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Abstract
Background: Atherosclerosis is touted as one of the most critical consequences of diabetes mellitus
indicated by local in�ammation of endothelial cells. The Effect of Omega 3 fatty acids, mainly
docosahexaenoic acid (DHA), has been investigated in cells after exposure to high doses of lipids. The
current experiment aimed to address the modulatory effects of docosahexaenoic acid and insulin in
palmitic-treated human endothelial cells.  

Methods: Human umbilical vein endothelial cells were treated with 1mM palmitic acid, 50μM insulin,
50μM docosahexaenoic acid, and their combination for 48 hours. Cell survival rate and apoptosis were
measured using MTT and �ow cytometry assays. The Griess assay detected NO levels. Protein levels of
TNF-α, IL-6, and NF-κB were studied using ELISA and immuno�uorescence imaging. The expression of
genes participating in atherosclerosis was monitored using PCR array analysis. 

Results: Oil Red O staining showed the inhibitory effect of DHA and insulin to reduce the intracellular
accumulation of palmitic acid. Both DHA and Insulin increased the reduced cell survival rate of cells after
exposure to palmitic acid (p<0.05). The percent of apoptotic cells was decreased in palmitic-treated cells
received insulin and DHA compared to palmitic-treated group (p<0.05). Based on our data, DHA and
Insulin diminished the production of all in�ammatory cytokines, TNF-α, IL-6, and NF-κB, in palmitic-
treated cells (p<0.05). Similar to these data, NO production was also decreased in all groups treated with
insulin and DHA compared to the palmitic-treated cells (p<0.05). PCR array analysis revealed the
modulatory Effect of DHA and insulin on the expression of atherosclerosis-related genes pre-treated with
palmitic acid compared to the control group (p<0.05).  

Conclusion: DHA and Insulin could alter the dynamic growth and dysfunctional activity of human
endothelial cells after treatment with palmitic acid. Taken together, Omega 3 fatty acids, along with
insulin, could dictate speci�c cell behavior in endothelial cells in vitro.

Introduction
Vascular disease, such as atherosclerosis, is touted as one of the leading causes of death globally [1].
Epidemiological studies and clinical examinations showed that obesity and metabolic disorders
predispose individuals to atherosclerotic changes. During atherosclerotic changes, the luminal surface of
vessels is injured, and atherosclerotic plaques form. Atherosclerosis is per se contributes to subsequent
pro-in�ammatory responses, resulting in local thrombosis and ischemic conditions. It is thought that the
formation of thrombotic and atherosclerotic thrombi not only increases the risk of the ischemic condition
but also promotes the endothelial cells' injury. Along with these changes, immune cells such as
macrophages and T lymphocytes are recruited to the site of atherosclerotic plaques, which in turn
exacerbate atherosclerotic injuries. Inside the atherosclerotic plaques, large amounts of low-density
lipoprotein existed that promoted further macrophages recruitment and expansion of vessel injuries.
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The emergence of chronic metabolic disorders, such as type 2 diabetes mellitus (T2DM), was shown to
increase the risk of atherosclerotic plaques development. The increase of insulin levels
(hyperinsulinemia) intensi�es the formation of atherosclerotic plaques in addition to disturbances in lipid
metabolism seen under diabetic conditions. Therefore, one could hypothesize that atherosclerotic
plaques are developed in response to different stimuli. It is thought that the increased insulin occurs in
response to insulin receptors' sensitivity after the onset of T2DM. In response to these conditions,
endothelial cells adopted themselves to decrease the membrane distribution of insulin receptors. Along
with these changes, the downstream insulin signaling pathway is ceased, contributing to a decrease of
Akt phosphorylation and inactivation of endothelial nitric oxide (eNOS) coincided with increased
palmitoylation rate.

In addition to conventional therapies, many attempts have been made to alleviate atherosclerotic plaques
by using natural compounds in addition to drugs. The application of omega-3 polyunsaturated fatty
acids was shown to decrease the possibility of atherosclerotic changes. For example, all-cis‐docosa‐4, 7,
10, 13, 16, 19‐Hexa‐enoic acid (DHA) possess anti-in�ammatory properties to decrease the production of
cytokines such as TNF-α, IL-1β, and IL-6 while the phosphorylation of eNOS and levels of endothelial NO
increases. It was also mentioned that omega-3 compounds such as DHA could decrease the levels of NF-
B and endothelial injury. The current experiment was designated to elucidate the therapeutic effects of

DHA on atherosclerotic endothelial cells pre-treated with a high dose of insulin. We tried to answer
whether DHA could or/not decrease the detrimental effect of palmitic acid under hyper-insulinemia
conditions.

