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	 High glucose and palmitic acid levels are believed to increase cellular oxidative stress 
and the risk of cardiovascular complications related to diabetes and obesity. We examined the 
effect of an Eicosapentaenoic acid (EPA), a cardioprotective agent, on Vascular endothelial growth 
factor (VEGF) function in rat aortic smooth muscles cells treated high glucose and palmitic acid. 
Primary cultures of smooth muscle cells were set up by enzymic digestion of the medial layer 
and maintained in DMEM F-12 medium. Confluent cell cultures were treated with palmitic acid 
(500 µM) and /or EPA (100 µM) with / without high glucose (25 mM). Mitogenic function of VEGF 
(100ng/ml) was measured by BrdU incorporation and NADPH oxidase (NOX) activity was assayed 
by chemiluminescence method. VEGF receptor1 expression was assessed by Western blotting. 
VEGF-induced BrdU incorporation was increased (p < 0.01) by high glucose and addition of 
palmitic acid further potentiated DNA synthesis. Both high glucose and palmitic acid increased 
(p < 0.01) the enzymatic activity of NOX and VEGF receptor levels. Diphenyliodonium, a NOX 
inhibitor, attenuated glucose or Palmitic acid -mediated increase in VEGF-mediated BrdU 
incorporation. Further, EPA (100 µM) also markedly reduced the incremental effect on NOX 
activity, VEGF receptor expression and VEGF mitogenic function.  These results suggest that 
NOX-mediated increase in VEGF mitogenic activity by high glucose and palmitic acid may be 
involved in diabetes and obesity related events, and EPA is a potential therapeutic agent. 
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	 Diabetes mellitus (type-2, T2DM) is 
a major complication of obesity due to insulin 
resistance and leads to nephropathy, neuropathy, 
retinopathy, cardiovascular diseases, cancer 
and premature mortality.1,2 Cellular/molecular 
etiology of obesity and associated complications 
are complex and multifactorial.3,4 Obesity, due 
to accumulation of lipids in liver and skeletal 
muscles, induces intracellular signaling by free 
fatty acids/derivatives, hormones and cytokines 

to influence cellular glucose uptake.5It has been 
reported earlier that saturated fatty acids (SFAs) 
such as palmitic acid (PA), impair insulin-induced 
glucose uptake, whereas unsaturated fatty acids 
failed to exert any inhibitory effects.6,7Growing 
evidence suggests that polyunsaturated fatty 
acid (PUFA), including Eicosapentaenoic acid 
(EPA), exert beneficial effects against metabolic 
syndrome and supplementation with PUFAs 
prevents insulin-resistance and development of 
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advanced pathological state.8 Type 2 diabetes and 
metabolic dysfunction-associated events increase 
cardiovascular risk, and the role of habitual 
omega-3 polyunsaturated fatty acids (PUFAs) in 
improving the cardiovascular risk remains unclear. 
Though SFAs are known to induce inflammation, 
cellular oxidative stress and insulin resistance, 
the exact mechanisms of their role in obesity-/
T2DM-related pathogenesis remain unknown. Both 
SFA and high glucose (HG) are known to alter 
oxidative metabolic reactions and cause oxidative 
stress.9,10,11 NADPH oxidase (NOX) is a major 
player in the production of super oxide anions in 
the cells and vascular NOX plays an important role 
in the development and progression of metabolic 
syndrome.12 Growth factors including VEGF 
are vital for cell cycle and mitogenesis during 
angiogenesis and pathological conditions, like 
cancer and atherogenesis.13,14 VEGF is linked with 
tumor angiogenesis through its cognate receptor 1 
(VEGFR-1) and regulates function of endothelial 
progenitor cells15 through its receptor 2 (VEGFR-2). 
VEGFR-1 receptors are transmembrane receptor 
tyrosine kinases that dimerize via activation of 
receptor-kinase activity and trigger mitogenic 
response through auto-phosphorylation. VEGF-B 
has been reported to prevent the development of 
insulin resistance, T2DM, and diabetic kidney 
disease by reducing lipid accumulation.16 Role of 
growth factors, particularly VEGF, in pathogenic 
mechanisms of obesity and diabetes, especially in 
relation to cardiovascular complications, remains 
unclear. We examined the effect of elevated levels 
of palmitic acid on the mitogenic function of VEGF 
in vascular tissues under normoglycemic and 
hyperglycemic conditions and explored whether 
the reported PUFA-induced beneficial effects 
against pathogenic events of obesity and / or insulin 
resistance are VEGF-mediated. 

