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ABSTRACT
OBJECTIVES: This study was conducted to explore whether microRNA-146a and its adapter proteins (TNF-α 
receptor-associated factor 6 (TRAF6) and interleukin-1 receptor-associated kinase 1 (IRAK1)) are affected by 
diabetes in the rat heart.
METHODS: Twelve male Sprague-Dawley rats were randomized into control and diabetic groups (n = 6). 
Streptozotocin-nicotinamide experimental model was used to induce type 2 diabetes. The gene expression of 
MicroRNA-146a, nuclear factor-κB (NF-κB), IRAK1 and TRAF6, as well as NF-κB activity, IRAK1 and TRAF6 
protein levels were measured. Moreover, NF-κB activity was measured in response to miR-146a mimic trans-
fection (20 nmol) in human umbilical vein endothelial cells (HUVECs) under hyperglycemic condition (25 mM 
D-glucose for 24 h). 
RESULTS: The expression of MicroRNA-146a was increased in the heart tissue, 2 months after diabetes induc-
tion and in HUVECs. Also, the mRNA and protein levels of NF-κB, IRAK1 and TRAF6 were increased in the 
heart of diabetic rats. Moreover, transfection of miR-146a mimic prevented from a signifi cant increase of NF-κB 
activity in hyperglycemic HUVECs.
CONCLUSION: Presumably, a defect in the regulation of IRAK1 and TRAF6 can weaken miR-146a regulatory 
effect and provides a situation for sustained activation of NF-κB and its targets to promote cardiac cells toward 
abnormalities (Fig. 3, Ref. 28). Text in PDF www.elis.sk.
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Introduction

Diabetes mellitus is a serious global health problem resulting 
from insulin insuffi ciency or ineffi ciency which, its prevalence 
is increasing dramatically, and due to the rising rate of obesity 
and sedentary lifestyle, about 552 million people are estimated 
to be suffering from diabetes mellitus worldwide by 2030 (1, 2). 
Diabetes-induced hyperglycemia and the corresponding glucotoxi-
city result in macro and microvascular complications such as diabet-
ic neuropathy, nephropathy, retinopathy, and cardiomyopathy (3).

Patients with diabetes have a signifi cantly increased risk of pre-
mature mortality and an increased risk of microvascular and car-
diovascular complications. (4). Despite numerous investigations 
have been directed toward increasing our knowledge about the 
mechanisms involved in the pathogenesis of diabetes-related an-
giopathies, the precise mechanism is still unclear, and needs to be 
clarifi ed by further studies. 

In recent years several studies have demonstrated signifi cant al-
terations in the expression level of microRNA-146a (miR-146a) in 
the blood and peripheral tissues of both diabetic patients and animals 
(5-15). MiR-146a like other members of microRNAs family is a 
small, noncoding, and single strand RNA that modulates target gene 
expression at post-transcriptional level by binding to target messen-
ger RNA (mRNA), and regulating its stability and translation (16).

It has been suggested that miR-146a participates in many 
physiological and pathological processes, in part by regulating 
the activation of a master pro-infl ammatory transcription factor, 
nuclear factor kappa B (NF-κB) (16). It is believed that activation 
of NF-κB promotes the transcription of the miR-146a gene that, 
in turn down-regulates two key adapter molecules, TNF receptor 
associated factor 6 (TRAF6) and Interleukin-1 receptor-associated 
kinase 1 (IRAK1), to decrease NF-κB activity (17). However, this 
negative feedback loop has not been demonstrated by several in-
vestigations (12, 13, 18, 19). 

While a decreased expression of miR-146a has been reported 
in diabetic mouse wounds (5), diabetic rats aorta, sciatic nerve, 
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kidney, heart and dorsal root ganglia (6–9), glycated albumin- and 
high glucose-stimulated endothelial cells (10), and in serum and 
peripheral blood mononuclear cells of type 1 and 2 diabetic patients 
(11, 12), an increased miR-146a expression has also been docu-
mented in diabetic kidney (13), and in plasma and limbal corneal 
epithelium compartment of diabetic patients (14, 15).

While growing evidence indicates that miR-146a plays a role 
in the pathogenesis of diabetes related complications, there is 
little information available concerning the expression level of 
this microRNA and its role in the regulation of NF-κB activity in 
diabetic heart. In this context, only Feng et al have previously re-
ported that miR-146a expression level decreases in the hearts of 
type 1 and type 2 diabetic rats (8). Given that the NF-κB plays a 
key role in the pathogenesis of diabetic heart complications, this 
study was conducted to explore whether microRNA-146a (as an 
NF-кB regulating factor) and its adapter proteins (TRAF6 and 
IRAK1) are affected by the diabetes in the rat heart. To evaluate 
this hypothesis, we measured the gene expression level of miR-
146a, IRAK1, TRAF6, and NF-κB, as well as NF-κB activity and 
IRAK1 and TRAF6 protein levels in the heart of diabetic rats. 
Moreover, NF-κB activity was measured in response to miR-146a 
mimic transfection in human umbilical vein endothelial cells (HU-
VECs) under hyperglycemic condition. 

