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Abstract: Type 2 diabetes mellitus is a complicated metabolic disease characterized by impairment of both insulin
secretion and insulin sensitivity. The present study was hypothesized to assess the effect of citrus flavonoids on
adipose tissue PPARYy, adiponectin and resistin. Diabetes was induced by feeding rats with high fat diet for 2 weeks
followed by an intra-peritoneal injection of STZ (35 mg/kg body weight). An oral dose of 50 mg/kg hesperidin or
naringin was daily given for 4 weeks after diabetes induction. In the diabetic control group, levels of glucose and
glycosylated hemoglobin were significantly increased, while serum insulin was decreased. Both hesperidin and
naringin administration significantly reversed these alterations. Moreover, supplementation with either compound
significantly ameliorated the declined adipose tissue PPARy and adiponectin expressions in conjunction with down-
regulated resistin expression. These experimental findings demonstrated that hesperidin and naringin exhibit

antidiabetic effects by modulating adipose tissue genes.
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INTRODUCTION

Type 2 diabetes mellitus (T2DM), a disorder of
carbohydrate, fat and protein metabolism is manifested by a
number of abnormalities. The myriad of disorders linked with
T2DM, include insulin resistance, impaired glucose
homeostasis and deficiency of insulin resulting from {-cell
dysfunction’. Globally, T2DM accounts for a major area of pie
in the morbidity and mortality charts and makes it one of the
major health concerns accounting for 221 million individuals
by this year and 300 million by the year 2025°.

Peroxisome proliferator-activated receptors (PPARs) are
ligand-activated transcription factors belonging to the
nuclear receptor superfamily, which also includes the steroid
and thyroid hormone receptors >*. PPARs modulate genes
that regulate lipid and glucose metabolism and control many
cellular and metabolic processes, including fatty acid
metabolism, adipocyte differentiation, inflammation,
atherosclerosis, and cell cycle*”. There are three isoforms of
PPAR: PPARa, PPARS and PPARYy. Expression of PPARa is
greatest in tissues with active metabolism, such as liver,
striated muscle and kidney*®. PPARS has a very broad
expression pattern that made identifying its role more
difficult. PPARY is highly expressed in fat, colon, placenta and
macrophage”?®,

The adipokines are signaling proteins involved in the
regulation of energy and glucose metabolism®. Adipocytes
secrete diverse pro-inflammatory cytokines such as
interleukin (IL)-6 and tumor necrosis factor (TNF)-q, as well as
anti-inflammatory  cytokines such as  adiponectin®.
Dysfunction in adipocytes or adipose tissue is associated with
insulin resistance and type 2 diabetes". A reduced level of
adiponectin and increased levels of IL-6 and TNF-a can induce
or exacerbate insulin resistance in adipose tissue".
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A number of drugs have been used for the treatment of
T2DM that act either by enhancing insulin secretion or by
improving insulin sensitivity. These drugs when used alone or
in combination are found to be effective, but frequently
constrained by safety, tolerability, hypoglycemia, lactic
acidosis, weight gain and Gl disturbances”. Hence for better
safety and potential therapeutic value, the search for novel
molecules has been extended to herbal drugs that offer
better protection and a lesser side effect profile”.

Flavonoids are a group of naturally occurring
polyphenolic compounds ubiquitously found in fruits and
vegetables®. Currently, there is much interest in the
usefulness of citrus fruits because of their intake appears to
be associated with reduced risk of certain chronic diseases
and increased survival as reported by Chen et al*. We have
reported the antihyperglycemic properties of hesperidin and
naringin and their modulatory effects on serum levels of
resistin and adiponectin®. Moreover, we have demonstrated
that the antihyperglycemic effects of citrus flavonoids were
due to their antioxidant effects'™. Thus, the present study
was designed to explore whether the improvement in insulin
resistance and B-cell dysfunction by hesperidin and naringin
in HFD/STZ type 2 diabetic rats was associated with increased
adipose tissue PPARy expression. In addition, the study was
extended to evaluate the efect of the tested flavonoids on
adipose tissue adiponectin and resistin expression to help
tracing out the exact mechanistic pathways.