Materials and Methods

Materials
	 Penicillin / streptomycin, fetal bovine 
serum (FBS), Bovine serum albumin (BSA), 
Palmitic acid and eicosapentanoic acid were 
purchased from Sigma Chemical Company (St. 
Louis, MO).  All reagent and consumables used in 
cell cultures such as DMEM-Ham’s F-12 (1:1) and 
trypsin-EDTA were from GIBCO (Grand Island, 

NY) while Primaria tissue culture plates were 
obtained from Falcon Becton Dickinson (Oxnard, 
CA).
Methods:
	 This study was carried out according to 
the protocols set up by the Kuwait University’s 
Guide for the Care and Use of Laboratory Animals 
and was approved by the Health Sciences Center 
Ethical Committee for Use of Animals in Research. 
This approval by the Institutional Review Board 
was needed as Wistar rats (n = 20) weighing about 
200-225 g each were sacrificed (by anesthetization 
with intraperitoneal injection of 45 mg/kg sodium 
pentobarbital) to isolate aortae for setting up 
primary cultures of smooth muscle cells.  
Primary cultures of rat aortic smooth muscle 
cells
	 Primary cell cultures were set up as 
described earlier17 by enzymic digestion of the 
aortic tissue. Briefly, aortas were incubated at 37 °C 
in a digestion mixture that contained BSA, 25U/
ml of pancreatic elastase and 200U/ml Collagenase 
dissolved in DMEM-F12 HAM. Dissociated tissue 
was gently dispersed to obtain VSMC that were 
washed twice with sterile DMEM-F12 medium 
and cultured isolated cells were characterized by 
smooth muscle α-actin.
VSMC and experimental agents
	 Cell monolayers were washed twice with 
serum free DMEM-F/12 medium (SFM) before 
various experiments were carried out where cells 
were treated with normal to high concentrations 
of glucose, HG (5-40 mM) with or without 
addition of palmitic acid, PA (50-500 µM) and/
or eicosapentanoic acid, EPA (0-100 µM) in the 
presence or absence of VEGF (100ng/ml)VEGF 
and kept for 24 h at 37oC in cell culture incubator. 
PA and EPA were dissolved with α-cyclodextrin 
(0.001% v/v in DMSO). In control groups, cells 
were treated with α-cyclodextrin without any 
experimental agents to examine any cytotoxic 
effects.
BrdU Incorporation
	 DNA synthes is  was  assayed by 
bromodeoxyuridine (BrdU) incorporation in 
VSMC cultures treated with or without HG, EPA 
or PA in the presence or absence of VEGF using 
kits purchased from Calbiochem. 
NOX assay
	 Briefly, known amount of cell homogenates 
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was added to a reaction mixture containing 50 mM 
phosphate buffer, pH  7.1, 0.01  mM EDTA and 
25  µM lucigenin as described elsewhere.18 