Materials and methods

Animal experiment 
Twelve male Sprague-Dawley rats (3 months old with 314 ± 

7 g of body weight; Razi Institute, Tehran, Iran) were housed in 
standard cages (3 rats in each), at room temperature (22–25 °C) 
with 12:12-h light/dark cycles and free access to food and water. 
The rats were randomized into control and diabetic groups (n = 6). 
This study was designed in accordance with US National Institutes 
of Health (NIH publication, No. 86–23, revised 1996) and AR-
RIVE guidelines for the care and use of animals approved by the 
Ethics Committee for the Use of Animals in Research at Hormoz-
gan University of Medical Sciences (No: 93/3-1/6/13 Mar 2014) 
(20). Type 2 diabetes was induced by a single dose intraperitoneal 
injection of streptozotocin (50 mg/kg) dissolved in 0.1 M of citrate 
buffer (pH 4.5), 15 min after the intraperitoneal injection of nico-
tinamide (110 mg/kg; i.p.) in 12 h fasted rats (13). Citrate buffer 
was injected to control rats. Diabetes was defi ned as fasting blood 
glucose was higher than 250 mg/dl on 2 consecutive days, using 
glucometer (Arkray, Kyoto, Japan) (13). One day before sacrifi ce 
of rats, an oral glucose tolerance test (OGTT) was performed as 
previously described (13). The animals were killed 2 months af-
ter diabetes induction and the hearts were collected and stored at 
–70 °C. All manipulations were held in the morning.

Cell culture and transfection of miR-146a
HUVECs were purchased from the National Cell Bank of Iran 

(NCBI, Pasteur Institute, Tehran) and cultured in endothelial cell 
growth medium, EGM-2 Bullet kit (Lonza, Basel, Switzerland), ac-
cording to the manufacturer’s recommendations. Twenty four hours 
before transfection, the cells were passaged in 6-well plates, at the 

density of 3×105 cells/well in 2.3×103 μl medium and incubated 
at standard culture condition for 24 h. On the day of transfection, 
cell culture medium was replaced, and D-Glucose was added to 
the medium of control and hyperglycemic groups (5 mM and 25 
mM, respectively) (8). D-Mannitol was used as osmotic control. 
Concurrently with the creation of cellular hyperglycemia, the 
HUVECs were transfected in parallel with hsa-miR-146a mimic 
or scramble (20 nmol/L) (Qiagen, Crawley, UK) using HiPerFect 
reagent (Qiagen), according to the manufacturer’s protocol. All 
experiments were carried out for 24 h (8, 22). Transfection effi -
ciency was determined by real-time RT-PCR. Importantly, all data 
analyses were blinded.

Real time RT-PCR analysis 
Twenty four hours after transfection, total RNA was isolated 

from HUVECs and left ventricular tissue using miRNeasy Mini Kit 
(Qiagen) according to the manufacturer’s protocol. RNA quantity 
and quality were determined using Nanodrop (Thermo scientifi c) 
and agarose gel electrophoresis (Bio-Rad), respectively. Total RNA 
(1 μg) was used for cDNA synthesis using miScript II RT cDNA 
synthesis Kit (Qiagen) according to the manufacturer’s instruc-
tions. Each cDNA was used as a template for separate assay for 
miR-146a and mRNAs (IRAK, TRAF6 and NF-κB) quantitative 
real-time RT-PCR by using miScript SYBR Green PCR Kit (Qia-
gen). All reactions were performed in duplicate on a Corbett Rotor-
Gene RG-6000 (Australia). The amount of PCR was normalized 
to that for housekeeping gene β actin for mRNA samples, and U6 
for miR-146a (Qiagen). The 2 - ΔΔCt method was used for relative 
quantifi cation of individual mRNAs and miR146a expression. The 
results have been expressed as fold change differences compared 
to the relevant controls.

ELISA measurements
ELISA kits were used for determination of cytoplasmic pro-

tein levels of TRAF6 (MyBioSource, San Diego, CA), IRAK1 
(MyBioSource), and phosphorylated NF-κB p65 as an index of 
NF-κB activity (Cayman chemicals, Ann Arbor, MI), as well as 
plasma insulin level (MyBioSource). Protein determination kit 
(Cayman chemicals) was used for detection of cytoplasmic pro-
tein concentration.

