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Abstract
To test the hypothesis that microRNAs may play a role in diabetic retinopathy, we measured the levels of different markers 
[microRNAs, vascular endothelial growth factor (VEGF), nitric oxide (NO), and total antioxidant capacity (TAO)] in patients 
with type 2 diabetes mellitus (T2DM) and microvascular complications. Sixty-nine patients were recruited: 22 healthy 
subjects, ten T2DM patients without retinopathy, 22 with nonproliferative diabetic retinopathy, and 15 with proliferative 
diabetic retinopathy (PDR). Serum levels of NO, VEGF, TAO and 16 candidate microRNAs were measured. Additionally, 
the mRNA levels of endothelial nitric oxide synthase (eNOS), induced NOS (iNOS), C reactive protein (CRP), VEGF, tumor 
necrosis factor α (TNFα), PON2, p22, and SOD2 were measured in human vascular endothelial cells cultured in the presence 
of pooled sera from the subject groups. Plasma miR-423 levels showed a significant ~ twofold decrease in patients with PDR 
compared to controls. P lasma NO levels were significantly higher in retinopathy, VEGF levels were significantly lower, and 
TAO was significantly decreased. eNOS mRNA levels were lower in the cells of T2DM patients without retinopathy, but 
higher in PDR. PON2, p22, and SOD2 mRNA levels were all significantly lower in PDR. CRP, TNFα, iNOS, and VEGF 
mRNA levels showed no significant association with disease status. Lowered miR-423 levels in diabetic patients showed 
a correlation with VEGF and an inverse correlation between NO and eNOS expression. Our findings suggest a cross talk 
between miR-423 and VEGF signaling, affecting eNOS function. miR-423 may be involved in the regulation of diabetic 
vascular retinal proliferation.
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Introduction

microRNAs (miRNAs) are short noncoding RNAs function-
ing as negative regulators of gene expression [1]. Although 
miRNAs are primarily intracellular molecules, they are 
detectable in body fluids and specifically in the blood [2], 

where they are contained in small membranous vesicles 
(exosomes, microparticles), within HDL, or linked to pro-
teins [3–6]. It is now evident that extracellular miRNAs have 
physiological roles that involve immune and other intercel-
lular communication mechanisms [7].

This study aimed to explore the possible involvement 
of extracellular miRNAs in microvascular complications 
of type 2 diabetes mellitus (T2DM), We recruited patients 
with T2DM at different stages of diabetic retinopathy (DR), 
which is a standard way of estimating severity of diabetic 
microvascular complications, as well as healthy controls. 
To identify the circulating miRNAs that could be associated 
with DR, we measured the serum levels of 16 candidate 
miRNAs identified in our and others’ prior studies (miR-
423, miR-486-3p, miR-320a-3p, miR-320b, miR-200b-3p, 
miR-221-3p, miR-146a-5p, miR-183-5p, miR-122-5p, miR-
126-5p, miR-30d, miR-93-5p, miR-21, miR-27b-3p, let-
7f-5p, and miR-16-2-3p. We also measured the serum levels 
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of vascular endothelial growth factor (VEGF), nitric oxide 
(NO), and total antioxidant capacity (TAO) in our cohort.

To identify mechanistic pathways possibly affected by 
the altered serum miRNA levels, we measured by qRT-
PCR the mRNA levels of endothelial nitric oxide synthase 
(eNOS), induced NOS (iNOS), C reactive protein (CRP), 
tumor necrosis factor α (TNFα), paraoxonase 2 (PON2), 
p22, and SOD2 in cultured human vascular endothelial cells 
(HUVEC) exposed to pooled sera from patients with differ-
ent stages of retinopathy.

Our hypothesis was that one or more of the miRNAs 
may serve as a biomarker of disease status and severity and 
furthermore may have a regulatory role in NO-mediated 
pathways, responsible for the deregulated microvascula-
ture proliferation and the oxidative stress that together with 
pro-inflammatory cytokines are responsible for aggravating 
endothelial dysfunction and accelerated atherosclerosis.

