
Abstract

Background: Apelin is an adipokine that revealed numer-
ous renoprotective actions; however, its effect in diabetic
nephropathy is controversial.

Aim of Study: The objectives of the current study were
to determine the action of apelin administration on nephropathy
in type 2 diabetic rat model and to clarify its possible mech-
anisms and if PPARs activation is involved in these mecha-
nisms.

Material and Methods: Thirty adult male wistar rats were
subdivided into control, diabetic and diabetic-apelin treated
rats. Type 2 diabetes was induced via a high-fat diet together
with a single low-dose of streptozotocin. Apelin was injected
intraperitoneally for 10 weeks. Serum glucose, insulin and
lipid profile were estimated. Homeostatic Model Assessment
for Insulin Resistance (HOMA-IR) was calculated. Renal
functions were evaluated by serum urea and creatinine, urinary
albumin excretion, urinary N-acetyl-beta-D-glucosaminidase
(NAG) activity and histopathological inspection. Renal tissue
homogenate was assessed for Superoxide Dismutase (SOD),
Malondialdehyde (MDA), Nitric Oxide (NO) content and
PPAR-α and PPAR-γ gene expression.

Results: Apelin administration to diabetic rats improved
hyperglycemia, insulin resistance, dyslipidemia, renal function
parameters and pathological lesions in the kidney that resulted
from induction of diabetes. It elevates renal SOD and NO,
decreased MDA and increased PPAR-α and γ gene expression
in comparison to diabetic rats.

Conclusions: Apelin administration to diabetic rats im-
proved insulin resistance, hyperglycemia, dyslipidemia and
renal functions which may be partially via its antioxidant
properties and NO dependent mechanism that struggled the
harmful properties of diabetes on the kidney. Besides, apelin
induced upregulation of both PPARα/γ genes expression that
could be involved in the renoprotective effect of apelin. More
investigations for the mechanism by which apelin acts on
PPARα/γ are recommended.

Key Words: Apelin – PPARs – Diabetic nephropathy – Oxida-
tive stress.
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Introduction

DIABETIC Kidney Disease (DKD) is a common
consequence of Diabetes Mellitus (DM), in which
chronic hyperglycemia causes changes of hemody-
namic and metabolic pathways that leads to dys-
function of renal and vascular tissues [1]. It consti-
tutes a common public health affair, with a
worldwide prevalence of 8-16% [2].

Apelin; a newly discovered adipocytokine, is
an endogenous ligand of seven-transmembrane G
protein-coupled receptor APJ [3] that is widely
expressed in several tissues, such as heart, lung,
kidney, and even tumor tissues [4]. Apelin/APJ
system have pleiotropic effects on physiological
and pathological processes. It has a protective
action in cardiovascular diseases [5] and could
control gastrointestinal function, insulin sensitivity
and immune function [6]. Recently, it has been
postulated that apelin/APJ system plays an essential
role in kidney diseases, however, its role in DKD
is controversial. It was reported that apelin-13 has
a protecting action on the kidney of diabetic mice
via antioxidant mechanism [7]. Moreover, direct
correlation between apelin levels and the renal
function parameter was observed in type 2 diabetic
patients, so renal function improves as apelin
increases. In addition, apelin is associated with the
progress of renal disease as patients with lower
apelin levels being more likely to start a depurative
technique. This might be related to possible reno-
protective role of apelin [8]. On the other hand,
apelin administration to kk-Ay mice that is an
animal model for Diabetic Nephropathy (DN)
induces podocyte dysfunction and promotes DN
[9] and increased apelin level in diabetic patients
encouraged the progression of DN by inhibiting
autophagy in podocytes [10].
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(n=10) and experimental (n=20) groups. Rats in
control group were fed normal diet (25% corn
starch, 24.5% whole wheat flour, 23.3% refined
wheat flour, 20% soybean meal, 2% vegetable oil,
2% fish powder, 1% calcium bicarbonate, 2%
vitamin and mineral mix, 0.2% sodium chloride).
Experimental rats were fed a high-fat diet contain-
ing 66.5% normal diet, 10% cow fat, 20% sucrose,
2.5% cholesterol, and 1.0% cholate. Both food
formulae were obtained from Faculty of Agricul-
ture, Zagazig University. Both groups had free
access to water. After 8 weeks, the experimental
rats were given a single intraperitoneal injection
of streptozotocin (STZ) (30mg/kg, in citrate buffer
pH 4.4) (Sigma-Aldrich, St. Louis, MO, USA) [19].
Control animals were injected with equivalent
volume of vehicle citrate buffer (pH 4.4; 1ml/kg).
Seven days following STZ injection, Fasting Blood
Glucose (FBG) levels were tested and the rats with
high FBG (≥200mg/dl) were considered to be
diabetic rats. The well-established diabetic rats
were then randomly divided into two equal sub-
groups (n=10): Untreated Diabetes Mellitus (DM)
group and diabetic-apelin treated (AP) group. The
rats in AP group were received once daily intra-
peritoneal injection of apelin-13 (0.1µmol/kg, in
saline) (Sigma-Aldrich, St. Louis, MO, USA) for
10 weeks [20]. Both control and diabetic rats were
treated with normal saline intraperitoneally. The
rats in AP group and DM group were given HF
diet sequentially.

