
ORIGINAL ARTICLE

Attenuation of insulin resistance in rats by agmatine: role
of SREBP-1c, mTOR and GLUT-2

Maha H. Sharawy1 & Mohammed S. El-Awady1 & Nirmeen Megahed2
&

Nariman M. Gameil1

Received: 10 August 2015 /Accepted: 10 September 2015 /Published online: 8 October 2015
# Springer-Verlag Berlin Heidelberg 2015

Abstract Insulin resistance is a serious health condition
worldwide; however, its exact mechanisms are still unclear.
This study investigates agmatine (AGM; an endogenous me-
tabolite of L-arginine) effects on insulin resistance induced by
high fructose diet (HFD) in rats and the possible involved
mechanisms. Sprague Dawley rats were fed 60 % HFD for
12 weeks, and AGM (10 mg/kg/day, orally) was given from
week 9 to 12. AGM significantly reduced HFD-induced ele-
vation in fasting insulin level, homeostasis model assessment
of insulin resistance (HOMA-IR) index and liver glycogen
content from 3.44-, 3.62- and 2.07- to 2.59-, 2.78- and 1.3-
fold, respectively, compared to the control group, while it
increased HFD-induced reduction in glucose tolerance. Addi-
tionally, AGM significantly decreased HFD-induced eleva-
tion in serum triglycerides, low density lipoprotein cholesterol
and very low density lipoprotein cholesterol levels from 3.18-,
2.97- and 4.75- to 1.25-, 1.25- and 1.07-fold, respectively,
compared to control group. Conversely, AGM had no signif-
icant effect on HFD-induced changes in fasting glucose, gly-
cosylated hemoglobin, insulin tolerance and high density li-
poprotein cholesterol. Furthermore, AGM significantly re-
duced HFD-induced elevation in mRNA expression of glu-
cose transporter type-2 (GLUT-2), mammalian target of
rapamycin (mTOR) and sterol regulatory element-binding
protein-1c (SREBP-1c) without affecting that of peroxisome
proliferator-activated receptor-alpha (PPAR-α) in the liver.

Additionally, AGM enhanced ACh-induced aortic relaxation
and attenuated liver steatosis induced by HFD. In conclusion,
AGM may have a therapeutic potential in insulin resistance
through suppressing SREBP-1c, mTOR and GLUT-2 in liver.
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Introduction

Insulin resistance is a serious health condition worldwide
characterized by reduced insulin sensitivity in tissues includ-
ing liver, skeletal muscle and adipose tissue (Virkamaki et al.
1999). It is mainly associated with obesity, type-2 diabetes
mellitus, dyslipidemia and hypertension (Thomas et al.
2015). The exact mechanisms and causes of insulin resistance
are still unclear; therefore, there is no definitive treatment.

Several experimental models are documented to induce
insulin resistance, including high fructose diet (HFD), which
is a well-established model that mimics insulin resistance
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observed in humans (Bezerra et al. 2000). Fructose, an isomer
of glucose, is a lipogenic monosaccharide that is present in
many fruits, vegetables and honey and used as a sweetener in
syrups (Basciano et al. 2005; Tran et al. 2009).

HFD results in hyperinsulinemia, impaired glucose toler-
ance, hypertriglyceridemia and hypertension (Elliott et al.
2002). Fructose can bypass the rate-limiting reaction of phos-
phofructokinase (Mayes 1993), serving as unregulated source
of glycerol-3-phosphate and acetyl-CoA, both of which are
used for hepatic lipogenesis (Havel 2005). Additionally, HFD
can increase mRNA expression of sterol regulatory element-
binding protein-1c (SREBP-1c) in the liver, which is a major
regulator of several key enzymes used for triglyceride (TG) and
free fatty acid (FFA) production (Kazumi et al. 1997;
Matsuzaka et al. 2004; Basciano et al. 2005). TG and FFA have
been shown to inhibit insulin signaling (Wang et al. 2006).
Furthermore, an important intermediate produced during TG
synthesis is the mammalian target of rapamycin (mTOR) that
act as an inhibitor for insulin signaling (Nagle et al. 2009).

Peroxisome proliferator-activated receptor-alpha (PPAR-α) is
another important mediator in insulin resistance. It is responsible
for fatty acid β-oxidation and ketogenesis in the liver (Lefebvre
et al. 2006). Its expression has been shown to decrease in insulin
resistance (Nagai et al. 2002; Shiomi et al. 2015).

