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Abstract

Context. Endothelial dysfunction and diabetic
cardiomyopathy are critical complications of diabetes. Gallic
acid (GA) plays a significant role in cardiovascular disorders
resulted from diabetes. In addition, increased plasma miR-24,
miR-126 associated with endothelial dysfunction.

Aim. The current study was designed to assess the
effects of GA on plasma miR-24, miR-126 levels in the diabetic
rats.

Animals and Methods. Adult male Sprague-Dawley
rats were divided into three groups (n=8): control (C), diabetic
(D) and diabetic group treated with GA (D+G, 25 mg/kg, by
gavage) for eight weeks. The blood glucose level, body weight,
lipid profile, blood pressure, plasma miR-24 and miR-126 levels,
antioxidant and inflammatory biomarkers were measured.

Results. The plasma levels of miR-24, miR-126, body
weight, high-density lipoprotein cholesterol (HDL-c), total
anti-oxidant capacity (TAC) and the systolic blood pressure
significantly reduced and blood glucose, total cholesterol (TC),
triglycerides (TG), very low-density lipoprotein cholesterol
(VLDL-c), malondialdehyde (MDA), interleukin-6 (IL-6),
tumor necrosis factor-alpha (TNF-a) and low-density lipoprotein
cholesterol (LDL-~c) significantly elevated among the diabetic
rats compared with the control group. However, GA restored
body weight, blood pressure, TC, TG, VLDL-c, TNF-0, miR-
126, blood glucose, HDL-c, MDA, TAC, miR-24 and IL-6
among the GA treated rats compared with the diabetic group.

Conclusion. GA improves inflammation, oxidative
stress and hypotension result from diabetes. These protective
effects are probably mediated via increasing plasma miR-24
and miR-126 levels.

Key words: Diabetes, Endothelium, MicroRNA,
Gallic acid.
INTRODUCTION

Diabetes mellitus is the most common
metabolic multifactorial disease in which endothelial

dysfunction, dyslipidemia, cardiomyopathy and micro-
and macro-vascular complications are the major causes
of death in diabetic patients (1, 2).

MicroRNAs (miRNAs) are a class of short
(21-25 nucleotides long) non-protein encoding
RNAs that modulate gene expression via targeting
mRNAs for degradation or translational repression
(3). In the cardiovascular system, different miRNAs
are implicated in regulation of diabetes and diabetic
complications  including  atherosclerosis  and
angiogenesis. Particularly, miR-24 and miR-126
decrease in diabetic patients (2, 4). In addition, the
high level of miR-126 is expressed in endothelial cells
and is involved in vascular repair, angiogenesis and
has anti-inflammatory effects by endothelial vascular
adhesion molecule (VCAM-1) expression (4). Recent
studies have demonstrated that miR-24 is involved in
the modulation of endothelial cells’ function including
apoptosis, inflammation and proliferation (5-8). In
addition, a recent study has reported that reduction of
miR-24 level in heart endothelial cells is associated with
endothelial dysfunction in diabetic mice (9). It also has
been indicated that miR-24 over-expression reduced
atherosclerosis by decreasing vascular smooth muscle
cells (VSMCs) inflammation (10). Thus, miR-24 and
miR-126 describe novel therapeutic targets to prevent
against vascular complications of diabetic patients.
The main oxidizing factors are reactive oxygen species
(ROS), including superoxide anions and hydroxyl
radicals. ROS and its associated DNA injury regulate
miRNAs processing and maturation, thus is effective
on miRNAs targets (11).

GA is a natural component that belongs to the
larger family of polyphenols and is specifically found
in gallnuts, grapes, tea leaves, oak bark, blackberry and
pomegranates (12). A previous investigation has shown
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that GA could restore vasodilator response of mesenteric
arterial bed to histamine using the endothelium HI1
receptor in diabetic rats (13). On the other hand,
antioxidant agents acting on ROS and ionic pumps
dysfunction in the heart in high glucose conditions
provide protection against the QT interval prolongation
(14). Taking into consideration all above points, this
study aimed to evaluate the efficacy of chronic GA
treatment on plasma level of miR-24 and miR-126
that both microRNAs regulate oxidative stress and
inflammation as well as vascular complications induced
by diabetes in the alloxan-induced diabetic rats.