Sample collection and storage:

At the end of experiment, animals were accom-
modated in metabolic cage to collect 24h urine
samples. The urine samples were then centrifuged
for 10min to remove any debris and stored at –80ºC.
After urine collection all rats were sacrificed after
12 hours of fasting under anesthesia (chloral hy-
drate) inhalation. Blood samples were obtained by
exsanguination at the time of scarification, collected
and allowed to clot for 2 hours at room temperature
before centrifugation. Sera were stored at –20ºC
until analysis. Repeated freezing and thawing was
avoided. The kidneys were excised from each rat
then washed with cold saline. Right kidneys were
fixed in 10% buffered formalin solution at room
temperature for histopathological studies. Left
kidneys were divided and stored at –80ºC under
liquid nitrogen for biochemical and gene expression
analysis.

Determination of metabolic parameters:

The sera were examined for level of insulin by
ELISA kits (Bio Basic INC, USA) and glucose by
enzymatic colorimetric assay using commercial

Peroxisome Proliferator-Activated Receptors
(PPARs) are nuclear hormone-activated receptors
with three different subtypes that are PPAR-α,
PPAR-β/δ, and PPAR-γ [11]. PPARs are considered
to be critical regulating factor for many biologic
processes, as insulin sensitivity, lipid metabolism,
immune reactions, and cell growth and differenti-
ation [12]. They have role in the pathogenesis of
metabolic syndrome associated diseases including
dyslipidemia, atherosclerosis, insulin resistance,
hypertension, obesity, and microalbuminuria [13].
The PPARγ agonist thiazolidinediones that used
as insulin-sensitizers in the treatment of DM have
been confirmed to significantly reduce albuminuria
in type 2 diabetic patients [14]. Besides, the fibrate
that is anti-hypercholesterolemia therapy has been
shown to stimulate PPAR-α and decrease urinary
albumin excretion in type 2 diabetic patients [15].
However, the influence of PPARs agonists on renal
functions was reported to be a controversial [16,17].

On the other hand, adipokines including apelin
might activate different signaling pathways, like
AMP-activated protein kinase (AMPK), phosphati-
dyl inositol 3-kinase/protein kinase B (PI3K/Akt),
and PPARs [18].

The objectives of the current study were to
determine the action of apelin administration on
nephropathy in type 2 diabetic rat model and to
clarify its possible mechanisms and if PPARs
activation is involved in these mechanisms.

Material and Methods

Experimental animals:
A total number of 30 adult male wistar rats

aged between 10 and 12 weeks (200±20g) were
used as experimental animals in the present inves-
tigation and were purchased from Animal House
of Faculty of Veterinary Medicine, Zagazig Uni-
versity, Egypt. The animals were housed in standard
cages (five rats/cage). They were maintained under
controlled room temperature (24±2ºC) and humidity
(55%±5%) with 12h light and 12h dark cycle and
were fed on a standard diet with free access to
water. All experimental procedures and protocols
were following the guide for the care and use of
laboratory animals (8th edition, National Academies
Press) and have been reviewed and approved by
Zagazig University Institutional Animal Care Unit
Committee (ZU-IACUC; Sharkia; Egypt) with
approval number: ZU-IACUC/3/F/173/2019.