Material And Methods
2.1. Cell culture protocol

To evaluate the treatment protocol, we selected human umbilical vein endothelial cells (HUVECs). The
cells were expanded in Dulbecco's Modi�ed Eagle Medium: Nutrient Mixture F-12 (DMEM/F‐12; Gibco)
under reasonable condition consisted of 37°C temperature, 5% CO2 and 95-98% humidity. To induce cell
proliferation, culture media is supplemented with 10% 10% fetal bovine serum (FBS) and 1% Pen-Strep
solution. Cells were detached using 0.25% Trypsin‐EDTA solution (Gibco). We enrolled the cells to
different analyses between passages 3-6.

2.2. Treatment protocol

HUVECs were allocated into seven different groups as follows; the non-treated Control cells; Pal; DHA,
DHA+ Pal; Insulin, Insulin +Pal, and Insulin + DHA + Pal. To induce atherosclerotic changes, cells were
treated with culture medium containing 1 mM Pal (Cat no. P0500‐10G, Sigma) and 2% FBS for 48 hours.
We also incubated HUVECs with 50μM insulin for the induction of hyperinsulinemia conditions for 48
hours. After completion of hyperinsulinemia condition and atherosclerotic changes, we added the
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50μMDHA (Cat no. D253425MG, Sigma) to the respective groups and cells allowed to expose to DHA for
48 hours.

2.3. Preparation of Albumin (Alb)-Pal conjugate

To increase the solubility of Pal, we prepared conjugated Alb-Pal composition according to our previously
published protocols[2]. In brief, 2.267g bovine serum albumin (Sigma-Aldrich) was dissolved in 150mM
NaCl solution and maintained at 37°C. Then, Pal (30.6 mg) was added to the solution and heated up to
70°C. The mixture was gently stirred at 40°C for 1 hour. The pH was adjusted to 7.4. The �nal solution
was passed through the 0.22‐μm pore size micro-�lter (Membrane Solution).

2.4. Con�rmation of intracellular Pal accumulation by Oil red O staining

The oil red O staining method was used to evaluate the intracellular deposition of Pal inside the HUVECs.
To this end, 3× 105 HUVECs were placed in each well of 24-well plates. After the completion of
experiments, the supernatant medium was discarded, and treated cells from different groups were �xed
with pre-cooled 4% paraformaldehyde (PFA) solution at 4°C for 20 minutes. After that, 200 µl Oil red O
solution (0.5% w/v) was added to each well, and plates were kept at room temperature for 20-30 minutes.
Then, cells were washed twice with PBS and imaged by using an inverted microscope. The number of red-
colored cells in the group was counted in 10 random serial �elds and compared to each other.

2.5. MTT assay

200 µl medium containing 10% FBS and 104 HUVECs were poured in each well of96‐well plates (SPL)
and kept for 24 days. Next, the exhausted medium was replaced with 200 fresh culture medium
supplemented with 2% FBS. After completion of the experimental period, 50 μl MTT (dilution: 5 mg/ml, 3‐
(4, 5‐dimethylthiazol‐2‐yl) ‐2, 5‐diphenyltetrazolium bromide; Cat no: M5655.100MG; Sigma-Aldrich) was
added to each well and kept in an incubator for next 4 hours. After the formation of formazan crystal, 100
μl diethyl sulfoxide (Merck; Darmstadt; Germany) was added to dissolve the crystals and generate blue-to-
purple appearance. Cell viability was measured by reading optical density at 570nm wavelength by using
BioTek microplate reader and expressed as % of the control group. This assay was performed octuplicate.