In addition to SREBP-1c, mTOR and PPAR-α, GLUT-2
may be involved in insulin resistance (Narasimhan et al.
2015). GLUT-2 transports glucose in the liver across the mem-
brane in a bi-directional manner for glycolysis and gluconeo-
genesis (Burcelin et al. 2000; Wood and Trayhurn 2003). Pre-
vious studies reported that the expression of GLUT-2 in liver
increases in the case of insulin resistance and type-2 diabetes
mellitus (Mathur et al. 2015; Liu et al. 2015).

Agmatine (AGM) is an endogenous ligand formed inmam-
malian tissues by decarboxylation of L-arginine by the mito-
chondrial enzyme arginine decarboxylase (Yang and Reis
1999). It has several pharmacological effects including potent
anti-inflammatory and anti-fibrotic effects by inhibiting cyto-
kine release (El-Agamy et al. 2014). It also possesses a neuro-
protective effect due to its antagonizing action on N-methyl D-
aspartate (NMDA) receptors (Yang and Reis 1999). More-
over, AGM has protective effects against dyslipidemia and
associated endothelial dysfunction in rabbits (El-Awady and
Suddek 2014). AGM affects hepatic metabolism including
fatty acid oxidation, gluconeogenesis and glycolysis (Nissim
et al. 2014). Furthermore, it increases glucose uptake (Su et al.
2009; Chang et al. 2010) and enhances glucose utilization by
increasing glucose transporter-4 (GLUT-4) mRNA expression
in skeletal muscle in streptozotocin-induced diabetic rat model
(Hwang et al. 2005). It has a promising effect in regulating
fructose-induced insulin resistance with a single injection (Ko
et al. 2008). AGMpossesses an insulin-like action; it increases
insulin release from pancreatic islet β-cells and decreases ad-
vanced glycated end products that control many of diabetic

complications (Piletz et al. 2013). AGM is considered to be
safe when used for prolonged periods of time in humans
(Keynan et al. 2010; Gilad and Gilad 2013, 2014).

Since AGM has several promising molecular and metabolic
effects on lipid and glucose metabolism, therefore the aim of this
study was to investigate the effects of AGM on HFD-induced
insulin resistance in rats and the possible involved mechanisms.

Materials and methods

Drugs and chemicals

Fructose was purchased from Safety Misr (Cairo, Egypt),
AGM from USPlabs (Dallas, TX, USA) and anthrone from
Alpha Chemika (Mumbai, India). Acetylcholine hydrochlo-
ride (ACh), pentobarbital sodium, phenylephrine hydrochlo-
ride (PE) and sodium nitroprusside (SNP) were purchased
from Sigma Aldrich chemical Co. (St. Louis, MO, USA).
AGM was freshly prepared each day by dissolving in saline.

Experimental animals

Forty male Sprague Dawley rats with average age of 6–8
weeks were purchased from the BEgyptian Organization for
Biological Products and Vaccines^, Giza, Egypt. The protocol
of this study was approved by the Ethical Committee of the
Faculty of Pharmacy, Mansoura University, Egypt, which is in
accordance with the Principles of Laboratory Animal Care
(NIH publication no. 85-23, revised 1985).

Experimental protocol

The rats were randomly divided into four groups, each of ten
rats: group 1: control group: rats receiving regular chow for
12 weeks; group 2: HFD group: rats receiving 60 % HFD for
12 weeks (Liao et al. 2010); group 3: AGM group: rats receiv-
ing regular chow for 12 weeks and AGM (10 mg/kg /day,
orally) from week 9 to 12 (Taksande et al. 2010) using a fine
gastric gavage introduced directly into the stomach; group 4:
HFD+AGM group: rats receiving 60 % HFD for 12 weeks
and AGM (10 mg/kg /day, orally) from week 9 to 12.

The composition of regular chow was 60 % carbohydrates,
20 % protein, 4 % fats, 2 % fibers, 14 % minerals and vita-
mins. The HFD had the same composition, but fructose was
added instead of carbohydrates. All rats had free access to
drinking water and chow for 12 weeks. The food intake was
determined daily, and body weight was recorded weekly.

Oral glucose tolerance test

At 48 h prior to the end day, animals were fasted for 12 h, and
40 % glucose solution (2 g/kg body weight) was given orally by
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gastric tube to conscious rats. Blood glucose level was measured
at 0, 30, 60, 120 and 180min after glucose administration. Blood
glucose was measured via glucose dehydrogenase method using
tail blood and a portable glucometer (Glucodoctor auto, All
Medicus co., Gyeonggi-do, Republic of Korea).