Experimental protocol:
Following acclimatization for one week, rats

were randomly divided into two groups: Control
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kits (Cayman chemicals, USA). The homeostatic
model assessment for insulin resistance (HOMA-
IR) was calculated from the formula: [HOMA-IR
= Insulin (mIU/L) X glucose (mg/dL)/405] [21].
For lipid profile assessment, Total Cholesterol
(TC), HDL-cholesterol, LDL-cholesterol and Trig-
lycerides (TG) levels using enzymatic colorimetric
assays by commercial kits (Spectrum Diagnostics
Cairo, Egypt) were examined.

Evaluation of kidney functions:

Serum urea levels were determined colorimet-
rically by available commercial kits (Spectrum
Diagnostics Cairo, Egypt). Serum and urinary
creatinine were determined enzymatically by color-
imetric detection using commercial kits (Spectrum
Diagnostics Cairo, Egypt). Urinary albumin was
measured colorimetrically by rat albumin ELISA
kit (Abcam Co. Shanghai, China). Urinary N-
acetyl-β-D-glucosaminidase (NAG) activity was
assessed by spectrophotometric determination of
the enzymatically released p-nitrophenol from 4-
nitrophenyl N-acetyl-β-D-glucosaminide substrate
(Cusabio, TX, USA) and the enzyme activity was
related to urinary creatinine concentration and
expressed as µmol/h/mg creatinine.

Determination of renal oxidative stress parameters:

Kidney tissue was homogenized in 5mL cold
buffer (50mM potassium phosphate pH 7.4, 1mM
EDTA and 1mL/L Triton X-100). Renal tissue
homogenate was assessed for Superoxide Dis-
mutase (SOD) activity and Malondialdehyde
(MDA) content using commercially available kits
(Bio diagnostic, Cairo, Egypt). SOD activity for
assessment of antioxidant activity was measured
by modified spectrophotometric assay based on
the inhibition of NADH-dependent Nitro-Blue-
Tetrazolium reduction (NBT) by SOD. SOD activ-
ity was expressed as U/mg tissue, whereas one
unit of enzyme activity is defined as the amount
of enzyme that gave 50% inhibition of NBT reduc-
tion in one minute [22]. MDA, for monitoring lipid
peroxidation, was evaluated by a method that
depends on the reaction between MDA with thio-
barbituric acid and the color developed was meas-
ured spectrophotometrically. The MDA concentra-
tion was expressed as nmol/mg tissue [23].

Determination of renal endothelial function:

Renal tissue homogenate was assessed for nitric
oxide content by colorimetric detection kits (Enzo
Life Sciences, Inc. USA), the stable oxidation end
products of Nitric Oxide (NO), nitrite and nitrate
were measured after the reduction of nitrate to
nitrite by copperized cadmium granules. Quantita-

tion of nitrite was based on the Griess reaction and
the absorbance of developed color was measured
spectrophotometrically [24]. The NO concentration
was expressed as nmol/mg tissue.

Real-time reverse transcription polymerase
chain reaction (RT-PCR) for the relative quantifi-
cation of peroxisome proliferator activated recep-
tors (PPAR-α) and (PPAR-γ):

Total RNA was extracted from kidney homoge-
nate by the ribozol RNA extraction reagent (Am-
resco, Solon, Cleveland, Ohio, USA) as the man-
ufacturer's instructions. cDNAs were synthesized
by the SensiFAST TM cDNA synthesis kit (Bioline,
London, UK) at 42ºC for 15min then at 85ºC for
5min followed by rapid cooling by ice. Real-time
PCR was performed using 10µl of SYBER Green
QPCR Mix (SensiFAST TM SYBER Lo-ROX Kit,
Bioline London, UK). The SYBER green data were
analyzed with a relative quantification to Glycer-
aldehyde-3-Phosphate Dehydrogenase (GAPDH)
as the reference gene. The sets of primers used
were as follows:
- PPAR-α
- Forward primer: 5'-ACGATGCTGTCCTCCTTGATG-3',

- Reverse primer: 5'-GCGTCTGACTCGGTCTTCTTG-3'

- PPAR-γ
- Forward primer: 5'-ATTCTGGCCCACCAACTTCGG-3'

- Reverse primer: 5'-TGGAAGCCTGATGCTTTATCCCCA-
3'

- GAPDH

- Forward primer: 5'-GTCGGTGTGAACGGATTTG-3'

- Reverse primer: 5'-CTTGCCGTGGGTAGAGTCAT-3'

The relative gene expression ratio is calculated
from the real-time PCR by the 2–∆∆Ct method
[25].

