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ABSTRACT 
Atherosclerosis, the main contributor to a range of cardiovascular diseases, can be 

regulated by various epigenetic and transcriptional mechanisms, including p38 mitogen-

activated protein kinase (MAPK) and nuclear factor κB (NF-κB) signaling. Docosahexaenoic 

acid (DHA) is widely assumed to have atheroprotective effects but the underlying mechanisms 

remain largely unknown. Our laboratory previously reported that DHA activates p38 MAPK 

differently in growing and quiescent human endothelial cells, which represent the atherogenic 

and healthy states in vivo, respectively. Also, DHA can inhibit NF-κB in endothelial cells. Thus, 

we hypothesized that DHA may exert its atheroprotective effects in endothelial cells via 

epigenetic and transcriptional mechanisms involving p38 MAPK/NF-κB signaling. EA.hy926 

cells were cultured on Matrigel-coated plates for growing and quiescent states and were treated 

with DHA and inhibitors for p38 MAPK or other enzymes downstream of p38 MAPK. The 

activation and/or protein levels of various cell signaling and epigenetic players were detected 

by Western blotting. In general, DHA was found to activate eNOS, mediate eNOS expression, 

regulate the transactivation of NF-κB and CREB, influence histone H3 phosphorylation, affect 

cell cycling, and alter cyclin D1 protein levels. Most of these effects of DHA showed 

concentration-, time-, and endothelial cell growth state-dependency. While 125 µM DHA may 

be deleterious for endothelial cells, 20 µM DHA showed potential atheroprotective effects that 

were superior in quiescent cells compared to growing cells. The effects of DHA likely result 

from the modulation of certain transcription factors such as NF-κB and histone marks, with 

some involvement of p38 MAPK signaling. Overall, DHA was able to exert its atheroprotective 

effect via epigenetic and transcriptional mechanisms. These findings may lead to further 

research to help refine the recommendations for DHA intake under different health conditions 

and identify potential therapeutic targets and/or diagnostic markers for endothelial functions 

and atherosclerosis. 
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LITERATURE REVIEW 

Introduction 

Cardiovascular disease (CVD), especially ischemic heart disease and stroke, the 

primary causes of death worldwide for nearly 2 decades [1], results in tremendous economic 

and social burden. The main contributor to ischemic heart disease, stroke, and other related 

CVD is atherosclerosis, the narrowing of blood vessels due to plaque formation as a result of 

endothelial dysfunction (ED) [2]. Endothelial cells line the vessel walls, and are typically 

quiescent in the healthy state. Damage to the vessels will activate endothelial cells. These cells 

should return to their quiescent state after the vessel wall has been repaired. However, 

endothelial cells can remain activated even when there is no physical damage to the vessel, and 

this is termed ED. These active cells make the vessel permissive to plaque formation as a 

consequence of decreased nitric oxide (NO) production. Additionally, the reduction in 

endothelial nitric oxide synthase (eNOS) activity enables arterial remodeling, which ultimately 

leads to arterial stiffness [3]. All of these processes occur due to changes in endothelial cell 

state, eventually progressing to atherosclerosis and a high risk of death. 

Omega-3 polyunsaturated fatty acids (n3 PUFA), especially eicosapentaenoic acid 

(EPA) and docosahexaenoic acid (DHA), which have longer chain lengths, are well-known for 

their cardioprotective effects. Although controversies remain, it is generally agreed that n3 

PUFA, particularly those from marine sources like EPA and DHA, can reduce both plaque 

formation and ischemic events [4], but the underlying mechanisms by which they function still 

largely remain unknown. Being bioactive molecules with many bioactive metabolites, 

understanding how n3 PUFA signal in the cell may help to resolve those controversies and may 

even help in discovering new therapies and/or targets for CVD. Previous work [5] and some 

other preliminary data obtained in the Taylor and Zahradka labs (University of Manitoba) have 

demonstrated that DHA, but not EPA or α-linolenic acid (ALA), can reduce the proliferation, 

DNA synthesis and migration of cultured endothelial cells, by inducing a quiescent state. 