Insulin tolerance test

At 24 h before the end day, animals were fasted for 12 h, and a
dose of 0.5 IU/kg human soluble insulin (Actrapid, Novo
Nordisk, Bagsvaerd, Denmark) was injected subcutaneously
to conscious rats. Blood glucose level was determined at 0, 30,
60, 120 and 180 min after insulin administration using tail
blood and a portable glucometer.

Sample preparation

At the end of the experiment, the rats were fasted for 12 h and
euthanized using pentobarbital sodium (60 mg/kg, i.p.), and
blood samples were collected to prepare serum and heparin-
ized plasma. In addition, thoracic aortic rings were isolated for
in vitro vascular reactivity measurement. Liver tissues were
immediately collected and snap-frozen in liquid nitrogen,
stored at −80 °C to be used later for real-time RT-PCR and
glycogen content determination. Another part of liver was
fixed in 10 % buffered formalin for subsequent histopatholog-
ical examination.

Determination of fasting serum glucose, insulin
and insulin resistance index

The fasting glucose level was measured in serum using an
enzymatic colorimetric commercial kit purchased from
Biodiagnostic Company (Giza, Egypt). The fasting rat insulin
was measured in serum using a rat insulin ELISA kit
(Mercodia Developing Diagnostics, Uppsala, Sweden) ac-
cording to the manufacturer’s instructions.

Homeostasis model assessment of insulin resistance
(HOMA-IR) index was calculated using HOMA2 Calculator,
developed by the Diabetes Trial Unit, University of Oxford,
Oxford, UK (Levy et al. 1998).

Estimation of glycosylated hemoglobin

Glycosylated hemoglobin was determined in whole blood
using commercial kit containing cation-exchange resin, ac-
cording to the manufacturer’s instructions (Stanbio Laborato-
ries, TX, USA). The results were normalized to a human gly-
cosylated hemoglobin standard.

Estimation of liver glycogen content

Liver glycogen content was assessed using the method de-
scribed by Seifter et al. (1950). The method is based on the
digestion of tissue in 30 % KOH and precipitating glycogen
with 95 % ethanol and saturated sodium sulphate solution.
The glycogen content was estimated by the use of anthrone
dissolved in sulphuric acid. Sulphuric acid causes dehydration
of carbohydrates that condenses in the presence of anthrone to
produce a bluish green color measured at 620 nm and
expressed as mg/100 g tissue.

Measurement of lipid profile in serum

Serum TG and total cholesterol (TC) were estimated in serum
using commercial kits (Spinreact, Santa Coloma, Spain). High
density lipoprotein cholesterol (HDL-C) was estimated in se-
rum using a commercial kit (Vitro Scient., Hannover, Germa-
ny). Very low density lipoprotein cholesterol (VLDL-C) and
low density lipoprotein cholesterol (LDL-C) were determined
according to the following equations: VLDL-C=TG/5 while
LDL-C=TC-[VLDL-C+HDL-C] (Yadav et al. 2007).

Determination of in vitro vascular reactivity

The descending thoracic aorta was isolated, dissected free of
fat and connective tissue and cut into rings (2–4 mm) each.

Each aortic ring was mounted in a 10-ml organ bath at
37 °C filled with physiological salt solution of the following
composition (mmol/L): NaCl 118, KCl 4.7, CaCl2 2.5 and
MgSO4·7H2O 1.2, KH2PO4 1.2, glucose 11.1 and NaHCO3

25, pH 7.4, and aerated with a mixture of 95 % O2 and 5 %
CO2.The aortic ring was allowed to equilibrate under 1 g of
force for 60 min, with an exchange of bathing solution every
15 min. Vascular reactivity was measured using Riegestab
K30 force transducer (Hugo Sachs electronic, D7806 march,
Germany) and recorded with a Powerlab unit/400 with Chart
v4.2 software (ADInstruments Pty Ltd., Australia). After
equilibration, vascular responsiveness was evaluated by
assessing the contractile response to 80 mmol/L of KCl.

Vascular reactivity to PE (10−10–10−5 M) was determined
by constructing a cumulative concentration response curve.
Additionally, the aortic ring was precontracted with 1 μM
PE, and vascular relaxation to ACh (10−10–10−5 M) and
SNP (10−10–10−5 M) was measured.

Measurement of mRNA expression of GLUT-2, mTOR,
SREBP-1c and PPAR-α using real-time RT-PCR

RNA was isolated from liver samples using TRIZOL reagent
(Life Technologies, Carlsbad, CA, USA). First-strand cDNA
was synthesized from 2 μg of total RNA in 20 μl volume using
Revert Aid First Strand cDNA Synthesis Kit (Thermo
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Scientific, Rockford, IL, USA) according to the manufacturer’s
protocol. Real-time PCR was performed in Rotor Gene Q
thermocycler (Qiagen, Hilden, Germany) using HOT Firepol
Evagreen qPCR mix plus kit (Solis BioDyne, Tartu, Estonia).