Histopathological examination of kidney tissue:
Kidney samples were fixed in 10% formalin,

paraffin-embedded, cut into 5-micron sections
deparaffinized and hydrated in descending series
of ethyl alcohol. Sections were stained with hema-
toxylin (H) and eosin (E) stains, dehydrated and
cleared in xylene. The slides were examined blindly
by expert pathologist who was blind to the exper-
imental profiles using light microscope (Olympus
Electron Microscope, Olympus, Japan) and photo-
graphed.

Statistical analysis:
The results are presented as descriptive statistics

(mean ± standard deviation). Statistical analysis
was performed using the Statistical Package for
Social Science (SPSS) version 25 (SPSS, Inc.,
IBM Company, Chicago, IL, USA). The normal
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content was (15.3±4), (26.3±6.2) & (19.4±3.4)
nmol/mg tissue in control, DM and AP groups
respectively.

Induction of diabetes induced significant de-
crease in renal tissue SOD activity in DM group
(p<0.001); with significant increase in renal tissue
MDA content in DM group (p<0.001) in compar-
ison to control one. Apelin administration to dia-
betic rats induced significant increase in renal
tissue SOD activity (p<0.001) and significant
decrease in MDA content (p=0.003) when com-
pared with DM group Fig. (1).

distribution of data from each group was confirmed
using the Kolmogorov-Smirnov normality test.
Since the test indicated that variables followed
normal distribution, comparisons among the exper-
imental groups were analyzed by one-way analysis
of variance (ANOVA) followed by Least Signifi-
cance Differences (LSD) test to evaluate statistical
difference between two groups. p-value <0.05 was
considered to be statistically significant.

Results

Effect of apelin on glucose metabolism, lipid
profile & renal function:

Induction of diabetes induced significant in-
crease in glucose, HOMA-IR, TG, TC, LDL-C,
serum urea and creatinine, urine albumin excretion,
and urinary NAG activity with decrease in insulin
and HDL-C in DM in comparison to control one
(p<0.001). Apelin administration to diabetic rats
induced significant decrease in glucose, TG, LDL-
C (p<0.001), HOMA-IR (p=0.02), TC (p=0.004),
serum urea and creatinine (p<0.001) and urinary
albumin secretion and NAG activity (p<0.001) with
increase in insulin (p=0.007) and HDL-C (p<0.001)
when compared with DM group (Table 1).
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Table (1): Effect of apelin administration to diabetic rats on
glucose metabolism, lipid profile and renal function
parameters.

n=10 in each group.
Data are represented as mean ± SD.
HDL-C
HOMA-IR
LDL-C
NAG
TC
TG

Significance (p<0.05):
(a) Significant when compared with control group,
(b) significant when compared with DM group.

211.1±11.4a,b
18.8±3.5a,b
8.9±0.64a,b
87±9.7a,b
182±10.8a,b
40±6.7a,b
125.1±5.2a,b
33.6±4.3a,b
1.45±0.39a,b

31.8±6.3a,b

0.057±0.008a,b

AP

251.9±15.3a
15.1±2.3a
9.4±0.8a
128.5±11.6a
205.8±24.5a
26.3±4.5a
150.6±6.9a
52.8±4.9a
3.42±0.5a

52.4±5.7a

0.16±0.03a

DM

• Glucose (mg/dL)
• Insulin (mIU/L)
• HOMA-IR
• TG (mg/dL)
• TC (mg/dL)
• HDL-C (mg/dL)
• LDL-C (mg/dL)
• Serum urea (mg/dl)
• Serum creatinine

(mg/dl)
• Urinary albumin

excretion (mg/24h)
• Urinary (NAG)

activity (µmol/h/mg
creatinine)

96.8±6.4
25.4±2.7
6.2±0.7
74.7±5.6
133.4±9.2
58±6.7
62.8±7
24±4.4
0.87±0.07

25.4±4.4

0.027±0.006

Control

: High-Density Lipoprotein-Cholesterol.
: Homeostasis Model Assessment-Insulin Resistance.
: Low-Density Lipoprotein-Cholesterol.
: N-acetyl-β-D-glucosaminidase.
: Total Cholesterol.
: Triglyceride.