2.6. Measuring the levels of in�ammatory cytokines 

In this research, the content of paracrine in�ammatory factors such as NF- B, TNF-α, and IL-6 was
measured. For this purpose, supernatants from different groups were collected and subjected to the
ELISA assay (IL-6; Cat no: E0090Hu, TNF-α; Cat no: E0082Hu, NF -B; Cat no: E0690Hu). Supernatants
were centrifuged at 400g for 5 min to exclude the cell debris. After that, the contents of the cytokines were
measured according to the manufacturer's instruction. This assay was performed in triplicate.

2.7. Measuring pro-in�ammatory status by using immuno�uorescence staining
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We also performed immuno�uorescence staining (IF) to detect the intracellular level of TNF-α after
exposure to the DHA, Pal, and insulin. In brief, 1 × 104 cells were placed in each well of 8 well slide
chambers (SPL). After reaching 70-80% con�uence, cells were subjected to the experimental protocol at
the respective time point. Cells were �xed with 4% PFA and permeablized using permeabilizing buffer (Ref
no: 00-0055-56; eBioscience; USA) for 20 minutes. Cells were then incubated with anti-TNF-α antibody
(dilution: 1:100; Cat no: ab34674; Abcam) for 1 hour followed by PBS wash (3 × 10 minutes). After that,
we added FITC-conjugated secondary antibody (1: 1000; eBioscience; USA) for 1 hour at RT. After PBS
wash, the nuclei were stained with 1 µg/ml for 30 seconds. 

2.8. Evaluation of NO content by Griess assay

The intracellular level of NO was measured using the Griess assay, as previously described (Ref). HUVECs
(5 × 104cells/well) were plated in each well of 96-well plates and enrolled in the experimental procedure
as those mentioned above. After completion of treatment, 200 μl supernatant was mixed with 15 μl of
Griess A solution and maintained at 37̊C for 20 minutes. Then, we added 15 μl of Griess B reagent to
samples, and the optical density (OD) was determined at 450 nm using a microplate reader. NO content
was expressed in nM. The �nal NO contents were calculated after comparison with standard control
(Sodium nitrite).   

2.9. Flow cytometry analysis of apoptosis

To measure the occurrence of apoptosis in cells from different groups, the percent of HUVECs entering
apoptosis was determined by using �ow cytometry analysis. For this purpose, 2× 105 HUVECs were
seeded in each well of 24-well plates and allowed to reach 70-80% con�uence. The cells were subjected
to the treatment protocol. After 48 hours, cells were detached using 0.25% Trypsin-EDTA solution and
washed twice with PBS. After that, cells were permeabilized using a permeabilizing buffer (eBioscience,
USA) at room temperature for 30 minutes. In the current experiment, we incubated cells from different
groups with 2.5μl FITC-tagged Annexin-V antibody at 4̊C for 30 minutes. After twice washing with PBS,
we added 2.5 μl propidium iodide and incubated cells for b5 minutes. The cells were analyzed by using
BD FACSCalibur® system and FlowJo software ver.7.6.1

2.10. PCR array

To investigate the effect of DHA on atherosclerotic changes in HUVECs under treatment with hyper insulin
concentration, we performed PCR array analysis. After completion of the experimental procedure, RNAs
were extracted from each group by using an RNA extraction kit (Cat no.11828665001, Roche) followed by
cDNA synthesis (Cat no. YT4500, Yekta Tajhiz Azma). Using the RT2 Pro�ler PCR Array, we monitored the
expression of 86 genes participating in the atherosclerosis signaling pathway. Raw data were processed
using the 2−ΔΔCT method to determine statistically signi�cant between groups.

2.11. Statistical analysis
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Data are presented as mean ± SD. One-way ANOVA and Tukey postdoc analysis was used to �nd
statistically signi�cant differences between the groups. P<0.05 was considered statistically signi�cant.
All experiments were repeated three times unless mentioned. 