The mRNA levels of GLUT-2, mTOR, SREBP-1c and
PPAR-αwere measured in duplicate PCR reactions and normal-
ized relative to 18S ribosomal RNA (Rn18S) in the same sample.
Sequences of primers (Life Technologies) were as follows:

GLUT-2: sense: TGACTGGAGCCCTCTTGATG, anti-
sense: CCCCTGAGTGTGGTTGGAG, amplicon size =151;
mTOR: sense: TATGACCCCAACCAGCCAAT, antisense:
AGGAAAACAAACTCGTGCCC, amplicon size =125;
SREBP-1c: sense: CTGTAGGTCACCGTTTCTTCG, anti-
sense: CAGTTCAATGCTCGCTCCAG, amplicon size
=151; PPAR-α: sense: AATCCACGAAGCCTACCTGA, an-
tisense: CCTCTGCCTCCTTGTTTTCA, amplicon size =182
and Rn18S: sense: AGTTGGTGGAGCGATTTGTC, anti-
sense: GAACGCCACTTGTCCCTCTA, amplicon size=121.

The results were expressed as n-fold change of the relative
expression level of target genes from control group using
ΔΔCt method.

Histopathological examination

The 10 % buffered formalin fixed liver tissue was embedded
in paraffin wax, sectioned (6 μm) and stained with hematox-
ylin–eosin (H&E), and samples were assessed for the presence
of steatosis microscopically (Leica Imaging Systems, Cam-
bridge, UK). The hepatic steatosis was evaluated by semi-
quantitative scale from 0 to 3: 0=no steatosis, 1=mild
steatosis less than 33 %, 2=moderate steatosis more than
33 % and less than 66 % and 3=severe steatosis more than
66 %. The pathologist performing the histopathological eval-
uation was blinded to the study treatment assignment.

Statistical analysis

Data are expressed as mean±standard deviation (SD). Statis-
tical analysis and graphing were carried out using GraphPad
software Prism V 5.02 (GraphPad Software Inc., San Diego,
CA, USA). Vascular relaxation was calculated as percentage
of the maximal contraction induced by 1 μm PE. The highest
response obtained was considered as the maximum response
(Emax), and pEC50 (negative log of the concentration produc-
ing 50 % of maximal response) was determined from non-
linear regression analysis (four-parameter curve fit). In OGTT
and ITT, the change in glucose was calculated as the differ-
ence between each point and the initial baseline for each rat.
One-way analysis of variance (ANOVA) followed by Tukey–
Kramer’s multiple comparisons post hoc test was used to mea-
sure significant differences between groups. Statistical signif-
icance was considered at p<0.05. Hepatic steatosis score was

compared using Kruskal–Wallis test followed by Dunn's mul-
tiple comparison test.

Results

Effect of AGM on body weight gain and mean daily food
intake in rats

Both body weight gain and mean food intake were not signif-
icantly different among groups after 12 weeks (Table 1).

Effect of AGM on OGTTand ITT

In HFD rats, the AUC of the change in blood glucose level
relative to the baseline in OGTT was significantly (p<0.05,
n=10) increased by 1.82-fold compared to the control group
(Fig. 1a). AGM treatment significantly prevented the eleva-
tion in AUC induced by HFD compared to the control group.
Although AGM treatment in rats receiving regular chow
slightly increased AUC by 1.55-fold compared to the control
group, this effect was not statistically significant.

In ITT, the AUC of the change in blood glucose level
relative to the baseline was significantly (p<0.05, n=10) de-
creased in HFD rats by 56.53 % compared to the control
group. AGM treatment in HFD rats did not significantly affect
the reduction in AUC induced by HFD compared to the con-
trol group (Fig. 1b). AGM treatment had no significant effect
on ITT in normal rats.

Effect of AGM on liver glycogen content

Liver glycogen content was significantly (p<0.05, n=10) elevat-
ed by HFD by 2.07-fold compared to the control group (Table 1).

Treatment with AGM in HFD rats from week 9 to 12 man-
aged to decrease liver glycogen content significantly (p<0.05,
n=10), which was reduced to 1.3-fold compared to control
group. AGM treatment had no significant effect on liver gly-
cogen content in control animals.