Methods

Cohort description

The study was approved by the Research Ethics Committee 
of the Baruch Padeh Medical Center, Israel, and participants 
gave fully informed oral and written consent. Sixty-nine 
patients were recruited from the ophthalmology outpatient 
clinic in the Baruch Padeh Medical Center. Every patient 
was examined by an ophthalmologist to determine retin-
opathy status. Based on the clinical classification, we had a 
group of 22 healthy subjects (ten women, 39 ± 10 years old), 
ten patients with T2DM without retinopathy (four women, 
mean age 64 ± 10 years old), 22 patients with nonprolifera-
tive diabetic retinopathy (NDPR) (ten women, mean age 
66 ± 7 years old), and 15 patients with proliferative diabetic 
retinopathy (PDR) (seven women, mean age 65 ± 9 years 
old). The investigator who performed the laboratory exper-
iments was blinded to the patients’ clinical data. Venous 
blood samples were drawn from an antecubital vein into 
ethylenediaminetetraacetic acid-containing tubes. All blood 
samples were centrifuged at 3000×g for 5 min at 25 °C. 
Patients’ sera were aliquoted for the measurement of nitric 
oxide (NO), vascular endothelial growth factor (VEGF), and 
I-CAM levels, for RNA isolation and for treatment of cul-
tured cells as outlined below.

NO, VEGF, I-CAM, and total antioxidant capacity lev-
els in sera were determined using nitric oxide assay kit cat. 
780051-192 (Cayman, Ann Arbor, Michigan, USA), Human 
VEGF Immunoassay (Colorimetric) cat. DVE00 (R&D Sys-
tems, Minneapolis, Minnesota, USA), Human I-CAM-1/
CD54 Allele-specific Immunoassay (Colorimetric) cat. 
DCD540 (R&D Systems Minneapolis, Minnesota, USA), 
and Total Antioxidant Capacity Assay Kit cat. Ab65329 

(Abcam, Cambridge, UK), respectively, according to the 
manufacturer’s instructions. The assays employed a sand-
wich ELIZA technique.

Analysis of miRNA levels in sera

Previously, we have systematically compared several meth-
ods of RNA extraction from serum/plasma [8]. Total RNA 
isolation used the Qiagen miRNeasy Serum/Plasma kit (Cat. 
217184), with an elution volume of 14 µl nuclease-free 
water. Samples were lysed in QIAzol lysis reagent (Qiagen 
Cat. 79306). After elution, samples were stored at − 80 °C. 
Reverse transcription and quantitative PCR for candidate 
miRNAs were performed using TaqMan Advanced miRNA 
assays (Applied Biosystems), with a scaled-down version of 
the manufacturer’s protocol. Briefly, the polyadenylation of 
miRNAs was performed in a final volume of 3 µl, using 2 µl 
of RNA; adapter ligation was performed in a final volume of 
9 µl; reverse transcription was performed in a final volume 
of 18 µl; the miR-Amp reaction was performed in a final vol-
ume of 30 µl; and qPCR was performed in a final volume of 
5 µl, in duplicates, on an Applied Biosystems ABI-7900HT 
Sequence Detection System (Thermo Fisher, Warrington, 
UK) equipped with a 384-well block. Results were analyzed 
using the comparative Ct approach with subsequent global 
normalization in SDS 2.3 (Thermo Fisher) and Microsoft 
Excel software.

Choice of tested miRNAs

Candidate miRNAs were gathered from 17 published studies 
of miRNAs showing altered levels in the plasma/serum of 
subjects with diabetes [9–25]. We focused on 16 candidate 
miRNAs: Let-7f-5p [9, 10], miR-16-2-3p [11], miR-27b-3p 
[12], miR-28-3p [11, 13, 14], miR-30d [15, 16], miR-93-5p 
[17], miR-122-5p [16, 18, 19], miR-126-5p [15, 20], miR-
146a-5p [15, 21], miR-183-5p [22], miR-200b-3p [23], miR-
221-3p [24, 25], miR-320a-3p [12, 17], miR-320b [17], miR-
423 [11, 17], and miR-486-3p [11].