Results
3.1DHA decreased intracellular Pal accumulation revealed by Oil red O staining

To con�rm atherosclerotic changes in HUVECs after being-incubated with 1 mM Pal, we performed Oil red
O staining (Figure 1A). Data from Oil red O staining results showed a large number of red-colored cells in
the Pal group, indicating the e�ciency of our protocol to induce atherosclerotic changes in HUVECs after
48 hours (Figure 1A). According to bright-�eld imaging, we noted that DHA could decrease the
accumulation of Pal in the HUVECs 48 hours after the addition of DHA. These data showed that DHA
could revert Pal-induced atherosclerotic changes in HUVECs. In this experiment, we did not �nd the red-
colored cells in insulin and DHA groups. The co-treatment of HUVECs with 50 µM insulin and 1mM Pal
contributed to the promotion of atherosclerotic features. The addition of high-dose insulin did not inhabit
the initiation of atherosclerotic changes. Interestingly, incubation of Pal + Insulin HVECs with 50 µM DHA
could reduce the accumulation of Pal inside the cells and closed it to near-to-control levels (Figure 1A).
These data demonstrated that DHA could prohibit the promotion of atherosclerotic changes by reducing
the Pal accumulation inside the HUVECs after 48 hours. Incubation with Insulin at a high dose did not
alter the atherosclerotic condition.        

3.2. Effects of insulin and DHA on the viability of atherosclerotic HUVECs

We performed MTT assay to show the possible therapeutic effect of DHA on ECs after exposure to 50 µM
insulin and 1 mM Pal. MTT showed that Pal decreased the HUVECs survival rate compared to the control
group (p<0.01; Figure 1B). Based on our data, the treatment of HUVECs with 50 µM insulin did not yield
statistically signi�cant differences in viability rate compared to the control cells (p>0.05). In cells
received50 µM DHA, HUVECs viability was increased after being-exposed to Pal over 48 hours (p<0.01;
Figure 1B). Similarly, we found that the combination of insulin with Pal decreased detrimental effects of
Pal and closed it to near-to-normal levels (pControl vs. Pal + Insulin >0.05). In group received DHA + Pal plus
insulin, we found a maximum survival rate compared to the other groups. The addition of Insulin and
DHA increased HUVECs viability compared to the Pal group (p<0.01; Figure 1B). It seems that DHA could
decrease atherosclerotic changes in HUVECs after 48 hours. The addition of insulin at a high dose to Pal-
treated cells detrimental effects on survival rate.

3.3. DHA decreased in�ammation of HUVECs after treatment with Pal

To monitor the anti-in�ammatory Effect of DHA on Pal-treated HUVECs, we measured the levels of NF- B,
TNF-α, and IL-6 after 48 hours (Figure 2). Data showed that incubation of HUVECs with 1 mM Pal induced
the synthesis of pro-in�ammatory cytokines compared to the non-treated control cells (p<0.05; Figure 2).
Treatment of the Pal group with 50 µM DHA decreased the in�ammatory status by diminishing protein
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levels of all cytokines compared to the Pal group (p<0.05; Figure 2). Compared to the control, co-
incubation of HUVECs with Insulin and Pal increased signi�cantly the protein levels of NF- B(p<0.05;
Figure 2), while we found statistically non-signi�cant differences in the levels of IL-6 and TNF-α in Pal +
Insulin compared to the control cells. Treatment of the Pal + Insulin group with 50 µM DHA inhibits
in�ammatory response in HUVECs compared to the Pal group. IF staining con�rmed that 48-hour
incubation of HUVECs with Pal increased intracellular levels of TNF-α, which appeared as green-colored
cells (Figure 3A). The addition of Insulin to Pal-treated cells decreased TNF-α levels. Taken together, DHA
could diminish the levels of pro-in�ammatory cytokines in atherosclerotic ECs after 48 hours in vitro.   

3.4. DHA decreased nitrosative stress in HUVECs after treatment with Pal

Monitoring the levels of NO could re�ect nitrosative stress in ECs[3]. In this study, the levels of NO were
measured using the Griess assay. Based on our data, incubation of HUVECs with 1 mM Pal increased
signi�cantly NO levels compared to the control cells (p<0.0001; Figure 3B). According to our data, DHA
had the potential to decrease nitrosative stress in HUVECs by diminishing NO levels compared to the Pal
+ DHA group (p<0.0001; Figure 3B). Co-treatment of HUVECs with Pal and Insulin decreased signi�cantly
NO compared to the Pal group (p<0.01; Figure 3B). These data showed that insulin and DHA could
decrease nitrosative stress in HUVECs exposed to 1 mM Pal, showing therapeutic effects of Insulin and
DHA on atherosclerotic cells. 