MATERIALS AND METHODS
Chemicals:

Hesperidin, naringin and streptozotocin, were purchased
from Sigma Chemicals Co., St. Louis, MO, USA, stored at 2-4 °C
and protected from sunlight. All other chemicals were of
analytical grade and were obtained from standard
commercial supplies.
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Experimental animals:

White male albino rats weighting about 190 + 10 g were
used as experimental animals in the present investigation.
The animals were housed in standard polypropylene cages
and maintained under controlled room temperature (22 * 2
°C) and humidity (55 + 5%) with 12 h light and 12 h dark cycle
and were fed a standard diet of known composition, and
water ad libitum. The animals used in the present study were
maintained in accordance with the principles and guidelines
of the Canadian Council on Animal Care as outlined in “Guide
for the Care and Use of Laboratory Animals”".

Induction of type 2 diabetes:

Type 2 DM was induced by feeding high fat diet (HFD) ad
libitum, for the initial period of 2 weeks'. The composition
and preparation of HFD were described elsewhere™. After
the 2 weeks of dietary manipulation, rats fed by HFD were
injected intraperitoneally (i.p.) with STZ (35 mg/kg b.wt.),
while the respective control rats were given vehicle citrate
buffer (pH 4.5). Seven days after STZ injection, rats were
screened for blood glucose levels. Rats having serum glucose
> 200 mg/dl, after 2 hours of glucose intake, were considered
diabetic and selected for further pharmacological studies.
The rats were allowed to continue to feed on their respective
diets until the end of the study.

Experimental design:

The experimental animals were divided into four groups,
each group comprising six rats as detailed follows.

Group 1: Normal control rats (Fed normal fat diet)

Group 2: Diabetic control rats

Group 3: Diabetic rats administered with hesperidin
(somg/kg b.wt.) orally for 4 weeks

Group 4: Diabetic rats administered with naringin
(somg/kg b.wt.) orally for 4 weeks.

The dosage was adjusted every week according to any
change in body weight to maintain similar dose per kg body
weight of rat over the entire period of study for each group.
By the end of the experiment, animals were sacrificed and
blood samples and adipose tissue were obtained.

Biochemical estimations:

Oral glucose tolerance test (OGTT) was performed in
normal, diabetic control and diabetic rats treated with
hesperidin and naringin. Blood samples were obtained from
lateral tail vein of rats deprived of food overnight (10-12
hours). Successive blood samples were then taken at o, 30,
60, 90 and 120 minutes following the administration of
glucose solution (3 g/kg b.w.) through gastric intubation.
Serum was obtained for determination of glucose
concentration according to the method of Trinder®™, using
commercial diagnostic kit (Randox laboratories, UK). Serum
insulin level was assayed by Sandwich ELISA using Kkits
purchased from Linco Research (USA), according to the
manufacturer instructions. Blood glycated Hb was
determined according to the method of Little et al*' using
Helena GLYCO-Tek affinity column method (Helena
Laboratories, USA). Homeostasis model assessment of insulin
resistance (HOMA-IR) was calculated by the following
equations™:

HOMA-IR = Fasting insulin level (uU/ml) x Fasting blood
glucose (mmol/l)/22.5
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RNA isolation and real-time quantitative polymerase chain
reaction:

Total RNA was isolated from visceral adipose tissue
according to the method of Chomzynski and Sacchi® with
some modifications, using TRIzol reagent (Invitrogen, CA,
USA). First strand of cDNA was synthesized from 5 pg of total
RNA by using a high-capacity cDNA reverse transcription kit
with RNase inhibitor. Quantitative PCR using QuantiTect
SYBR Green RT-PCR Kit (QIAGEN) was performed to analyze
the mRNA levels of PPARy, adiponectin and resistin. The

following primer sets were used; Up 5'-
CCTGAAGCTCCAAGAATACC-3' and Down 5
GATGCTTTATCCCCACAGAC-3' for PPARY, Up 5'-
AATCCTGCCCAGTCATGAAG-3' and Down 5'-
TCTCCAGGAGTGCCATCTCT-3"  for adiponectin, Up 5-
GCTCAGTTCTCAATCAACCGTCC-3' and Down 5"
CTGAGCTCTCTGCCACGTACT-3' for resistin and Up 5"
AAGTCCCTCACCCTCCCAAAAG-3' and Down 5"

AAGCAATGCTGTCACCTTCCC-3' for B-actin. The PCR cycle was
as follows: initial denaturation at 95 °C for 5 min, followed by
40 cycles of denaturation at 95 °C for 30 s, annealing at 55°C
for 30 s and extension at 72°C for 30 s. Fluorescent values
were converted into threshold cycle (CT) values using Rotor-
Gene Q (Qiagen) and the amount of target genes was
analyzed using the 22 method following the normalization
through B-actin. Quantitative amplification of B-actin was
used as the house-keeping gene control to normalize the
determined mRNA levels.