Cell culture

The cell line HUVEC (C-2519A) was obtained from Lonza 
(Basel, Switzerland) and grown in EGM-2 Bullekit medium 
cat. CC-4176 (Lonza, Basel, Switzerland). Subsequently, 
cells were incubated in 5% CO2 at 37 °C.

HUVEC were exposed to serum pools from the subject 
groups as described above (10% in medium) overnight 
in vitro. Subsequently, cells were lysed for RNA isolation 
as outlined below.
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Quantification of gene expression in cultured cells

RNA was extracted from cell pellets with TRI Reagent cat. 
T9424 (Sigma-Aldrich Israel Ltd., Rehovot, Israel). Each 
cDNA sample was produced from 1 μg total RNA, with 
VERSO reverse transcription kit cat. AB1453B (Thermo 
Fisher Scientific, Waltham, Massachusetts, USA) on an 
Applied Biosystems ABI-2720 thermal cycler (Thermo 
Scientific) using the following thermal profile: 70 °C for 
5 min, 42 °C for 1 h, 52 °C for 30 min, and 95 °C for 
2 min.

The cDNA of the mRNA transcripts was amplified using 
a Rotor-GeneTM 6000 qPCR cycler (Corbett Research, 
Sydney, Australia), using the PerfeCta SYBR Green Fast-
Mix cat. 95072-012-4 (Quantabio, Beverly, Massachusetts, 
USA), and the following thermal profile: 95 °C for 3 min, 
followed by 55 cycles of 95 °C for 3 s, 60 °C for 30 s, 
followed by 72 °C for 10 min. Specific primers used are 
listed in Table 1. All primers were tested for efficiency (by 
serial dilutions) and specificity (by melting peak analysis). 
Results were analyzed using the comparative Ct approach 
with subsequent normalization to β-actin.

Statistics

Student’s t test and Mann–Whitney test were used to assess 
statistical significance of differences between groups.

Results

Decreased serum miR‑423 levels in PDR

To check whether serum miRNA levels show changes 
in association with DR status, we measured the levels 
of 16 candidate miRNAs (let-7f-5p, miR-16-2-3p, miR-
27b-3p, miR-28-3p, miR-30d, miR-93-5p, miR-122-5p, 
miR-126-5p, miR-146a-5p, miR-183-5p, miR-200b-3p, 
miR-221-3p, miR-320a-3p, miR-320b, miR-423, and miR-
486-3p) by qRT-PCR. Of all miRNAs tested, miR-423 
levels showed an overall negative trend in correlation to 
diabetic retinopathy progression, with significantly lower 
levels in the PDR group (p = 0.03) compared to healthy 
controls (Fig. 1a). All other miRNAs were not significantly 
changed in the different stages of diabetic retinopathy.

Nitric oxide (NO) level in serum was measured using 
the nitrate/nitrite assay, where nitrate was converted into 
nitrite by nitrate reductase and was detected by a fluores-
cent product. NO levels were similar in healthy controls 
and in T2DM nonretinopathy patients, but were signifi-
cantly higher in patients with NPDR (p = 0.03) and further 
increased in patients with PDR (p = 0.005) (Fig. 1b).

Vascular endothelial growth factor (VEGF) levels in 
serum were significantly higher in patients with T2DM 
without retinopathy (p = 0.01) but lower in patients with 
NPDR and significantly lower in patients with PDR 
(p = 0.008) (Fig. 1c).

Total antioxidant capacity (TAO) level in serum was 
significantly lower in patients with T2DM no-retinopathy 
(p = 0.0007) and in patients with NPDR (p = 0.01) and 
was further inhibited in patients with PDR (p = 0.0006, 
all compared to healthy volunteers) (Fig. 1d).

To study the effects of secreted factors on gene expres-
sion in endothelial cells in the context of microvascular 
complications of diabetes, cultured HUVEC were exposed 
to serum pools from the different subject groups (10% 
in medium) overnight in vitro, and mRNA levels were 
measured by qRT-PCR. Endothelial nitric oxide synthase 
(eNOS) mRNA levels were significantly lower in patients 
with T2DM compared to healthy volunteers (p = 0.01) 
(Fig. 2a). No significant change was observed in patients 
with NPDR, but eNOS mRNA levels were significantly 
higher in patients with PDR (p = 0.02) (Fig. 2a).