Effect of AGM on fasting serum glucose, insulin,
HOMA-IR index and glycosylated hemoglobin

TheHFD caused a significant state of insulin resistance indicated
by a significant (p<0.05, n=10) increase in fasting insulin level
and HOMA-IR index by 3.44- and 3.62-fold respectively com-
pared to the control group (Table 1). Moreover, HFD caused a
significant state of hyperglycemia as elucidated by an increase in
fasting glucose level and glycosylated hemoglobin by 1.09- and
1.37-fold respectively compared to the control group.

Treatment with AGM decreased the level of insulin resis-
tance induced by HFD by significantly (p<0.05, n=10) de-
creasing both fasting insulin level and HOMA-IR index to
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2.59- and 2.78-fold, respectively, compared to the control
group. AGM did not significantly affect fasting glucose and
glycosylated hemoglobin levels in HFD rats (Table 1). AGM
treatment had no significant effect on fasting glucose, insulin,
HOMA-IR index or glycosylated hemoglobin in normal rats.

Effect of AGM on lipid profile in serum

The HFD caused a significant (p<0.05, n=10) increase in se-
rum TG, VLDL-C and LDL-C levels by 3.18-, 2.97- and 4.75-
fold, respectively (Fig. 2), and it caused a significant decrease
in serum HDL-C level by 19 % compared to the control group,
while serum TC level was not significantly affected by HFD.

Treatment with AGM significantly (p<0.05, n=10) de-
creased the HFD-induced elevated levels of serum TG, VLDL-
C and LDL-C levels to 1.25-, 1.25- and 1.07-fold, respectively,
compared to the control group. AGM treatment did not attenuate
the HFD-induced decrease in serum HDL-C. AGM treatment
had no significant effect on lipid profile in normal rats.

Effect of AGM on vascular reactivity in vitro

The HFD had no significant effect on contraction induced by
either KCl or PE or the relaxation induced by SNP in aortic rings
(Fig. 3) when compared to the control group. Conversely, HFD
caused a significant (p<0.05, n=6) decrease in endothelium-

Table 1 Effect of AGM on initial
body weight, final body weight,
body weight gain, food intake,
fasting serum glucose, insulin,
HOMA-IR index, glycosylated
hemoglobin and liver glycogen
content

Control HFD AGM HFD+AGM

Initial body weight (g) 141.63±6.09 148.8±8.35 130.75±2.98 141.67±8.08

Final body weight (g) 315.88±38.48 308.5±40.36 262.25±11.15 298.22±31.73

Body weight gain (g) 174.25±38.89 159.7±43.00 131.5±11.90 156.56±28.15

Food intake (g/day/rat) 33.32±3.83 30.24±5.22 32.34±4.93 31.51±4.17

Fasting insulin (μg/L) 0.433±0.19 1.49*±0.38 0.75±0.09 1.12*#±0.32

Fasting glucose (mg/dL) 111.46±11.42 121.39*±6.43 115.23±4.13 123.44±10.43

HOMA-IR index 1.39±0.92 5.03*±1.34 1.81±0.98 3.87*#±1.02

Glycosylated hemoglobin (%) 4.17±0.87 5.73*±1.35 4.46±1.19 4.89±2.01

Glycogen (mg/100 g tissue) 484.44±317.62 1004.99*±743.50 471.11±292.70 623.36#±551.79

Rats were fed 60 % HFD for 12 weeks, and AGM (10 mg/kg/day, orally) was given from week 9 to 12; then
fasting glucose, insulin, HOMA-IR index, glycosylated hemoglobin and liver glycogen content were measured.
The body weight was measured weekly and food intake was estimated daily. Data are expressed as mean±SD
(n=10)

AGM agmatine, ANOVA analysis of variance, HFD high fructose diet, HOMA-IR index homeostasis model
assessment of insulin resistance index, SD standard deviation

*, # p<0.05, significantly different from control and HFD group respectively using one way ANOVA followed
by Tukey-Kramer multiple comparisons post hoc test

Fig. 1 Effect of AGM on OGTT
and ITT. Rats were fed 60%HFD
for 12 weeks, and AGM
(10 mg/kg/day, orally) was given
from week 9 to 12; then OGTT
(a) and ITT (b) were measured.
Data are expressed as mean±SD
(n=10). * and #p<0.05,
significantly different from
control and HFD group,
respectively, using one-way
ANOVA followed by Tukey–
Kramer multiple comparisons
post hoc test. AGM agmatine,
ANOVA analysis of variance,
AUC area under the curve, HFD
high fructose diet, ITT insulin
tolerance test, OGTT oral glucose
tolerance test, SD standard
deviation
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dependent ACh-induced maximal relaxation, where Emax de-
creased significantly by 57 % compared to the control group.
However, HFD had no significant effect on pEC50.