3.5. DHA and Insulin decreased apoptotic changes in atherosclerotic HUVECs

Flow cytometry analysis showed that incubation of HUVECs with 1 mM Pal increased the expression of
Annexin-V compared to the control cells, showing induction of both early and late apoptosis (Figure 4A-
B). The addition of DHA to the Pal group decreased the percent of apoptotic cells signi�cantly compared
to the Pal group. Besides, Insulin could not alter the number of early and later apoptotic cells compared to
Pal-treated HUVECs (p>0.05; Figure4A-B). Data showed that the addition of DHA and Insulin to the Pal
group could inhibit the number of early apoptotic cells. At the same time, these values were increased in
terms of necrotic and later apoptosis. It seems that the addition of DHA and insulin could inhibit the
apoptosis in early stages rather than later progressive cell injury. We also found that Pal + DHA and Pal +
DHA + Insulin increased the number of necrotic cells compared to the other groups. These data showed
that DHA has the potency to decrease early apoptotic changes in the early stages after the promotion of
atherosclerotic changes.

3.6. DHA and insulin changed the expression of genes related to atherosclerosis signaling pathway

PCR array analysis was performed to elucidate the expression of different genes related to various
signaling atherosclerosis transduction in HUVECs after being exposed to the DHA, Insulin, and Pal (Table
1). Data analysis showed that the exposure of HUVECs to 1 mM Pal could change the expression of
genes participating in coagulation. In this regard, we noted the up-regulation of FGA (2.3-fold) and down-
regulation of LPA (0.19) in Pal-treated cells compared to the control group. Compared to the control
group, the expression of genes correlated with circulation singling transduction such as APOB (0.24-fold),
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ELN (0.14), and LPA (0.19) was down-regulated after 48-hour incubation with 1 mM Pal. According to our
data, Pal was not able to modulate the expression of PDGFA, PDGFB, PDGFRB, and vWF in terms of
platelet activation as compared with control cells (p<0.05; Table 1). We also found the addition of 1 mM
Pal induced the expression of ACE (2.6-fold) and FGA (2.3-fold). We also monitored the transcription of
different genes related to EC capacity to the dynamic composition of the extracellular matrix. The
expression of LPA (0.19-fold), ELN (0.14-fold), PLIN2 (0.43-fold), APOB (0.24-fold), CCL-2 (0.42-fold), IL-
1A (0.27-fold), and TNC (0.07-fold) was decreased in group received 1 mM Pal while the expression of
ACE (2.6-fold). MMP-3 (6.5-fold) and FGA (2.3-fold) increased compared to the control HUVECs. We also
found that Pal can alter the expression of genes involved in lipid transport and metabolism (p<0.05; Table
1). Data showed that the expression of genes such as LDLR, FABP3, PPARA, PTGS1, APOB, FABP3, LPA,
NR1H3, and PLIN2 was signi�cantly decreased in condition enriched with the 1 mM Pal. In contrast, the
expression of ABCA was increased in atherosclerotic conditions compared to the control cells. Treatment
of HUVECs with µDHA alone or in combination with Pal reduced expression of FGA compared to the
control group (p<0.05). It was noti�ed that insulin was to alter the expression of FGA in the presence of 1
mM Pal. DHA did not change the expression of FGA in cells pre-treated with Insulin and Pal. The addition
of DHA alone or, in combination with Pal, reduced the LPA compared to the control. It seems that the
treatment of HUVECs with DHA increased the expression level of ELN, but no-signi�cant differences were
found between the Pal, DHA, and DHA + Pal groups. No statistically signi�cant differences were found in
the group exposed to Insulin alone or in combination with Pal. We noted that DHA could decrease
elevated levels of MMP-3 induced by Pal compared to the control levels (p<0.05). DHA alone reduced the
expression of ACE while co-treatment of HUVECs with DHA and Pal contributed to prominent activation of
ACE (126.1-fold), showing the synergistic Effect of DHA and Pal on the expression of ACE in HUVECs
after 48 hours. We found non-signi�cant differences in the expression of PLIN2 in all groups treated with
DHA compared to the pal group. The addition of DHA and Insulin to Pal-treated HUVECs increased the
expression of APOB compared to the control cells. Insulin was unable to alter the expression of CCL-2
while the treatment of HUVECs with DHA increased CCL-2 expression in all groups and close the
transcription levels to near-to-control levels. The expression of CSF-2 was increased in all groups received
50 µM DHA compared to the control group. Similar to Pal-treated HUVECs, Insulin alone suppressed the
expression of CSF-2. Insulin decreased the expression of ABCA1 while the addition of Pal and DHA
increased the activity of these genes compared to the control group. According to our data, the expression
of LDLR was increased in all groups received Pal, DHA, and the combination of LDLR. Insulin alone or in
combination with DHA and Pal increased the levels of LDLR and closed it to the near-to-control levels. Pal
decreased the level of NR1H3, the addition of Insulin, and DHA increased expression rate, resulting in
statistically non-signi�cant differences compared to the control HUVECs. These data showed that DHA
could alter the expression of different genes participating in the atherosclerosis signaling pathway.  