Statistical analysis:

The data were analyzed using the one-way analysis of
variance (ANOVA) (PC-STAT, University of Georgia, 1985)™
followed by LSD test to compare various groups with each
other’s. Results were expressed as mean + SE and values of
P>0.05 were considered non-significantly different, while
those of P<0.05 and P<0.01 were considered significant and
highly significant, respectively.

RESULTS
The oral glucose tolerance curve of diabetic rats showed
a highly significant elevation at fasting state and 30, 60, 90
and 120 min after oral glucose loading as compared to normal
animals. The treatment of diabetic animals with hesperidin
and naringin induced a potential improvement of elevated
values at all points of oral glucose tolerance curve (Fig. 1).

Normal = 'Diabetic control

450 = Diabetic treated with hesperidin = = Diabetic treated with naringin
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Fig. 1: OGTT of normal, diabetic control and diabetic rats
treated with hesperidin and naringin.

Diabetic group of rats have highly significantly (p<o.01;
LSD) elevated HbA1c% as compared with normal control
group of rats. Oral administration of hesperidin as well as



Ayman M Mahmoud et al.:

naringin to diabetic rats significantly (p<0.01; LSD) improved
the altered level. Serum insulin level exhibited an opposite
pattern; it was significantly (p<o.01; LSD) decreased in
diabetic rats as compared to normal ones and was
significantly increased as a result of treatment with both
hesperidin and naringin (Table.1).

Table.1: Blood glycosylaed hemoglobin (HbA1c %), and serum
insulin level of normal, diabetic control and diabetic rats
treated with hesperidin and naringin.

Parameter HbA1c% Insulin (pU/ml)
Group
Normal 4.71+018%  26.84 *1.40°
Diabetic control 8.96 + 0.23° 15.50 * 0.76°¢
Diabetic treated with hesperidin  5.85 * 0.18° 21.55 £ 1.13°
Diabetic treated with naringin ~ 6.26 £0.17°  20.67 £ 1.08"
F- prob P< 0.001 P< 0.001
LSD at 5% 0.40 2.32
LSD at 1% 0.54 3.17
Data are expressed as Mean + SE. Number of animals in each

group is six.
Means which share the same superscript symbol (s) are not
significantly different.

HOMA-IR of normal, diabetic and diabetic treated with
hesperidin and naringin is depicted in figure 2. Diabetic rats
showed a significant (p<0.01; LSD) elevation of HOMA-IR that
was decreased significantly upon administration of either
hesperidin or naringin.
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In view of the results of adipose tissue adiponectin
mRNA expression, it was observed that HFD/STZ diabetic rats
exhibited a notable (LSD; P<o0.01) down-regulation of
adiponectin gene expression levels, as indicated in figure 4.
Treatment with either hesperidin or naringin produced a
highly significant (LSD; P<0.01) up-regulation of adiponectin
mRNA levels.

O Normal
12  Diabetic treated with hesperidin

O Diabetic control
El Diabetic treated with naringin

a

1 —F—

Adiponectin mRNA/B-actin

Fig. 4: Adipose tissue adiponectin mMRNA expression levels in
normal, diabetic control and diabetic rats treated with
hesperidin and naringin.

Resistin exhibited an opposite behavioral pattern; its
expression was up-regulated highly significantly (LSD; P<0.01)
in diabetic control rats as compared to normal ones.
Treatment of the HFD/STZ diabetic rats with hesperidin and
naringin induced a highly significant amelioration (P<0.01;
LSD) of the elevated resistin expression level; hesperidin
seemed to be more potent than naringin (Fig. 5).

O Normal D Diabetic control
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Resistin mRNA/B-actin

Fig. 2: HOMA-IR index of normal, diabetic control and diabetifigats: Adipose tissue resistin RNA expression levels in normal,

treated with hesperidin and naringin.