Chemiluminescence was recorded over a period of 
3 min after adding 100 µM of NADPH and specific 
enzyme activity was calculated as relative light 
units (RLU) emitted per sec per mg of protein.
Western blot analysis of VEGFR
	 Cells collected after treatment with 
experimental agents were dissolved in lysis buffer 
that contained 50  mM Tris-base, 5  mM EGTA, 
150 mM NaCl, 1 % Triton 100, 2 mM Na3VO4, 
50 mM NAF, 1 mM PMSF, 20 µM phenylarsine, 
10 mM sodium molybdate and protease inhibitors, 
10  µg/ml leupeptin and 8  µg/ml aprotinin. 
Proteins samples were subjected to SDS-PAGE 
gel electrophoresis (SDS-PAGE) and transfer 
onto nitrocellulose membrane. Immunoreactive 
bands of VEGFR-1 were detected using polyclonal 
antibodies (ab32152) obtained from Abcam 
(Cambridge, UK) and chemiluminescent substrate 
followed densitometric quantitation. 
Data Collection and Analysis
	 Data were collected from six experiments 
(n=6) where DNA synthesis was assayed in 
triplicates and NOX activity was measured by 
duplicate assays for technical control.  Results 
are expressed as mean + S.D. of six experiments 
and means were compared by t-tests and ANOVA 

followed by Bonferroni post-hoc tests using SPSS 
software version 25. A p value of less than 0.05 was 
considered to render the difference as significant. 

Results

Effect of Palmitic Acid (PA), Eicosapentanoic 
acid (EPA) and high-glucose (HG) on VEGF-
induced BrdU incorporation
	 BrdU incorporation as an index of DNA 
synthesis was examined to investigate any possible 
protective role of EPA in regulation of VEGF-
mediated mitogenesis under conditions of high 
glucose and or palmitic acid. Figure 1 shows that 
PA (200-500 µM) significantly enhanced VEGF-
induced BrdU incorporation in VSMC cultures.  
	 Addition of HG (20-40 mM) was also 
observed to exert significant (p < 0.01) incremental 
effect on VEGF-induced DNA synthesis (Figure 
2). Basal- or VEGF-induced DNA synthesis was 
not affected by EPA (10-100 µM) treatment of the 
cells (Figure 3).
	 Further experiments were performed by 
addition of EPA to cells cultured in the presence 
of PA and or HG to examine influence of EPA on 
the regulation VEGF-mediated DNA synthesis 
under hyperglycemic and or high palmitic acid 
conditions.   Figure 4 shows that PA- mediated 
incremental effect on VEGF-induced BrdU 

Fig. 1. Effect of palmitic acid (0 - 500 µM) on DNA synthesis (BrdU incorporation, shown as percent of control) 
in aortic smooth muscle cells cultured for 24 hrs in the absence (open circles) or presence of 100 ng/ml VEGF 

(dark circles). Data shown is Mean ± S.D. of six experiments carried out in triplicate. * p < 0.01 when compared 
with VEGF-treated cells without Palmitic acid (zero concentration).
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Fig. 2. Effect of varying concentrations of glucose (0-40 mM) on DNA synthesis (BrdU incorporation, shown as 
percent of control) in aortic smooth muscle cells cultured for 24 hrs in in the absence (open circles) or presence of 
100 ng/ml VEGF (dark circles). Data shown is Mean ± S.D. of six experiments carried out in triplicate. * p < 0.01 

when compared with VEGF-treated cells in presence of normal glucose (5mM).

Fig. 3.  Effect of Eicosapentanoic acid, an omega-3-fatty acid (EPA, 0- 100 µM) on DNA synthesis (BrdU 
incorporation, shown as percent of control) in aortic smooth muscle cells cultured for 24 hrs in in the absence 
(open circles) or presence of 100 ng/ml VEGF (dark circles). Data shown is Mean ± S.D. of six experiments 

carried out in triplicate.  

incorporation markedly increased (p < 0.01) after 
addition of HG. EPA significantly (p < 0.05) 
reduced the PA- and/or HG-mediated stimulation 
of VEGF-induced DNA synthesis. 

Role of NADPH oxidase (NOX) in PA- and or 
HG- stimulated VEGF mitogenic function
	 As shown in Figure 5, Diphenyliodonium 
(DPI), a specific inhibitor of NOX, did not alter the 
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Fig. 4. VEGF-induced DNA synthesis (shaded bars) in aortic smooth muscle cells treated for 24 hrs with 100 µM 
Eicosapentaenoic acid, EPA (Group2), 500 µM palmitic acid, PA (Group3), EPA +PA ( Group 4), 25 mM glucose, 
HG (Group 5), HG+EPA (Group 6), HG+PA (Group7) and HG+EPA+PA (Group 8). Data shown is Mean ± S.D. 
of six experiments (n=6) carried out in triplicate. * p < 0.01 when compared with VEGF-treated Control (Group 

1, cells cultured with normal glucose in the absence of PA and EPA). # p < 0.01 when compared with VEGF-
treated (*) cells in the presence of PA and or HG.