Effect of apelin on renal oxidative stress pa-
rameters:

Renal tissue SOD activity was (99.3±9.2),
(71.6±7.2) & (87.9±6.3) U/mg tissue and MDA

120
110
100

90
80
70
60
50
40
30
20
10

0

S
O

D
 (

U
/m

g 
ti

ss
ue

)

Control DM AP

*

*#
(A)

40

30

20

10

0

M
D

A
 (

nm
ol

/m
g 

ti
ss

ue
)

Control DM AP

*

#

(B)

Fig. (1): Effects of apelin on (A) superoxide dismutase (SOD),
(B) malondialdehyde (MDA) oxidative parameters
in the kidney tissues of diabetic rats.

n=(10) in each group.
Data are represented as mean ± standard deviation.
Significance (p<0.05):
(*) Significant when compared with control group.
(#) Significant when compared with DM group.

Effect of apelin on renal nitric oxide content:
Renal tissue NO content was (18.2±3.6),

(9.1±1.85) & (12.2±2.3) nmol/mg tissue in control,
DM and AP groups respectively.

Induction of diabetes induced significant de-
crease in renal tissue NO in DM group (p<0.001)
in comparison to control one while apelin admin-
istration to diabetic rats induced significant increase
in its level (p=0.023) when compared with DM
group Fig. (2).

Effect of Apelin on Kidney of Diabetic Rats
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Effect of apelin on renal PPAR-α and PPAR-γ
expression:

Relative gene expression of PPAR-α was (3.37±
0.45), (2.23±0.43) & (2.65±0.26) and PPAR-γ was
(2.43±0.25), (1.66±0.35) & (1.95±0.26) in control,
DM and AP groups respectively.

Induction of diabetes induced significant de-
crease in renal tissue PPAR-α and PPAR-γ expres-
sion in DM group (p<0.001) in comparison to
control one. Apelin administration to diabetic rats
induced significant increase in renal tissue PPAR-
α and PPAR-γ expression (p=0.024, p=0.035) when
compared with DM group Fig. (3).

Effect of apeline on histopathologcial changes
of kidney in T2DM rats:

Fig. (4) shows the morphology of the glomer-
ulus, as detected by hematoxylin-eosin staining.
As compared with kidney sections from control
group showed normal histological structure of the
glomeruli and renal tubules Fig. (4A). Kidney
sections from DM group showed reduced glomer-
ular tuft, increased Bowman's spaces and glomer-
ular hyaline degeneration with vacuolar degenera-
tion, and dilated renal tubules Fig. (4B). On the
other hand, kidney sections from AP group showed
normal structure of the glomeruli and renal tubule
Fig. (4C).
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Fig. (2): Effects of apelin on nitric oxide (NO) in the kidney
tissues of rats with type 2 diabetes n=(10) in each
group.

Data are represented as mean ± standard deviation.
Significance (p<0.05):
(*) Significant when compared with control group.
(#) Significant when compared with DM group.

Fig. (4): Effect of apelin on the histological morphology of type 2 diabetic rat kidneys as detected by hematoxylin and eosin
staining. (A) Control, (B) DM rats, (C) Apelin treated diabetic rats (magnification, X400). The histology image showing
the normal features of the kidney of the control group Fig. (4A), reduced glomerular tuft, increased Bowman's spaces
(blue arrow) glomerular hyaline degeneration (red arrow) with vacuolar degeneration and dilated renal tubules (black
arrow) in diabetic rat Fig. (4B). Apelin administration dramatically improved changes in diabetic rats' kidney Fig. (4C).
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Fig. (3): Effects of apelin on (A) peroxisome proliferator activated receptor-α (PPAR-α) and (B) peroxisome proliferator-
activated receptor-γ (PPAR-γ) in the kidney tissues of diabetic rats. n=(10) in each group.

Data are represented as mean ± standard deviation.
Significance (p<0.05): (*) Significant when compared with control group, (#) Significant when compared with DM group.