HFD/STZ diabetic rats exhibited a highly significant (LSD;
P<0.01) declined adipose tissue PPARy mRNA expression
level when compared to normal control rats. Hesperidin and
naringin  supplementations potentially increased (LSD;
P<0.01) the altered mRNA expression level, with more potent
effect for hesperidin (Fig. 3).
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Fig. 3: Adipose tissue PPARy mRNA expression levels in
normal, diabetic control and diabetic rats treated with
hesperidin and naringin.
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diabetic control and diabetic rats treated with hesperidin and
naringin.

DISCUSSION

Type 2 diabetes mellitus is a complicated metabolic
disease characterized by impairment of both insulin secretion
and insulin sensitivity. Kraegen et al established that rats
fed with HFD have significantly higher fasting plasma insulin
and glucose levels®. The HFD induces the intracellular
accumulation of lipid metabolites in the liver and skeletal
muscle that leads to insulin resistance via decreased tyrosine
phosphorylation of insulin receptor substrate (IRS), a key
mediator in insulin action”. STZ, on the other hand, at a low
dose resulted in decreased insulin biosynthesis, the
generation of reactive oxygen species, DNA fragmentation
and B-cell damage which ultimately leads to hyperglycemiazs.
Altogether, the rats fed the HFD and given a low dose STZ
resulted in an array of pathophysiological changes such as
hyperglycemia and hyperlipidemia'®*°. Similarly in our study,
the HFD/STZ treated rats developed T2DM with significant
increases in serum glucose, HbA1c%Z and HOMA-IR. In
addition, the HFD/STZ treated rats exhibited diminished
serum insulin levels as well as declined adipose tissue PPARy
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and adiponectin mRNA levels, while that of resistin was
significantly increased.

Elevation of blood glucose may be attributed to reduced
entry of glucose to peripheral tissues, muscle and adipose
tissue®®, increased glycogen breakdown® and increased
gluconeogenesis and hepatic glucose production®. In
addition, the hyperglycemia observed in our study could be
explained through glucose-fatty acid cycle®®, where the high
free fatty acids (FFAs) reduce the glucose uptake and
utilization, through the increased endogenous glucose
production®*. The excess of glucose present in blood reacts
with hemoglobin to form glycosylated hemoglobin®. In our
study, oral administration of hesperidin and naringin
significantly decreased the levels of fasting blood glucose
and HbA1c%. Recently, we have demonstrated decreased
serum resistin levels of diabetic rats administered with
hesperidin and naringin®®. These results indicated the
beneficial effects of both hesperidin and naringin in
preventing the pathogenesis of diabetic complications
caused by impaired glucose metabolism.

Our study revealed a significant increase in resistin
mMRNA expression level in HFD/STZ diabetic group in
comparison with that of controls, which runs parallel to
serum glucose and HOMA-IR index. The findings of this study
are in line with that of Kushiyama et al who found that
transgenic mice with hepatic resistin overexpression exhibit
significant hyperglycemia, hyperlipidemia, fatty liver, and
pancreatic islet enlargement, when fed a HFD¥. These effects
may be due to resistin-induced impairment of glucose
homeostasis and insulin action, thus modulating one or more
steps in the insulin signaling pathway and possibly playing a
role in the pathogenesis of insulin resistance®. The
mechanism whereby resistin decreases insulin sensitivity
involves several impacts. First, resistin reduces adenosine 5/—
monophosphate activated protein kinase activity in skeletal
muscle, adipose tissue, and liver. These alterations decrease
tissue insulin sensitivity that results in glucose intolerance,
elevated FFA levels, and hypertriglyceridemia®®. Secondly, the
resistin-induced reduction in IRS-1 and IRS-2 elevates mRNA
levels of gluconeogenetic enzymes, such as glucose-6-
phosphatase and phosphoenol pyruvate carboxykinase, thus
suggesting a direct resistin induction of insulin resistance in
the liver®®. Thirdly, resistin decreased glycogen synthase (GS)
activity both in the presence or absence of insulin; this
suggests that resistin directly down-regulates GS activity*'.
Furthermore, it has been reported that resistin promotes lipid
accumulation in human macrophages by up-regulating CD36
cell surface expression, which is one of the scavenger
receptors in macrophages involved in the uptake of modified
LDL*. Based on the current data, the resistin lowering effect
of hesperidin and naringin may directly participate to their
hypoglycemic, hypolipidemic and insulin sensitizing effects.