Discussion
Atherosclerosis is one of the most important causes of cardiovascular disease is caused by local
in�ammation in the luminal surface of blood vessels after prolonged metabolic diseases such as
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diabetes mellitus[4]. In individuals with diabetes mellitus, the levels of insulin increase soon after the
onset of the hyperglycemic condition[5]. To the best of our knowledge, there are few reports regarding the
inhibitory/stimulatory effect of hyperinsulinemia in diabetic patients with atherosclerosis. The current
experiments aimed to explore the effect of insulin in high doses on atherosclerotic HUVECs in vitro. Also,
the bene�cial therapeutic effects of DHA were explored. Our results showed that the current protocol is
eligible to induce atherosclerotic conditions in human ECs indicated by red-colored appearance via Oil
Red O staining. The incubation of HUVECs with Pal + Insulin also increased the intracellular accumulation
of Pal after 48 hours. However, the levels of Pal were less in Pal + Insulin compared to the Pal group. One
reason would be that the incubation of cells with Insulin increases the in�ux of Pal to the inside of the
ECs while simultaneously accelerates lipid biogenesis and metabolism[6]. Consistent with our data,
previous experiments demonstrated that Insulin has the potential to activate the function of cell-
membrane bond lipoprotein lipase and increase the entrance of Pal[7]. The lack of intracellular Pal
accumulation in HUVECs exposed to DHA may be related to an increased lipolysis capacity and
activation of peroxisome proliferator-activated receptor-gamma [8]. These data showed an inhibitory
effect of DHA to prohibit the accumulation of fatty acid in endothelial lineage via the promotion of
lipolysis and lipid metabolism. We also noted that the incubation of HUVECs with Pal decreased cell
viability compared to the normal cells [8, 9]. The addition of DHA and insulin increased cell viability in Pal-
treated cells. Based on the results from �ow cytometry analysis and MTT panel, one could hypothesize
that HUVECs exhibit apoptosis and reduced mitochondrial activity 48 hours after being exposed to the
Pal. According to our data, both early and late apoptotic changes were found in the Pal group. In support
of our data, Ulloth and co-workers showed the activation of Caspase signaling in PC12 cells exposed to
Pal [10]. DHA decreased the apoptotic changes in Pal-treated cells while insulin had neutral effects of
prohibiting the promotion of early and later apoptosis. Along with these data, we also measured the pro-
in�ammatory status by monitoring the levels of NF- B, TNF-α, and IL-6. Here, the decrease of NF- B, TNF-
α, and IL-6 was shown in the DHA + Pal group compared to the Pal cells. According to our data, insulin did
not alter the levels of IL-6 and NF- B, but not TNF-α, in Pal-treated cells. Commensurate with these
descriptions, there are several mechanisms related to the therapeutic effects of DHA on apoptosis and
multiple physiological roles [11]. It has been shown that DHA and other n-3 polyunsaturated fatty acids
could affect the production of different cytokines that coincided with simultaneous synthesis
in�ammation resolving metabolites such as maresins, resolvins, and protectins [12, 13]. DHA increases
the bioactivity of sensory molecules such as peroxisome proliferator-activated receptors and NF- B by
which control the biosynthesis of other cytokines. On the other hand, DHA could stimulate cell division
and viability by the activation of certain signaling pathways and effectors, mainly MAPK1/3 and Akt [11].
Both DHA and insulin decreased the nitrosative stress in HUVECs pretreated with Pal. Previous
experiments con�rmed the potency of DHA to regulate oxidative stress [14]. Also, it has been shown that
DHA has the potential to increase the activity of Heme Oxygenase 1 and Glutathione peroxidase in
macrophages, leading to reduced oxidative stress [15]. In the current experiment, we showed that Insulin
alone or, in combination with Pal, decreased NO levels in Pal-treated HUVECs. Previously, it has been
shown that Insulin could suppress the activity of inducible nitric oxide synthase, PGE2, and
cyclooxygenase in alveolar macrophages [16]. We also performed PCR array analysis to monitor the
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expression of different genes participating in the atherosclerosis signaling pathway. According to our
data, DHA and Insulin could alter genes from different singling transduction pathways. Data showed that
the levels of MMP-1 and MMP-3 were increased in atherosclerotic HUVECs. It seems that both DHA and
insulin could blunt increased levels of MMP-1 and − 3 in Pal-treated cells. It has been shown that the
formation of atherosclerotic plaques initiated as a result of cellular migration followed by alternation in
situ levels of MMP-1 and MMP-3 [17, 18]. Also, the incubation of HUVECs with Pal and DHA increased the
production of ECM components by the up-regulation of genes such as CCL-2 and CTGF and down-
regulation of speci�c genes such as IL-4, showing the regression of atherosclerotic condition [19, 20].The
increase of ABCA1 in Pal plus DHA treated HUVECs showed the activation of lipid e�ux mechanism to
increase cell resistance to high levels of Pal [21]. These changes were coincided with the increase APOB
in HUVECs after being incubated with Insulin and DHA. These condition showed that DHA and Insulin did
not improve dysregulation of lipid metabolism in HUVECs. Taken together, it seems that DHA and Insulin
could alter the expression of both negative and positive atherosclerotic genes and further experiments are
highly demanded to show the underlying mechanisms.

