protec-
tive nature of SAC in STZ-NAD-induced DN rats and pro-
vides evidence that the protective effects are, possibly, due to
the decline in oxidant and pro-inflammatory production by
the renal tissues. Moreover, SAC treatment for STZ-NAD-
induced DN rats exhibited a significant ameliorative poten-
tial, probably by attenuating the hyperglycemia, and thereby
alleviating the ultra-structural alterations in the proximal and
convoluted tubules in kidney which were confirmed by the
histopathology and SEM analysis. Hence, this study sug-
gested that SAC has a significant therapeutic action against
DN.
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