Induced nitric oxide synthase (iNOS) mRNA levels did 
not differ significantly between the groups (Fig. 2b).

C reactive protein mRNA levels were not significantly 
increased in diabetic patients but were reduced in patients 
with NPDR (p = 0.05) and with PDR (nonsignificant) 
(Fig. 2c).

Vascular endothelial growth factor (VEGF) mRNA lev-
els showed a trend of up-regulation in all diabetic groups 

Table 1   qPCR primers used

Gene Primer sequence (5′–3′)

β-Actin Forward: GCC​CTG​GAC​TTC​GAG​CAA​GA
Reverse: TGC​CAG​GGT​ACA​TGG​TGG​TG

TNFα Forward: CCC​ATG​TTG​TAG​CAA​ACC​CTC​
Reverse: ATG​AGG​TAC​AGG​CCC​TCT​GA

CRP Forward: CAG​ACA​GAC​ATG​TCG​AGG​AAG​
Reverse: GTC​GAG​GAC​AGT​TCC​GTG​TA

eNOS Forward: CCC​CGG​AGA​ATG​GAG​AGA​GCT​TTG​
Reverse: GCC​GAG​CCC​GAA​CAC​ACA​GA

iNOS Forward: CGC​ATG​ACC​TTG​GTG​TTT​GG
Reverse: CAT​AGA​CCT​TGG​GCT​TGC​CA

p22phox Forward: CAG​TGC​GCG​CCT​AGC​AGT​GT
Reverse: AAC​ACG​CCC​GCC​ACA​ATG​GA

PON2 Forward: CGA​CTT​AAA​GCC​TCC​AGA​GAA​
Reverse: GGG​AAT​TTT​AGA​CCC​ACA​CTAAA​

SOD2 Forward: GCA​CTA​GCA​GCA​TGT​TGA​GC
Reverse: GCG​TTG​ATG​TGA​GGT​TCC​AG

VEGF Forward: CCC​CAA​ACC​AGT​AAC​AAT​C
Reverse: CAC​AGG​CAC​ATT​TTC​CAG​
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compared to healthy controls; however, only in the NPDR 
group, the difference was significant (p = 0.03) (Fig. 2d).

Tumor necrosis factor α (TNFα) mRNA levels were higher 
in patients with T2DM compared with healthy controls 
(p = 0.05), but did not differ significantly in the other groups 
(Fig. 2e).

Serum paraoxonase/arylesterase 2 (PON2) mRNA levels 
were significantly higher in the T2DM nonretinopathy group 
(p = 0.02) but lower in the NPDR and PDR groups (p = 0.02, 
0.03, respectively) compared with healthy controls (Fig. 2f).

p22 mRNA levels were significantly lower in patients with 
PDR compared with healthy controls (p = 0.03) (Fig. 2g).

SOD2 mRNA levels were also significantly lower in 
patients with PDR compared with healthy controls (p = 0.03) 
(Fig. 2h).

Discussion

We found that serum levels of miR-423 were negatively 
associated with retinopathy progression, reaching a sig-
nificant change in patients with PDR, concomitantly with 

a significant decrease in VEGF levels and significantly 
elevated NO levels. Exposure of HUVEC to sera from 
patients with PDR led to an increase in eNOS expression, 
in agreement with the higher serum NO levels. No change 
was observed in iNOS expression, so the increased NO lev-
els were not due to induced NO production. In general, we 
did not observe increased inflammatory activity in patients 
with diabetic retinopathy; both CRP and TNFα expressions 
were lower in patients with PDR. However, it is important 
to mention that the sample size was small, and in order to 
consolidate our findings, a larger study should be done.

Prior studies have shown that miR-423 was decreased in 
patients with T2DM [23] and in morbidly obese subjects 
[24] which suggests a possible role in the pathway leading 
from obesity to diabetes mellitus.