Conclusion
The addition of insulin and DHA could alter the dysfunctional behavior of HUVECs after being exposed to
1 mM Pal. It seems that DHA and Insulin could alter the intracellular accumulation of Pal inside HUVECs.
Besides, DHA and Insulin could decrease pro-in�ammatory status in atherosclerotic HUVECs. Diverse
genes on the atherosclerosis signaling pathway were altered. Further investigations are needed to
address the underlying mechanisms.
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Table
Due to technical limitations, Table 1 is only available as a download in the supplemental �les section.

Figures

Figure 1

Measuring Effect of DHA on intracellular accumulation of Pal inside HUVECs evaluated by Oil Red O
staining (A). The addition of DHA to the culture medium could decrease the intensity of Pal inside
HUVECs. The presence of Pal acid appears a red-colored appearance. MTT assay (B). MTT assay
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showed that Pal decreased HUVECs viability compared to the control group. The addition of DHA and
insulin increased cell survival rate and closed to near-to-control levels (n=3). One-Way ANOVA and Tukey
posthoc analysis. *p<0.05; and **p<0.01

Figure 2

The effect of insulin and DHA on the pro-in�ammatory cytokines produced by HUVECs after being
exposed to the Pal. One-Way ANOVA and Tukey posthoc analysis (n=3). *p<0.05; **p<0.01; ***p<0.001;
and p<0.0001
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Figure 3

Measuring TNF-α protein levels inside the HUVECs using immuno�uorescence staining (A). Data revealed
that Pal induced the synthesis of TNF-α in HUVECs 48 hours, indicated by green-colored appearance. The
addition of Insulin and DHA decreased the TNF-α levels showing a reduced in�ammatory response.
Detection of NO and nitrosative status using Griess assay (B; n=3). According to our data, Pal induced
nitrosative stress in HUVECs by the increase of NO. The addition of DHA and insulin reduced NO
production in these cells and returned to near-to-control levels. One-Way ANOVA and Tukey posthoc
analysis (n=3). *p<0.05; **p<0.01; ***p<0.001; and p<0.0001
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Figure 4

Calculating the percent of apoptotic and necrotic HUVECs using �ow cytometry analysis of HUVECs (A
and B). According to our data, the percent of early and late apoptotic cells were reduced in Pal-treated
group after treatment with DHA and Insulin. One-Way ANOVA and Tukey posthoc analysis (n=3). *p<0.05;
**p<0.01; ***p<0.001; and p<0.0001
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