AGM in HFD rats significantly (p<0.05, n=6) enhanced
vascular reactivity by increasing ACh-inducedmaximal relax-
ation (Emax), which returned to 69 % compared to the control
group. AGM treatment had no significant effect on vascular
reactivity in normal rats.

Effect of AGM on HFD-induced changes in mRNA
expression of GLUT-2, mTOR, SREBP-1c and PPAR-α

The HFD caused a significant (p<0.05, n=4) elevation in
mRNA expression of GLUT-2, mTOR and SREBP-1c by
2.42-, 3.59- and 6.78-fold, respectively, and a significant de-
crease in PPAR-α mRNA expression by 68 % when com-
pared to the control group (Fig. 4).

Treatment with AGM significantly (p<0.05, n=4)
prevented HFD-induced elevation in mRNA expression of
GLUT-2, mTOR and SREBP-1c, which returned to 1.17-,
1.09- and 1.19-fold, respectively, compared to the control
group. AGM treatment in HFD rats attenuated the PPAR-α
mRNA expression by 47 % compared to the control group;

however, it was not statistically significant. AGM treatment
had no significant effect on mRNA expression of GLUT-2,
mTOR, SREBP-1c and PPAR-α in normal rats.

Histopathological examination

Liver specimen (n=5) from the control group (score=0.33)
showed normal hepatic architecture with normal hepatocytes
arranged in 1–2 thickness plates with no evidence of steatosis,
while HFD rats (score=2.83) showed severe steatosis affecting
>66 % of hepatocytes mainly periportal (microvesicular and
macrovesicular steatosis) (Fig. 5). Treatment with AGM in
HFD rats (score=1) caused a dramatic regression of steatosis
with only remaining microfoci of macrovesicular steatosis (mild
steatosis). AGM treatment in normal rats (score=0.33) showed
normal hepatocytes radiating from central veins with intervening
normal sinuses in between with no evidence of steatosis.

Discussion

In this study, HFD for 12 weeks induced impaired glucose and
insulin tolerance in addition to elevated levels of fasting insulin,

Fig. 2 Effect of AGM on lipid
profile in serum. Rats were fed
60 % HFD for 12 weeks, and
AGM (10 mg/kg/day, orally) was
given from week 9 to 12; then TC
(a), TG (b), HDL (c), VLDL (d)
and LDL (e) were measured. Data
are expressed as mean±SD
(n=10). * and #p<0.05,
significantly different from
control and HFD group,
respectively, using one-way
ANOVA followed by Tukey–
Kramer multiple comparisons
post hoc test. AGM agmatine,
ANOVA analysis of variance,
HFD high fructose diet, TC total
cholesterol, TG triglycerides,
HDL-C high density lipoprotein
cholesterol, VLDL-C very low
density lipoprotein cholesterol,
LDL-C low density lipoprotein
cholesterol, SD standard
deviation
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glucose, glycosylated hemoglobin and HOMA-IR index,
confirming the state of insulin resistance. Furthermore, liver gly-
cogen content was increased, and dyslipidemia was induced by
HFD. It managed to induce endothelial dysfunction. Additional-
ly, the mRNA expression of GLUT-2, mTOR and SREBP-1c
was increased, while that of PPAR-α was decreased as a result
of HFD. AGM treatment significantly alleviated HFD-induced
insulin resistance. In addition, AGM treatment decreased liver
glycogen content and improved lipid profile and endothelial-
dependent relaxation. Additionally, the elevated mRNA expres-
sion ofGLUT-2,mTORand SREBP-1cwas decreased as a result
of the AGM treatment without affecting PPAR-α expression.

Several studies showed that feeding rats with HFD induced
insulin resistance. The duration of HFD feeding varies mostly
from 4 up to 12 weeks (Shawky et al. 2014; Liao et al. 2010;
Ko et al. 2008). In this study, by the end of 8 weeks of HFD
feeding, AGM treatment was started after confirming insulin
resistance by the elevated levels of fasting glucose and insulin
and the alteration of lipid profile.

Feeding rats with HFD has been shown to induce insulin
resistance, which is elucidated by hyperinsulinemia, hyper-
glycemia, increase in HOMA-IR index, increase in glycosyl-
ated hemoglobin and increase in liver glycogen content with
a decrease in both glucose and insulin tolerance. In this
study, AGM increased glucose tolerance and decreased
fasting insulin levels, which is consistent with a previous
study (Ko et al. 2008). This effect could be attributed to
an indirect action through the secretion of β-endorphin, in
addition to the direct activation of imidazoline-I2 binding
sites in peripheral tissues (Su et al. 2009) increasing insulin
sensitivity.