Statistical analysis
Data are expressed as mean ± SD, and were analyzed by re-

peated measures ANOVA (for analysis of the oral glucose toler-
ance test), one-way ANOVA (for analysis of data obtained from 
HUVECs) and independent t test (for other parameters), using the 
SPSS 21.0 software (IBM, Armonk, NY, USA). The Tukey post hoc 
test was used to determine the differences between groups with sig-
nifi cant p-values. p < 0.05 was considered statistically signifi cant.

Results

Blood glucose and insulin, body weight and OGTT
Fasting blood glucose and insulin levels in the diabetic rats 

were higher than those in the control counterparts at two months 
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after diabetes induction (349.63 ± 13.44 vs 97.88 ± 11.23 mg/dL, 
p = 0.002 for glucose, and 5.07 ± 4.11 vs 9.42 ± 3.63 ng/ml, p = 
0.023 for insulin). Moreover, the diabetic rats showed a reduced 
body weight than the control rats (253.29 ± 14.02 vs 415.40 ± 
28.74 g, p = 0.003). 

To confi rm NIDDM, 24 h before sacrifi ce, the rats were en-
rolled for an OGTT. Before glucose intake (time 0), fasting blood 
glucose was higher in the diabetic group than in the control coun-
terpart (301.23 ± 9.76 vs 101.91 ± 7.77 mg/dL; p = 0.002). Sixty 
minutes after glucose intake (2 g/kg), the blood glucose concen-
tration in both diabetic and control groups reached maximum 
levels (493.18 ± 23.09 and 288.10 ± 12.66 mg/dL, respectively), 
and then decreased to minimum levels at 120 minutes (401.22 ± 
9.84 vs 109.73 ± 9.51; p < 0.001) however, it did not return to the 
baseline level in diabetic rats.

miR-146a expression 
Real-time PCR analysis demonstrated that 2 months of uncon-

trolled diabetes causes a signifi cant upregulation of miR-146a in 
diabetic rats hearts (Fig. 1a) (p = 0.003). Also, analysis of HUVECs 
in 25 mM glucose confi rmed signifi cant upregulation of miR-146a 
compared with 5 mM glucose (p = 0.009). No signifi cant effect was 
seen after incubation with 25 mM D-Mannitol (Fig. 1b).

NF-κB activity and TRAF6 and IRAK1 protein levels 
Figure 2a indicates that the NF-κB activity was signifi cantly 

increased in the heart of diabetic animals when compared with the 
non-diabetic rats (p = 0.023). Furthermore, 24 h hyperglycemia re-

sults in a 3 fold increase in NF-κB activity in HUVECs (Fig. 2b) (p 
= 0.007). Transfection of miR-146a mimic prevented from a signifi -
cant increase of NF-κB activity in HUVECs (Fig. 2b). Moreover, no 
signifi cant effect was seen by transfection of scramble microRNA.

ELISA measurements demonstrated that TRAF6 and IRAK1 
protein levels were signifi cantly higher in the diabetic hearts than 

Fig. 1. Real-time quantitative RT-PCR analysis of miR-146a levels in 
animals’ hearts, 2 months after induction of diabetes (a), and in hu-
man endothelial cells, HUVECs exposed to 5 mmol/L and 25 mmol/L 
D-glucose and osmotic control (5 mmol/L D-glucose + 20 mmol/L D-
mannitol) (b). Bars represent Mean ± SD, ** p < 0.01 vs controls.

a

b

Fig. 2. ELISA measurements of NF-κB activity (a), TRAF6 (c) and 
IRAK1 (d) in the hearts of diabetic and control rats. Section (b) rep-
resents ELISA measurements of NF-κB activity in HUVECs during 
normal (5 mmol/L D-glucose) and hyperglycemic (25 mmol/L D-glu-
cose) condition, in the presence of miR-146a mimic or scramble. Bars 
represent mean ± SD; * p < 0.05, and ** p < 0.01 vs controls.

a

b

c

d
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in the control group (Fig. 2c and 2d) (p = 0.012 and p = 0.009, 
respectively).

The mRNA expression level of TRAF6, IRAK1 and NF-κB 
Figure 3 represents the changes of cardiac TRAF6, IRAK1 and 

NF-κB mRNA expression level 2 months after diabetes induction. 
In comparison to the normal control rats, 2 months uncontrolled 
diabetes enhanced TRAF6 and NF-κB mRNA expression levels 
in the heart of diabetic rats (p = 0.007 and p = 0.01, respectively), 
while it had no signifi cant effect on IRAK1 gene expression level 
(p = 0.09).

Discussion 

The main fi nding of this study was a signifi cant upregulation 
of miR-146a in diabetic heart, 2 months after uncontrolled diabe-
tes. Also, remarkable upregulation of NF-kB and TRAF6 mRNA 
levels, and increases in NF-kB p65 subunit, TRAF6 and IRAK1 
protein concentrations were seen in the diabetic hearts. Moreover, 
it was observed that transfection of miR-146a mimic prevented 

from a signifi cant increase of NF-κB activity in HUVECs during 
hyperglycemic condition.