MATERIALS AND METHODS

Drugs

GA (3, 4, 5-Trihydroxybenzoic acid), heparin
and alloxan monohydrate were purchased from Sigma
Chemical Co. (St. Louis, MO, U.S.A.) and Ketamine
(10%) and xylazine (2%) were obtained from Alfasan
Co (Woderen- Holland).

Animal groups

Adult male Sprague-Dawley rats (250 =+
20g, obtained from Ahvaz Jundishapur University of
Medical Sciences Animal House Center, Ahwaz, Iran)
were housed in cages at room temperature (22-25°C)
with a 12 h light/dark cycle and free access to food and
water throughout the experiment. After seven days of
adaptation, the rats were assigned randomly into three
groups (8 rats each): control (C), diabetic (D) and
diabetic treated with GA (D+G). After verification of
diabetes in the alloxan injected animals, GA 25 mg/kg/
day (15-17, 27) was administered by gavage for eight
weeks. The experimental protocol and procedures were
approved by the Institutional Animal Care and Ethics
Committee of the Ahvaz Jundishapur University of
Medical Sciences based on the guidelines for the care
and use of laboratory animals (grant No. APRC-94-25).

Induction of diabetes

Diabetes was induced in the rats by a single
intraperitoneal (IP) injection of alloxan (120 mg/kg).
Six h after alloxan administration, the rats have
received 10 % glucose solution for the next 24 h to
prevent against the lethal hypoglycemic effect induced
by alloxan. After 4 days, the rats that exhibited blood
glucose higher than 250 mg/dL considered as the
diabetic rats. At the beginning of experiment and eight
weeks after induction of diabetes blood samples were
collected from tail vein and the blood glucose level was
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measured using a glucometer (19-21).

Blood samples from abdominal vein were
poured into EDTA containing tubes and centrifuged at
4000 g for 10 min, then the plasma was stored at -80°C
for later measurement of lipid profile, total anti-oxidant
capacity (TAC), malondialdehyde (MDA), TNF-a,
IL-6 and molecular assessments.

Plasma lipid profile, TAC, MDA, TNF-a
and IL-6

Total cholesterol (TC), triglycerides (TG),
high-density lipoprotein cholesterol (HDL-c), low-
density lipoprotein cholesterol (LDL-c) were measured
using appropriate commercial kits (Pars Azmun,
Tehran, Iran). In addition, the very low-density
lipoprotein cholesterol (VLDL-c) was computed
using the following equation: VLDL-c = Total serum
triglycerides / 5. Furthermore, plasma levels of TAC,
MDA and IL-6 were determined by commercial assay
kits (Zell Bio, Ulm, Germany). Finally, the TNF-a
levels were measured by appropriate ELISA kit
(Diaclone, Besancon, France). The measurements were
carried out according to the manufacturer’s protocols.

Total RNA extraction, cDNA synthesis and
quantitative real time PCR

Mature miRNAs were extracted from 250 pl
plasma using Trizol reagent (Qiagen, USA) according
to the manufacturer’s protocol and rapidly stored at
-80°C. RNA concentration was measured by Nanodrop
(Nanodrop thermo scientific S.N:D015). Reverse
transcription into cDNA was performed by TagMan
miRNA reverse transcription kit (Qiagen, USA). Real
time PCR was done with Light Cycler® 96 real time
PCR system by these conditions: 95°C for 15 min, then
45 cycles at 94°C for 15 sec, 55°C for 30 sec and 70°C
for 30 sec. The miRNAs were amplified using specific
miRNAs primers and a universal primer (Qiagen,
USA). Moreover, RNase-free water was used as
negative control in each step. The U6 (MS00033740)
was used as internal controls for the normalization of the
miR-24 (MS00005537) and miR-126 (MS00000329)
templates. The threshold cycle (Ct) was acquired from
amplification of all miRNAs. Ct was organized in the
exponential phase for each target PCR and the relative
expressions of miR-24 and miR-126 were analyzed by
the 2-(DDCt) method (22). Sequences of primers used
were as follows:
U6: 5’-CTCGCTTCGGCAGCACA-3”
MiR-24: 5°-UGGCUCAGUUCAGCAGGAACAG-3”
MiR-126: 5’-UCGUACCGUGAGUAAUAAUGCG-3"



Gallic acid effect on MicroRNAs in diabetes

Systolic blood pressure recording

The blood pressure was measured by tail
plethysmography coupled to a recorder system
(Powerlab, AD Instrument, Australia) coupled to a
computer. The systolic blood pressure recorded 3-4
times and the average was considered as animal systolic
blood pressure.