Previous studies have shown that a single intravenous dose
of AGM activated I2-imidazoline receptors and increased β-
endorphin secretion, increasing insulin action in a 4-week
model of HFD (Ko et al. 2008; Su et al. 2009). However,
the link between the continuous use of AGMdaily for 4 weeks
in HFD-induced insulin resistance model and dyslipidemia
has not been thoroughly investigated.

Fig. 3 Effect of AGM on
vascular reactivity in vitro. Rats
were fed 60%HFD for 12 weeks,
and AGM (10 mg/kg/day, orally)
was given fromweek 9 to 12; then
aortic rings were isolated and
tested for vascular reactivity by
evaluating the contractile
response to 80 mmol/L of KCl
(a), vascular reactivity to
cumulative concentration
response curve of PE (b) and
vascular relaxation to ACh (c) and
SNP (d) after precontracting the
aortic ring with PE; e a table
showing Emax and pEC50 values.
Data are expressed as mean±SD
(n=6). * and #p<0.05,
significantly different from
control and HFD group,
respectively, using one-way
ANOVA followed by Tukey–
Kramer multiple comparisons
post hoc test. ACh acetylcholine,
AGM agmatine, ANOVA analysis
of variance, HFD high fructose
diet, KCl potassium chloride, PE
phenylephrine, SD standard
deviation, SNP sodium
nitroprusside
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Since GLUT-2 is involved in insulin resistance (Narasimhan
et al. 2015), its mRNA expression was therefore investigated.
The expression of GLUT-2 in liver was reported to increase in
insulin resistance and type-2 diabetes mellitus (Mathur et al.
2015; Liu et al. 2015). In this study, HFD increased GLUT-2
mRNA expression in liver, and AGM ameliorated this elevation
in GLUT-2 expression, which could contribute to AGM effect
on insulin resistance.

In this study, HFD-induced insulin resistance caused an
increase in both liver glycogen content and glycosylated
hemoglobin as reported in previous studies (Yadav et al.
2007; Madani et al. 2012). Although in this study ion ex-
change resin method was used to estimate glycosylated he-
moglobin, affinity boronate chromatography method is more
suitable for rats (Nagisa et al. 2003). Fructose metabolism in
the liver mainly forms glycogen and TG by stimulating their
synthesis (Koo et al. 2008). Additionally, fructose 1-phos-
phate, an intermediate of fructose metabolism in liver, in-
hibits glycogen phosphorylase activity (Mayes 1993), de-
creasing glycogen breakdown. Elevated level of glycosylat-
ed hemoglobin correlates with increased fasting blood glu-
cose level in insulin resistance model. AGM treatment de-
creased liver glycogen content, but it did not attenuate the
slightly elevated glycosylated hemoglobin, suggesting that
modifying glycogen content is another pathway through
which AGM ameliorates insulin resistance.

In this study, HFD managed to cause dyslipidemia, which
was shown mainly by the elevation of TG. These findings
were consistent with previous studies (Yadav et al. 2007,
2009; Shawky et al. 2014).

Hepatic steatosis due to TG accumulation is considered a
major contributor to insulin resistance (Flannery et al. 2012),
which was confirmed in our rat liver specimens by histopath-
ological examination. The intermediates produced during TG
synthesis such as mTOR, protein kinase-C (PKC) and cer-
amide can act as inhibitors for insulin signaling (Nagle et al.
2009). Both PKC and mTOR affect insulin signaling by phos-
phorylation of insulin receptor substrate-1, leading to inhibi-
tion of phosphoinositide-3 kinase (PI3K) activation
(Moeschel et al. 2004; Gual et al. 2005). In this study, HFD-
induced insulin resistance increased mRNA gene expression
of mTOR which was attenuated by AGM treatment.

The decrease in the mRNA expression of PPAR-α in insu-
lin resistance was reported in previous studies (Nagai et al.
2002; Shiomi et al. 2015), suggesting that fructose or its me-
tabolites can directly reduce lipid β-oxidation(Basciano et al.
2005), leading to cellular lipid accumulation and a remarked
hepatic steatosis as observed in this study. AGM treatment
decreased hepatic steatosis; however, it did not affect
PPAR-α mRNA expression, suggesting that lipid β-
oxidation is not involved in AGM beneficial effects on insulin
resistance in our model.