In the present study, nicotinamide-STZ model was used for 
relative destruction of pancreatic β cells. This model of experi-
mental diabetes is economical, and remains stable for a long period 
with a low mortality rate (23, 24). Furthermore, this model induces 
type 2 diabetes easily and in a short period of time, and it closely 
resembles the diabetic pattern seen in non-obese diabetic patients 
(24). The results obtained by OGTT and fasting blood insulin in 
this study are in line with previous performed works (21, 25), and 
confi rm the induction of type 2 diabetes.

It has been widely accepted that sustained hyperglycemia en-
hances some intracellular factors including protein kinase C, reac-
tive oxygen spices, polyols, and also activates hexosamines and 
advanced glycation end products pathways converging to activate 
a master switch pro-infl ammatory transcription factor, NF-кB (26). 
This factor, in turn activates several pro-infl ammatory cytokine 
genes, and thereby promotes the cells toward infl ammation and 
fi nally apoptosis (26). Increased NF-кB activity in hyperglyce-
mic HUVECs and in the heart of our diabetic rats is in agreement 
with earlier observations, and confi rms hyperglycemia-induced 
infl ammation (26).

It has been proposed that NF-кB regulates its own activation 
in part through separate negative feedback loops by transactiva-
tion of several microRNAs such as miR-155, miR-34, miR-21, and 
miR-146a (27). It is believed that NF-кB activation upregulates 
miR-146a gene that, upon processing and maturation, enters to 
cytoplasm and prevents from translation of IRAK1 and TRAF6 
mRNAs to proteins (17, 27). These two adapter molecules activate 
inhibitory kinase B kinases (Ikks) which in turn, phosphorylate 
inhibitory kinase B (IkB) to release NF-кB from its inhibition (17). 
Indeed, it has been suggested that miR-146a negatively regulates 
the NF-кB activation by reduction of IRAK1 and TRAF6 proteins 
(17). However, this negative feedback loop has not been demon-
strated by some investigations (12, 13, 18, 19). 

Overexpression of miR-146a in hyperglycemic HUVECs and 
in the heart of our diabetic rats presumably resulted from the NF-
кB activation for negative feedback purpose. Surprisingly, this 
overexpression of miR-146a was not accompanied by downregu-
lation of IRAK1 and TRAF6 mRNAs and proteins. One explana-
tion for this observed result may be the possibility that IRAK1 
and TRAF6 to be under other levels of control, such as Toll-like 
receptor activators like pro-infl ammatory cytokines (19, 22). In-
creased miR-146a expression has also been documented in dia-
betic kidney (13), and in plasma and limbal corneal epithelium 
compartment of diabetic patients (14, 15). On the other hand, 
decreased expression of miR-146a has been reported in diabetic 
mouse wounds (5), diabetic kidney and dorsal root ganglia (8, 9), 
glycated albumin- and high glucose-stimulated endothelial cells 
(10), and in serum and peripheral blood mononuclear cells of type 
1 and 2 diabetic patients (11, 12). Furthermore, we previously 
reported the down-regulation of miR-146a in diabetic rats’ aorta 
and sciatic nerve (6, 7). To the best of our knowledge, only Feng 
et al have previously reported that miR-146a expression level de-
creases in the hearts of type 1 and type 2 diabetic rats (8). This 

Fig. 3. The mRNA expression levels of NF-κB (a), TRAF6 (b) and 
IRAK1 (c) in the heart of diabetic and control rats. Data are presented 
as mean ± SD; * p < 0.05, and ** p < 0.01 vs controls

a

b

c
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is the fi rst presentation of data on up-regulation of miR-146a in 
diabetic heart with signifi cant up-regulation of IRAK1 and TRAF6 
mRNAs and proteins. At present, the cause of different behavior 
of miR-146a in different tissues is unclear. But it may depend on 
tissue type, blood and tissue cytokines concentrations, timing, and 
duration of infl ammation.

This study demonstrated that while miR-146a and NF-кB 
are up-regulated in HUVECs under hyperglycemic condition, 
transfection of miR-146a mimic prevents from enhancement of 
NF-кB activity. This result supports the anti-infl ammatory role of 
miR-146a in the pathogenesis of diabetes related complications.

Overall, given the activation of NF-κB to be a key step in the 
progression of diabetic complications (26, 28), the results of pres-
ent study may suggest that presumably a defect in the regulation 
of IRAK1 and TRAF6 can weaken miR-146a regulatory negative 
feedback loop and provides a situation for sustained activation 
of NF-κB and its targets to promote cells toward abnormalities; 
however, this suggestion needs to be confi rmed by measurement 
of IKKs activity or concentration.
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