Statistical analysis

The data were presented as mean + SEM. In
this study Kolmogorov-Smirnov analysis was used
to determine the normal distribution of the data. We
concluded that there was no significant difference
between the experimental data and normally distributed
data. Thus, the data were analyzed by one way analysis
of variance (ANOVA) followed by LSD post hoc
test or pair t-test as appropriate. P<0.05 was regarded
statistically significant.

Table 1. Lipid profile in animal groups

RESULTS

Body weight and blood glucose

Eight weeks after induction of diabetes
the body weight of diabetic group was decreased
significantly compared with the control group (218.12
+ 8.38 vs. 294.12 + 9.32, P<0.001) and initial weight
(218.12 + 8.38 vs. 245.75 = 11.24, P<0.05). On the
other hand, GA administration for eight weeks in the
diabetic group significantly prevented the body weight
reduction compared with the untreated diabetic rats
(258.25 £ 13.5 vs. 218.12 = 8.38, P<0.05, Fig. 1a).

Furthermore, eight weeks after induction of
diabetes the plasma glucose was not decreased in the
diabetic group. However, treatment with GA in the
diabetic animals reduced significantly plasma glucose
compared with the untreated diabetic rats (300.25 +
85.8 vs. 514 + 27.7, P<0.05) and initial glucose level
(300.25 £ 85.8 vs. 543.75 £ 27.8, P<0.01, Fig. 1b).

Groups C D D+G

TC (mg/ dL) 44.87+1.24 61.22+2.11%# 50.11+1.69"
TG (mg/ dL) 29.57+2.7 56.55+4.3"# 38.37+3.9"
HDL-c (mg/ dL) 35.37+0.59 25.57+0.64" 31.62+0.84™
LDL-c (mg/ dL) 23.85+0.4 27.71+0.47* 24.25+0.94
VLDL-c (mg/ dL) 5.91+0.5 11.21+0.86%# 7.6+0.79°

TC, total cholesterol; TG, triglycerides; HDL-c, high-density lipoprotein cholesterol; LDL-c, low-density lipoprotein cholesterol; VLDL-c, very low-density
lipoprotein cholesterol. (Mean + SEM, n = 8), # P < 0.05, ### P < 0.001 versus control group, * P < 0.05, ** P <0.001 versus untreated diabetic group. (One-

way ANOVA followed by LSD post hoc test).
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Figure 1. Body weight (a) and blood glucose level (b) (mean + SEM, n = 8) in control (C), diabetic (D) and diabetic treated with GA (25 mg/kg, D+G)

before and after eight weeks of treatment.
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Plasma lipid profile

The lipid profile of different groups was shown
in Table 1. As indicated, TC, TG, VLDL-c (P<0.001) and
LDL-c (P<0.05) were increased but HDL-c (P<0.001)
was decreased significantly in the diabetic animals when
compared with the control group. Nevertheless, GA
administration for eight weeks resulted in a significant
reduction of TC, TG and VLDL-c (P<0.05) and a
significant increase in HDL-c (P < 0.01) compared with
the untreated diabetic animals.

Plasma MDA and TAC

As shown in Fig. 2a, the plasma level of MDA
was increased significantly in the diabetic animals
compared with the control group (54.07 + 2.6 vs.
27.06 = 0.7, P < 0.001). However, oral administration

of GA for eight weeks in the diabetic rats resulted in
a significant reduction of MDA plasma level when
compared with the untreated diabetic group (19.7 + 0.8
vs. 54.07 = 2.6, P<0.01). TAC level was measured to
assess the non-enzymatic defense activity in the plasma
against the oxidative damage. As shown in Fig. 2b,
TAC plasma level in the diabetic rats was decreased
significantly compared with control group (21 + 5 vs.
65 + 4, P<0.001). However, administration of GA in
the diabetic rats increased significantly TAC level
when compared with the untreated diabetic rats (51 + 2
vs. 21 £ 5, P<0.01).