Fig. 4 Effect of AGM onHFD-induced changes in mRNA expression of
GLUT-2, mTOR, SREBP-1c and PPAR-α. Rats were fed 60 % HFD for
12weeks, and AGM (10mg/kg/day, orally) was given fromweek 9 to 12;
then mRNA expression of GLUT-2 (a), mTOR (b), SREBP-1c (c) and
PPAR-α (d) were measured using real-time RT-PCR. Data are expressed
as mean±SD (n=4). * and #p<0.05, significantly different from control

and HFD group, respectively, using one-way ANOVA followed by
Tukey–Kramer multiple comparisons post hoc test. AGM agmatine,
ANOVA analysis of variance, HFD high fructose diet, GLUT-2 glucose
transporter type-2,mTOR the mammalian target of rapamycin, SREBP-1c
sterol regulatory element-binding protein-1, PPAR-α peroxisome
proliferator-activated receptor-alpha, SD standard deviation
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The mRNA expression of SREBP-1c has been shown to
increase in insulin resistance (Kazumi et al. 1997; Matsuzaka
et al. 2004; Basciano et al. 2005). The increase in VLDL-C
upregulates SREBP-1cmRNAgene expression and subsequent-
ly downregulates PPAR-αmRNAgene expression (Lucero et al.
2015). In this study, HFD increased mRNA expression of
SREBP-1c, and AGM treatment inhibited this increase.

AGM showed a beneficial effect on lipid profile in this
study, which is consistent with a previous study (El-Awady
and Suddek 2014). The decrease in the mRNA gene expres-
sion of mTOR and SREBP-1c could be the reason for these
beneficial effects on lipid profile and on insulin sensitivity.
Unlike what was reported in Nissim et al. (2014) that AGM
consumption can increase the mRNA gene expression of

PPAR-α in high-fat-diet-fed rats, PPAR-α was not increased
in our study. This discrepancy could be attributed to the dif-
ference in AGM treatment duration and dose.

In insulin resistance, the increase in GLUT-2 expression
and the decrease in PPAR-α expression are regulated by the
overexpression of SREBP-1c (Im et al. 2005; Narasimhan
et al. 2015), so our results suggest that AGM managed to
increase insulin sensitivity, improve lipid profile and interrupt
de novo lipogenesis by decreasing SREBP-1c and mTOR
expression, followed by decreasing the expression of GLUT-
2. A scheme representing the possible protective mechanisms
of AGM is outlined in Fig. 6.

Endothelial dysfunction is widely reported in HFD-
induced insulin resistance model (Shawky et al. 2014;

Fig. 5 Effect of AGM on HFD-
induced changes in
histopathology of rat liver. Rats
were fed 60 % HFD for 12 weeks
and AGM (10 mg/kg/day, orally)
was given fromweek 9 to 12; then
liver specimens (n=5) were
collected and stained with H&E
(×200). a Control showing
normal hepatocytes, b HFD
showing severe steatosis, c AGM
showing normal hepatocytes, d
HFD+AGM showing mild
steatosis and e scoring values of
steatosis. Data are expressed as
mean (n=5). *p<0.05,
significantly different from
control group using Kruskal–
Wallis followed by Dunn's
multiple comparison test. AGM
agmatine, HFD high fructose diet
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Vasudevan et al. 2006). PI3K and protein kinase B (Akt) are
compromised in HFD-induced insulin resistance model
(Teruel et al. 2001), leading to a decrease in endothelial nitric
oxide synthase (eNOS) phosphorylation and a decrease in
nitric oxide (NO) release. The imbalance between the de-
creased NO release and secretion of the powerful vasocon-
strictor endothelin-1 can contribute to endothelial dysfunction
in insulin resistance (Muniyappa and Sowers 2013).

In this study, relaxation response to Ach but not to SNP
was affected by HFD. This suggests that NO production,
through eNOS, but not NO signaling, is affected by HFD in
this model and that vasodilatory function is normally main-
tained (Akar et al. 2012). AGM treatment improved
endothelial-dependent relaxation impaired by HFD. AGM
has been shown to stimulate eNOS enzyme to release NO
(Ozyazgan et al. 2003; El-Awady and Suddek 2014); in addi-
tion to possessing antioxidant and anti-inflammatory effects
(El-Agamy et al. 2014), these actions could explain its endo-
thelial protective effects.

In conclusion, AGM may attenuate insulin resistance
through inhibiting SREBP-1c, mTOR and GLUT-2 in liver
without affecting PPAR-α. Taking into consideration its safety
as an endogenous compound, AGM may present a promising
therapeutic compound in insulin resistance.
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