Fig. 5. Effect of NOX-inhibitor, Diphenyliodonium (DPI), on VEGF-induced DNA synthesis (shaded bars) in 
aortic smooth muscle cells treated for 24 hrs with (a)palmitic acid (500 µM) or (b) high glucose (25mM) or (c) 
both together. Data shown is Mean ± S.D. of six experiments(n=6) carried out in triplicate. *a, *b and c* show 
that the p value is < 0.01 when compared with VEGF-treated Control (C, cells cultured with normal glucose in 

the absence of PA and EPA). #a, #b and #c show that the p value is < 0.01 when compared with VEGF-treated (*) 
cells in the presence of PA or HG or both.

basal DNA synthesis, but significantly (p < 0.01) 
reduced PA- and/or HG-mediated enhancement of 
VEGF-induced BrdU incorporation.  
	 Figure 6 shows that both PA and HG 
independently increased (p < 0.01) the NOX 
enzyme activity, however the activation of NOX 
was more pronounced in cells cultured in medium 
containing both HG with PA. Addition of EPA 
to the culture medium significantly (p < 0.01) 

alleviated PA- and/or HG-induced increase in the 
NOX enzyme activity.
Effect of EPA, PA and HG on VEGF receptor
	 Figure 7 shows that VEGFR-1 protein 
expression was increased significantly (p < 0.01) 
after addition of PA as well as HG to cell cultures, 
however HG-mediated effect was much more 
pronounced. EPA did not affect VEGF receptor 
levels by itself however, it significantly (p < 0.01) 
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Fig. 6. NADPH oxidase (NOX) enzyme activity in aortic smooth muscle cells treated with palmitic acid (PA, 
500 µM) and or high glucose (HG, 25mM) in the presence (open circles) or absence (dark circles) of 100 µM 
eicosapentanoic acid (EPA). Data shown is Mean ± S.D. of six experiments carried out in duplicate. * p < 0.01 
when compared with Control (C, cells cultured with normal glucose in the absence of PA and EPA). # p < 0.01 

when compared with cells (*) treated with PA and or HG.

Fig. 7. Western blot analysis showing the effect of EIcosapentaenoic acid (100 µM) on VEGF-receptor protein 
content in aortic smooth muscle cells treated with palmitic acid (PA, 500 µM) or high glucose (HG, 25mM). Data 

shown as percent of control represents the ratio of the protein amounts of VEGF receptor and á-actin. Data are 
mean ± S.D. of six experiments. *p< 0.01 when compared with Control (C, cells cultured with normal glucose in 

the absence of PA and EPA). # p < 0.01 when compared with PA- or HG-treated cells (*)

blocked the HG- and/or PA- mediated enhancement 
of VEGF-R protein content.

Discussion

	 Obesity and diabetes are associated with 
hyperlipidemia and hyperglycemia respectively, 
and elevated levels of SFAs and glucose have been 

reported to trigger a cascade of biochemical and 
metabolic events that are believed to cause serious 
cardiovascular complications and cancer leading 
to premature death.19, 20This study demonstrates 
that PA and HG enhance the mitogenic activity 
of a major angiogenic peptide, VEGF, a bioactive 
peptide regulates angiogenesis during formation 
of new vasculature and pathological states like 
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cancer and atherosclerosis.21,22 It has been reported 
earlier that PA induces formation of VEGF and 
other growth factors in various tissues including 
tanycytes in the brain,23 however our finding 
that PA markedly increases the VEGF-induced 
DNA synthesis in VSMC provides a new insight 
into the mechanisms by which SFAs might 
contribute toward cardiovascular and angiogenic 
complications of obesity. Role of VEGF in 
diabetic nephropathy and hyperglycemia-induced 
retinopathy is well documented in literature.24,25 