Hypoxia is a potent trigger of VEGF production and 
secretion. It has been reported that microRNAs regulate 
VEGF signaling [26]; however, the mechanism(s) are still 
unclear. Hypoxia induces the accumulation of p53 [27, 
28], which could regulate the expression of miRNAs that 
affects the production and secretion of VEGF. Also, the 
hypoxia-inducible factor 1 α (HIF-1α) down-regulates 

Fig. 1   a miR-423, b nitric oxide 
(NO), c vascular endothelial 
growth factor (VEGF) and d 
total antioxidant capacity (TAO) 
measurements in sera of groups 
as indicated: healthy (N = 22), 
type 2 diabetes (T2DM, N = 10), 
nonproliferative diabetic retin-
opathy (NPDR, N = 22), and 
proliferative diabetic retinopa-
thy (PDR, N = 15). Bars, SD. 
* p < 0.05; ** p < 0.01 (Mann–
Whitney test)
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c-Myc-activated genes [29, 30] and may also down-reg-
ulate different microRNAs. Additionally, some microR-
NAs are transcriptionally regulated by NFκB which shows 
that it can directly activate miR-146 expression. In turn, 
miR-146 overexpression inhibited interleukin-1-β-induced 

NFκB activation in endothelial cells in the retina, a nega-
tive feedback mechanism [31]. A similar mechanism could 
have been activated in our patients with advanced diabetic 
retinal vasculopathy.

Fig. 2   qRT-PCR quantification 
of gene expression in HUVEC 
cultured in the presence of 
pooled sera from groups as 
indicated: healthy (N = 22), type 
2 diabetes (T2DM, N = 10), 
nonproliferative diabetic 
retinopathy (NPDR, N = 22), 
and proliferative diabetic 
retinopathy (PDR, N = 15). 
a eNOS—endothelial nitric 
oxide synthase; b iNOS—
induced nitric oxide synthase; 
c CRP—C reactive protein; d 
VEGF—vascular endothelial 
growth factor; e TNFα—tumor 
necrosis factor α; f PON2—par-
aoxonase 2; g P22—P22phox; h 
SOD2—superoxide dismutase 
2. Results were normalized 
to β-actin. Bars, SE (n = 3). 
* p < 0.05 (Mann–Whitney test)
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We have previously shown that diabetic patients with-
out retinopathy had higher CRP, vascular cell adhesion 
molecule-1 (VCAM-1), and VEGF levels. However, when 
patients’ retinopathy reached the proliferative stage (PDR), 
all markers of inflammation and angiogenesis were inhibited 
[32].in agreement with our current study.

miR-423 expression was dramatically increased in 
patients with dilated cardiomyopathy, and it suppressed 
proliferation and induced apoptosis of cardiomyocytes of 
patients with dilated cardiomyopathy [33]. On the other 
hand, miR-423 levels in microvesicles were enhanced by 
ischemia post-conditioning in cardiac fibroblasts, which 
was found to exert cardio-protective effects during the acute 
phase of ischemic reperfusion injury [34].

NO is synthesized as a by-product of the conversion of 
l-arginine to L-citrulline by endothelial nitric oxide syn-
thases (eNOS) and acts as a pleiotropic intracellular messen-
ger affecting physiological and pathological conditions [35]. 
Most of the NO in plasma is produced by eNOS, but there 
are stressful conditions like inflammation, where inducible 
NO is formed [36]. Low levels of NO are beneficial and 
help to keep homeostasis of vascular tonus, help to keep the 
blood in a normal equilibrium in aspects of coagulation and 
inflammation, and have anti-proliferative properties. How-
ever, high NO levels may cause uneventful effects through 
production of reactive oxygen species [37, 38]. Excessive 
reactive oxygen species (ROS) react with NO radicals and 
form the peroxynitrite anion (a toxic oxidant causing damage 
to biological molecules) [39–41]. In diabetic patients, hyper-
glycemia enhances the production of glycation end products, 
polyol, protein kinase C, and hexosamine pathways that may 
lead to oxidative stress [42, 43]. NO is oxidized in vivo, pro-
ducing stable NO products nitrate and nitrite (NOx). There 
is a causal relationship between NO and plasma NOx; NOx 
level in plasma reflects NO bioavailability [38, 43]. Studies 
have demonstrated increased NO levels in diabetic patients 
[43–47], but other studies reported a decrease in NO level in 
diabetics [48–50]. A systemic review and meta-analysis of 
30 published papers from different populations showed that 
serum or plasma NOx levels are higher—both in T1DM and 
T2DM—compared with nondiabetic controls [51]. Previous 
studies have shown that hyperglycemia enhanced NO pro-
duction [52, 53] and/or decreased its bioavailability, leading 
to increased superoxide by-products [54]. Increased NO lev-
els activated PKR-like endoplasmic reticulum kinase (a key 
signaling molecule in endoplasmic reticulum stress, involved 
in inflammation and apoptosis) that leads to apoptosis [55]. 
Additionally, high NO levels are cytotoxic for pancreatic 
beta cells, inhibit insulin secretion, and induce lipid peroxi-
dation and apoptosis [56, 57].