In contrast to resistin, HFD/STZ diabetic rats exhibited
diminished adiponectin mRNA level and treatment with
either hesperidin or naringin significantly alleviated
adiponectin expression. Adiponectin has been reported to
sensitize the body tissues toward actions of insulin. The
proposed mechanism of action for adiponectin include its
insulin sensitizing effect which in turn regulates glucose
metabolism through stimulation of AMPK®, enhanced
oxidation of muscle fat and glucose transport mediated
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through AMPK activation and acetyl-CoA carboxylase
inhibition**, inhibition of hepatic gluconeogenesis through
decrease in the expression of phosphoenolpyruvate
carboxylase and glucose-6-phosphatase®, and increased
fatty acid combustion and energy consumption, partly
through PPARa activation, leading to decreased triglyceride
content in skeletal muscles and liver®. Moreover, it has been
shown that mice lacking adiponectin expression have
reduced insulin sensitivity or are more likely to suffer from
insulin resistance*. Though, the insulin sensitizing effects of
the tested flavonoids may be attributed to increasing adipose
tissue adiponectin expression.

PPARY is a key regulator of glucose and lipid metabolism
by controlling energy homeostasis in adipose tissue, liver and
skeletal muscle?’. The effect of PPARy on lipid and glucose
control may be explained according to Feige et al*® and
Lefebvre et al*® who stated that PPARy promotes pre-
adipocyte differentiation, stimulates the storage of fatty
acids in adipocytes and enhance insulin sensitivity. The action
of PPARy on insulin sensitivity results from its ability to
channel FFAs into adipose tissue, thus decreasing plasma
FFAs concentration and alleviating lipotoxicity in skeletal
muscle, liver and pancreas. Also, PPARy activation was
reported to improve insulin resistance by lowering the
hepatic triglyceride content®, activating hepatic glucokinase
expression® and exhibited an antiatherogenic effect
synergistic with a hydroxymethylglutaryl CoA reductase
inhibitor in rabbits®®. In addition, PPARy can affect insulin
sensitivity by regulating adipocyte hormones, cytokines and
proteins that are involved in insulin resistance. Indeed, PPARYy
downregulates the expression of genes encoding resistin and
tumor necrosis factor (TNFa), whereas it induces adiponectin
expression, which increases fatty acid oxidation by activation
of the AMP-activated protein kinase pathway*®*°. Moreover,
Willson et al demonstrated that activation of PPARy improves
insulin sensitivity and lowers circulating levels of glucose,
triglycerides and FFAs without stimulating insulin secretion in
rodent models of T2DM33. Also, Hevener et al stated that
PPARY agonists increase glucose uptake in adipose tissue and
skeletal muscle®®.

Furthermore, PPARy is involved in governing the
inflammatory response, especially in macrophages. Currently,
two different molecular mechanisms have been proposed by
which anti-inflammatory actions of PPARy are effectuated: (1)
via interference with pro-inflammatory transcription factors
including STAT, NF-xB, and AP-1*, and (2) by preventing
removal of co-repressor complexes from gene promoter
regions resulting in suppression of inflammatory gene
transcription®®. This mechanism involves ligand dependent
SUMOylation of PPARy followed by binding of PPARy to
nuclear receptor co-repressor (NCoR)-histone deacetylase-3
(HDAC3) complexes localized on inflammatory gene
promoters. The binding of PPARy prevents the removal of co-
repressor complexes, thus retaining inflammatory genes in a
suppressed state*. Hence, hesperidin and naringin may exert
their anti-inflammatory action via PPARy up-regulation and
this contributes to the insulin sensitizing effects of both
compounds. In this context, our lab had provided evidence
that the protective effects are, possibly, due to decline in
oxidants and pro-inflammatory cytokines production®.
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In the present study, amelioration of the glycemic state

of the HFD/STZ diabetic rats in response to treatment with
hesperidin and naringin may also be attributed to the
increased expression of PPARy. Hesperidin showed much
potent effect on the expression of PPARy than naringin and
this may explains why hesperidin has more effective
hypoglycemic and hypolipidemic effects than naringin.

CONCLUSION
This study revealed that the anti-hyperglycemic efficacy

of the citrus flavonoids, hesperidin and naringin, may be
mediated via up-regulating adipose tissue PPARy and
adiponectin in conjunction with down-regulating adipose
tissue resistin.
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