Our data showing a significant increase in VEGF-
mediated mitogenesis by HG in VSMC further 
supports the notion that hyperglycemia might 
be contributing towards vascular pathology by 
modulation of certain growth factors under diabetic 
conditions. Our findings that PA further enhances 
HG-mediated increase in VEGF-induced DNA 
synthesis suggest that SFA and HG complement in 
promoting mitogenesis during metabolic syndrome. 
Our finding that treatment of VSMC with both PA 
and HG markedly increased the VEGF-induced 
BrdU incorporation strongly suggest a role of 
VEGF in T2DM-associated increase in cancer 
incidence and mortality.26 Though this study is the 
first to indicate a possible role of VEGF in diabetes-
linked oncogenesis, antidiabetic medications have 
been reported to exert antineoplastic effects.27 

PUFA have been shown to mitigate adverse effects 
of PA and hyperglycemia,28 and our finding in this 
study that EPA markedly abolishes incremental 
effect of PA and HG on VEGF-induced DNA 
synthesis strongly demonstrates for the first 
time a mitogenesis-regulating beneficial effect 
of PUFA against obesity- and diabetes-mediated 
pathogenesis. 
	 Cellular oxidative stress is believed to 
responsible for complications of diabetes and 
obesity, where proinflammatory cytokines and 
reactive oxygen species (ROS) are produced 
in excess.29 Our findings that NOX inhibitor 
abolished the effect of PA and HG on VEGF-
induced DNA synthesis strongly indicate that 
observed enhancement of VEGF-mitogenic is due 
to upregulation of NOX enzyme activity. Other 
studies have shown that both PA and hyperglycemia 
induce NOX activation in various tissues during 
various metabolic conditions, including metabolic 

syndrome, however their combined effect in 
relation to cardiovascular pathology has remained 
unexplored. Our data showing a significant 
increase in the NOX enzyme activity following 
treatment of VSMC with supraphysiological 
concentrations of PA and HG supports our notion 
that ROS overproduction, particularly superoxide 
anion by NOX activation might be responsible 
for deleterious effects in vascular tissue of obese 
and diabetic subjects. Dietary PUFA have been 
suggested to prevent insulin resistance through 
regulation of mitochondrial function and anti-
inflammatory mechanisms. Our observation that 
treatment of VSMC with EPA prevented activation 
of NOX enzyme activity by PA and HG further 
demonstrates an anti-inflammatory action of PUFA 
and establishes that EPA abolishes the PA- and HG-
mediated enhancement of VEGF mitogenic activity 
through inhibition/blockage of NOX activation.  
	 Mitogenic action of VEGF involves 
binding to VEGF receptor that triggers subsequent 
signaling cascade to upregulate cell proliferation, 
survival, and angiogenesis. Our results showing 
significantly increased expression of VEGF 
receptor protein by HG and PA indicate that the 
observed enhancement of VEGF mitogenic action 
was likely due to increased expression of VEGF 
receptor in response to PA and HG treatment of 
VSMC. Interestingly, co-treatment with EPA 
mitigated the PA- and HG-mediated increase in 
VEGF receptor expression. In view of the observed 
downregulation of PA-and/or HG-stimulated NOX 
activity by EPA, it can be speculated that the 
redox-mitigating ability of PUFA through NOX 
modulation might be responsible for abolishing 
the VEGF mitogenic activity. 

Conclusion

	 This study suggests that hyperglycemia 
and free fatty acids might enhance the function 
of VEGF by NOX-mediated upregulation of 
VEGFR-1. Omega-3-fatty acids might be useful 
against diabetes (high glucose)- and/or obesity 
(increased fatty acids)-mediated enhancement of 
VEGF mitogenic function through NOX-mediated 
modulation of VEGF receptor-1.
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