Plasma TNF-a and IL-6

The diabetic rats showed a significant higher
TNF-a plasma level than the control rats (162.12 £ 10.5
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Figure 2. Data were analyzed by one-way ANOVA followed by LSD post hoc test. ###p<0.001 versus control group, **p<0.01 versus untreated
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Figure 3. Significance was analyzed by one-way ANOVA followed by LSD post hoc test. #p<0.05, ##p<0.01, ###p<0.001, versus control group.

*p<0.05, ***p<0.001 versus untreated diabetic group.
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Figure 5. Data were analyzed by one-way ANOVA followed by LSD post
hoc test. ###p<0.001 versus control group, *p<0.05 versus untreated
diabetic group.

vs. 132.5 £ 1.82, P<0.01). However, the TNF-a level in
the diabetic rats treated with GA was significantly lower
than that of untreated diabetic animals (144.5 + 1 vs.
162.12 £ 10.5, P<0.05, Fig. 3a). In addition, the plasma
level of IL-6 of diabetic animals was significantly
higher than of control group (357.5 = 6.8 vs. 223.27
+ 7, P<0.001). Nevertheless, IL-6 level was decreased
significantly in the diabetic rats administered with GA
compared with both control and untreated diabetic rats
(171.09 £23.6 vs. 223.27 = 7 and 357.5 = 6.8, P<0.05,
P<0.001, respectively, Fig. 3b).

Plasma miR-24 and miR-126

The results indicated that a significant
reduction observed in plasma level of miR-24 in the
diabetic animals compared with control group (0.37 =
0.04 vs. 1 £ 0.1, P<0.05). Nevertheless, administration
of GA in the diabetic animals induced a significant
increase in plasma level of miR-24 compared with the

control and untreated diabetic groups (3.16 = 0.31 vs. 1
+ 0.1 and 0.37 = 0.04 respectively, P<0.001, Fig. 4a).
The plasma level of miR-126 decreased significantly
in the diabetic group when compared with control rats
(0.27 £0.07 vs. 1 = 0.2, P<0.01). However, treatment
with GA in the diabetic animals induced a significant
increase in plasma level of miR-126 compared with the
untreated diabetic group (1.1 = 0.33 vs. 0.27 = 0.07,
P<0.01, Fig. 4b).

Systolic blood pressure

The systolic blood pressure was reduced
significantly in the diabetic rats in comparison with the
control group (61.32 + 3.4 vs. 101 = 3, P<0.001). On
the other hand, treatment of diabetic animals with GA
inhibited this reduction in blood pressure significantly
compared with the untreated diabetic group (87.5 £ 2.6
vs. 61.32 + 3.4, P<0.05, Fig. 5).

DISCUSSION

The present study was aimed to assess the
effects of GA in diabetic rats, which was associated
with significant reduction in miR-24, miR-126, TAC,
systolic blood pressure, and elevation in plasma
MDA, TNF-a, IL-6 levels. This study showed that
administration of GA in the diabetic rats improved
the plasma level of miR-24 and miR-126 involved in
important pathways in endothelial dysfunction and
possibly hypotension.

In this study the triglyceride, cholesterol,
LDL-c and VLDL-c levels were increased and the
HDL-c level was decreased in the diabetic animals.

191



F. Ramezani Ali Akbari et al.

However, GA treatment restored these parameters.
Therefore, it is possible that improved glucose and
lipid profile levels via GA administration have a main
function in the improvement of body weight.

Recently, hyperglycemia is regarded to
be a primary factor for the change of lipid profile.
Dyslipidemia is generally well demonstrated in
diabetes mellitus; it is determined as an index for the
assessment of type I diabetes and beta-cell dysfunction
(23). Dyslipidemia is associated to atherosclerosis
and cardiovascular disorders (23). Moreover, it is
associated to reduced plasma miR-126 levels (24).
Therefore, this negative relationship between plasma
miR-126 and dyslipidemia may indicate a possible role
of miR-126 in the metabolism of lipids in diabetes.