(A) (B) (C)



level in diabetic kk-Ay mouse that used as a poly-
genic model for human type 2 diabetes mellitus
promoted the progression of renal dysfunction by
inducing podocyte dysfunction [10]. Moreover,
Guo et al., found that apelin stimulates the progress
of DN by inducing podocyte dysfunction and ab-
normal glomeruli angiogenesis and aggravates
albuminuria and glomerular basement membrane
thickening in kk-Ay mice [9]. Whether apelin pre-
vents or aggravates the progress of DN is contro-
versial.

Hyperglycemia is considered to be the main
pathological finding of DM and it causes most of
diabetic-related complications. Chronic hypergly-
cemia results in overproduction of Reactive Oxygen
Species (ROS) [30] that resulted in damaging cell
membranes and inactivating endogenous antioxi-
dants [31]. SOD is one of endogenous antioxidant
molecules that counteract ROS-mediated renal
injury and it is severely decreased in patients with
T2DN [32]. Controlling hyperglycemia remains the
major therapeutic strategy as it has a central role
in starting the ROS-mediated pathway so this helps
the amelioration of oxidative stress [33].

In the current study, hyperglycemia was signif-
icantly reduced by apelin demonstrating that con-
trolling hyperglycemia is important for apelin-
mediated renoprotective effect. Furthermore, SOD
and MDA levels in kidney homogenates were
determined. In the diabetic group, decreased levels
of the SOD was accompanied by an increase in
MDA levels. Apelin administration increased renal
SOD activity and reduced MDA levels. These
results suggested that apelin may exert a renopro-
tective effect via antioxidant activity.

These data are supported by other studies that
proved anti-hyperglycemic action of apelin in
diabetic rats [34]. Moreover, Day et al., suggested
that renoprotective effects of apelin-13 in diabetic
mice could be due to motivation of antioxidant
mechanisms [7]. The antioxidant action of apelin
is considered to be independent on its anti-
hyperglycemic action as it was reported that apelin-
13 applied after renal ischemia reperfusion aug-
mented the antioxidant enzyme activity, inhibited
the lipid oxidation and enhanced the renal functions
in non-diabetic rats [35].

Hyperlipidemia is a common finding with type
2 DM and is known as a risk factor for DN as it
may aggravate glomerular injury [36]. It was dem-
onstrated that diabetic dyslipidemia is associated
with deterioration in kidney function and albuminu-
ria [37]. In the present study, diabetic rats exhibited

Discussion

In the present study, the action of apelin on
kidney was investigated in a high-fat diet, low-
dose STZ-induced rat model of T2DM. The results
of our study revealed that apelin could lower serum
urea and creatinine, decrease urinary NAG activity
and improve albuminuria and the renal histopatho-
logical lesions in diabetic rats. At the same time,
apelin administration to diabetic rats can decrease,
glucose levels and insulin resistance, improve
insulin level and dyslipidemia, decrease renal tissue
MDA and increase SOD activity, NO concentration
and PPAR-α and PPAR-γ gene expression in renal
tissue of diabetic rats.

STZ is widely used to induce diabetes in the
experimental animals as it has toxic effects on
pancreatic β-cells as it is employed as glucose
analogues that tend to accumulate in pancreatic
beta cells through glucose transporter 2 resulting
in reduction in blood insulin levels, and hypergly-
cemia that imitating DM pathology [26]. STZ doses
required in DM models remain variable. It was
confirmed that high-dose STZ induced direct ne-
phrotoxicity, making it difficult to distinguish
between the direct toxic effect of STZ and the
lesions resulted from STZ-induced DM [27].

In the current study, insulin resistance was
made via a high-fat diet for 8 weeks, followed by
a single low dose of STZ (30mg/kg) to induce
hyperglycemia for one week then the same feeding
regimen was continued for 10 weeks to develop
diabetes complications in rat model. It has been
suggested that diabetic lesion in the kidney is
started at least 3 weeks after STZ injection as by
this time the kidneys recovered from the acute
mild STZ nephrotoxic effects [28].

Kidney damage was assessed in the present
study via elevated serum urea and creatinine, albu-
minuria, increased urinary NAG activity and his-
tological examination of the diabetic kidney. Apelin
administration improved the majority of these renal
dysfunctions, indicating the nephroprotective prop-
erties of apelin in rats with T2DM.