We observed elevated NO levels apparently produced and 
secreted due to increased eNOS (but not iNOS) activity in 
patients with PDR.

Patients with diabetes mellitus have an impaired ability 
to build coronary collaterals and to regenerate damaged 
blood vessels, mainly due to a reduction in endothelial 
progenitor cells (EPCs) count and an impaired function 
of these cells [58]. Hyperglycemia has been demonstrated 
to reduce EPCs count and impair the function of EPCs 
(migration and proliferation) through an inhibitory effect 
on the phosphatidylinositol-3 kinase (PI 3  K)/protein 
kinase B (PKB)/Akt/endothelial nitric oxide synthase 
(eNOS)/nitric oxide signaling pathway [59–61]. Possible 
mechanisms that connect hyperglycemia and stem cells 
may include a reduction in NO bioavailability [62] and 
accelerated senescence through activation of p38 mitogen-
activated protein kinase [63], oxidative stress [64], and 
through a direct inhibition of eNOS and excessive produc-
tion of superoxide anions [65].

Our group has demonstrated that diabetic patients have 
an impaired ability to grow colonies of EPCs, but patients 
with PDR had almost no ability to produce EPCs in cul-
ture, which means that patients in this stage of microvas-
cular disease have no regenerative capability [66]. We 
have also shown that patients with PDR have low levels 
of inflammatory proteins and low levels of VEGF [32].

VEGF induces NO production and secretion. Exposure 
of endothelial cells of rat aortic rings to VEGF increased 
significantly eNOS mRNA and eNOS protein levels, 
associated with an increase in cGMP in the cells [67]. 
This effect could be inhibited by tyrosine kinase inhibi-
tors. The signaling pathway activated by VEGF (lead-
ing to an increase in eNOS) is led by at least two recep-
tors—VEGFR1 and VEGFR2 [68]. Adding VEGF to 
cultured bovine aortic endothelial cells enhanced tyrosine 
phosphorylation of several proteins including VEGFR1, 
VEGFR2, phospholipase C, phosphatidylinositol 3-kinase, 
Ras GTPase activating protein and the oncogenic adap-
tor protein NcK, all leading to a proliferative response 
[69]. It seems that VEGF needs NO in order to induce 
angiogenesis in a cGMP-dependent pathway. Inhibition 
of eNOS (by L-NNA) blocked VEGF-induced NO release 
and angiogenesis [70]. VEGF and NO have bidirectional 
effects. NO also can enhance VEGF synthesis, and inhibi-
tion of NO decreased VEGF synthesis [71].

In our study, inhibition of TAO paralleled retinopathic 
severity, reaching the lowest levels in PDR. All three anti-
oxidants measured (PON2, p22, and SOD2) showed lower 
expression in patients with PDR, which agrees with the 
reported inhibition of antioxidant activity in diabetic patients 
with severe retinopathy [72, 73].

Our findings suggest a link between miR-423, VEGF, and 
NO (through eNOS) in the molecular pathology of diabetic 
retinopathy. miR-423 may serve as a biomarker and a regula-
tor of vascular growth/proliferation or inhibition, depending 
on the pathological process and/or the organ involved.
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Limitations of the study

Our study was limited by the relatively small sample size. 
Future studies will need to recruit larger and more diverse 
populations. Further functional studies are required to test 
the mechanism of action of miR-423 in the context of dia-
betic complications.
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