A previous study indicated that patients with
coronary artery disease and type 2 diabetes mellitus
had lower plasma miR-126 levels. It was proposed
that hyperglycemia can cause a reduction in the miR-
126 level in the endothelial particles (3). Decreased
miR-126 level which may modulate vascular integrity
and angiogenesis contributes in the complications and
pathogenesis of diabetes (25).

Li et al. has indicated that hyperglycemia and
advanced glycation end products increased TNF-a,
IL-6 and ROS and reduced miR-126 expression in
endothelial progenitor cells, also increased miR-126
expression, decreased ROS and inflammatory factors
(26).

Vascular smooth muscle cells (VSMCs)
dysfunction plays an importantrole in the pathogenesis
of vascular disease induced by diabetes. Recent
studies have demonstrated that miR-24 may contribute
to atherosclerotic vascular diseases and diabetes
(27, 28). It has been reported that miR-24 is a key
modulator of migration and proliferation induced by
high glucose in VSMCs, and proposed that increased
miR-24 in vascular system may lead to prevent the
progression of diabetic atherosclerosis (10).

A recent study has revealed that GA had
protective effects in various pathological diseases such
as cardiovascular diseases linked with diabetes (29).
Polyphenols from red wine have been also reported for
anti-inflammatory properties by increasing miR-126in
human colon-derived CCD-18Co myofibroblast cells
(30). Regarding the increased level of miR-126 and
miR-24 in plasma following GA treatment in diabetic
rats, protective effects of GA on inflammation,
oxidative stress and vascular complications induced
by diabetes is possibly related to GA-induced miR-
126 and miR-24 expression.
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In the present study, hypotension was
observed in the alloxan-induced diabetic rats after
eight weeks. The administration of GA improved
the alloxan-induced hypotension toward controls.
This protective effect of GA may be due to the
improvement of oxidant/anti-oxidant ratio and
glucose homeostasis that observed in this study and/
or ventricular contractility, peripheral resistance
and arterial compliance induced by diabetes (13).
It has been reported that GA improved ventricular
contractility and peripheral resistance in patients with
cardiovascular disorders (31).

Dicer is abundantly expressed in VSMCs
and has a critical role in supporting vascular function
(32). The structure and function of vascular system is
impaired in mouse model of VSMC deletion of Dicer.
In this model, the vessels are dilated and reduced
medial thickness due to decreased cellular proliferation
and contractile response in vascular system resulted
in hypotension (33). Recently, Albinsson et al.
have demonstrated that miRNA turnover modulated
important genes levels in VSMCs that were involved
in the regulation of contraction (30). Moreover, it has
been shown that miR-24, a VSMC-enriched miRNA,
possibly involved in the induction of hyperplasia in
neointimal and vascular resistance via controlling
VSMC function(10). Thus, protective effect of GA on
hypotension induced by diabetes may result from the
improvement of miR-24 plasma level in the diabetic
rats although more investigations are needed to be
done.

A previous investigation has shown that
ROS and inflammation resulted in cell death in the
heart by increasing inflammatory cytokines levels
and activating apoptotic pathway in diabetic animals
(34). According to this study it seems that apoptosis
increases in the alloxan-induced diabetic rats as
evidenced via increasing MDA, IL-6 and TNF-a and
decreasing TAC. These findings could be improved by
GA, indicating that oxidative stress and inflammation
trigger cardiovascular injury in diabetes.

In conclusion, the results propose that GA
attenuates plasma miR-24 and miR-126 levels,
hypotension result from diabetes. These protective
effects are probably mediated via increasing
plasma miR-24 and miR-126 levels and decreasing
inflammation and oxidative stress. Thus, the miR-24
and miR-126 could be a promising target for GA in the
improvement of cardiovascular disorders and suggest
it as a complementary compound for patients with
diabetes. However, more investigations are needed to
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confirm GA effects and to find out the mechanisms by
which these two miRs mediate the effects of GA.
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