These findings are supported by results of other
researches that postulated that apelin treatment
defeats diabetes-induced renal histological changes
and controls the diabetes-induced renal inflamma-
tion and albuminuria [7]. Moreover, apelin could
efficiently suppress the progress of nephropathy
in Akita mouse, a spontaneous type 1 diabetic
model [29]. However, Lui and his colleagues pro-
posed an oppositional opinion that higher apelin
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elevated serum levels of TC, TG and LDL-C, and
decreased HDL-C. Apelin administration signifi-
cantly attenuated these pathological alternations
in lipid profile indicating that apelin may improve
diabetic effect on the kidney by modulating lipid
metabolism and dyslipidemia. These findings are
supported by results of a study that investigated
effect of apelin on streptozotocin-induced diabetes
in male wistar rats that proved its anti-dyslipidemic
action [20].

NO should be considered in the pathogenesis
of DN, as it plays several functional roles in con-
trolling renal and glomerular hemodynamics [38].
There was evidence suggesting that diabetes affects
NO in the kidney by mechanisms that enhance and
suppress it at the same time. It has been hypothe-
sized that in early diabetic phases, the equilibrium
between these two contrasting forces is shifted to
improve NO. As the duration of diabetic exposure
increases, factors that reduce NO takes the advan-
tage. Moreover, this balance is affected by actual
control of diabetes [39].

In the current study NO level in kidney homoge-
nates was assessed. Diabetes decreased level of
the NO while apelin administration to diabetic rats
increased its levels. Our results concerning the
effect of diabetes on NO was supported by the
study that was done on male rats and concluded
that renal production of NO is reduced over 12
weeks after development of diabetes [40]. It was
reported that renal lesions in ZSF1 rats that repre-
sent rat model to study nephropathy from type 2
diabetes are associated with decreased renal NO
levels [41]. Moreover, it was reported that agents
that stimulate renal NO activity could ameliorate
renal injury in streptozotocin-induced diabetic rats
[42]. These results supported the hypothesis that
apelin could modulate DN via NO dependent mech-
anism.

PPARs family members are transcription factors
that regulate gene expression and play important
roles in regulation of lipid metabolism, glucose
homeostasis and inflammatory processes [43].
PPAR-α activation corrects dyslipidemia and results
in antioxidant and anti-inflammatory action [44]
whereas potent PPAR-γ activators improve insulin
resistance, modulates metabolism and inflammation
in immune cells and controls cell proliferation [45].
Moreover, PPAR-α and PPAR-γ have been reported
to upregulate NO synthase (NOS) and stimulate
NO release, that counteract endothelial dysfunction
present in patients with T2DM [46]. The expression
of PPAR-α and PPAR-γ was described in the kidney
tissues. They have beneficial role for treating type

2 diabetes with promising renal effects including
both systemic and direct renal effects [47].

The data of the current study showed downreg-
ulation of renal PPAR-α and PPAR-γ in diabetic
rats. These results supported by the human study
that concluded that PPAR receptors were signifi-
cantly reduced in diabetic patients [48]. In addition,
PPAR-γ null mice represented an effective model
for studying the initiation and the progress of
diabetic nephropathy [49].

Apelin administration to diabetic rats in our
study upregulates PPAR-α and PPAR-γ gene ex-
pression in renal tissue indicating the dual activating
action of apelin for PPAR α/γ. To our knowledge,
the effect of apelin on PPARs expression in the
kidney of diabetic rat is not previously investigated.
However studies on other ligands that have
PPARα/γ dual agonistic action found that they
improved insulin resistance, hyperglycemia, dysl-
ipidemia and markedly diminished albuminuria
and renal glomerular fibrosis in type 2 diabetes
db/db mice [50].

These findings support the hypothesis that
PPAR-α and PPAR-γ could be involved in the
nephron protective action of apelin in diabetic rats.
However, whether apelin directly activate PPARα/γ
or activates them via secondary pathways needs
more investigations.

We could conclude that apelin administration
to diabetic rats improved insulin resistance, hyper-
glycemia, dyslipidemia and renal functions which
may be partially via its antioxidant properties and
NO dependent mechanism that struggled the harm-
ful properties of diabetes on the kidney. Besides,
apelin induced upregulation of both PPARα/γ genes
expression that could be involved in the renopro-
tective effect of apelin. More investigations for
the mechanism by which apelin acts on PPARα/γ
are recommended.
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