Further experiments done by the lab showed that DHA was able to induce p38 mitogen-

activated protein kinase (MAPK) activity and p38-activation showed different response 

patterns to DHA in growing and quiescent endothelial cells [6]. These results suggest that DHA 

may exert its beneficial effects via p38 MAPK, an important player in oxidative stress and the 

inflammatory response. Thus, this project will focus on the potential atheroprotective 

mechanisms by which DHA affects endothelial cell function via p38 MAPK-related pathways.  
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Endothelial cells and atherosclerosis  

Endothelial cells 

 Endothelial cells form a single layered sheet (endothelium) lining the luminal side of 

all blood-containing chambers, from heart to blood vessels [7]. The endothelial cells discussed 

in this thesis refer to vascular endothelial cells, the ones in blood vessels. They are the very 

first cells that all nutrients and other constituents in the blood will encounter when going into 

tissues and organs. Besides controlling the passage of all substances, including white blood 

cells, between the bloodstream and underlying tissues, endothelial cells also serve a critical 

role in maintaining the homeostasis of the cardiovascular system and regulate many 

physiological processes in our body [8,9]. They control blood fluidity, modulate vascular tone, 

and participate in the inflammatory response.  

In healthy, normal conditions, endothelial cells maintain blood fluidity by preventing 

platelet aggregation via membrane-bound ectonucleotidases that hydrolyze ATP and ADP [10] 

and secretion of anti-thrombotic agents like prostaglandin I2 (PGI2) [11] as well as NO [12,13]; 

by supporting fibrinolysis via tissue-type plasminogen activator (t-PA) and urokinase [8,14]; 

and by promoting the anti-coagulant protein C/protein S pathway [15,16]. Upon injury, 

however, endothelial cells are activated and shift to favor platelet aggregation and coagulation. 

They release platelet-activating factor (PAF), von Willebrand factor (vWF) and other factors 

to activate circulating platelets and promote blood clotting [17,18]. This helps to repair 

damaged vessels and regain hemostasis.  

Endothelial cells are also key in regulating vasomotor tone. PGI2 and NO, important 

vasodilators released from endothelial cells, act on vascular smooth muscle cells (VSMC) 

beneath the endothelium during resting conditions [8,19]. In response to certain stimuli, such 

as hypoxia and adrenaline, endothelial cells will instead produce vasoconstrictors, such as 

endothelin 1-3 (ET-1 to ET-3) [20]. Besides expressing vasodilators and vasoconstrictors, 

endothelial cells regulate blood flow by taking part in the renin-angiotensin-aldosterone system 

(RAAS). Two of the most important enzymes in the RAAS, angiotensin converting enzyme 

(ACE) and ACE2, are predominantly expressed in endothelial cells [21,22]. ACE and ACE2 

are responsible for the production and hydrolysis of angiotensin II (AngII), a potent 

vasoconstrictor, respectively.  

When exposed to pro-inflammatory stimuli, like cytokines and lipopolysaccharides 

(LPS), endothelial cells are activated to synthesize and secrete more cytokines, chemokines 

and even growth factors to aid the communication and recruitment of leukocytes [8]. 
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Endothelial cells also produce otherwise transcriptionally-suppressed adhesion molecules, 

such as vascular cell-adhesion molecule-1 (VCAM-1), intercellular adhesion molecule-1 

(ICAM-1), and E-selectin, to mediate the attachment and migration of leukocytes on and across 

the endothelium [23,24]. All these actions support leukocyte function in fighting infection and 

repairing tissue damage. In healthy conditions, endothelial cells should return to the resting, 

quiescent state after inflammation resolves. 

Endothelial cells also play a critical role in angiogenesis. Once physical damage occurs 

in the vessels and/or is stimulated by chemicals, endothelial cells will be activated from the 

usual quiescent state and be able to migrate and proliferate for vessel repair or grow new vessels. 

Endothelial cells are also responsible for producing growth factors, such as vascular endothelial 

growth factor (VEGF), angiopoietins, and ephrins, that are involved in the initiation, 

remodeling and maturation of the new vasculature [8]. Normally, the activated endothelial cells 

should return to the quiescent state once damage has been repaired and/or the stimuli eliminated, 

a process called resolution [24]. In the diseased state, however, endothelial cells usually remain 

in the activated state and fail to resolve back to the quiescent state, resulting in ED. This is 

especially indispensable during oncogenesis where new blood vessels are in high demand [25], 

and during atherosclerosis [26] which will be discussed later. 

Endothelial dysfunction 

Ludmer and his colleagues [27] found that acetylcholine (ACh), a widespread 

neurotransmitter,  induced vasoconstriction in patients with atherosclerosis. This opened up the 

research field for studying ED. Since then, ED has been described in many disease conditions, 

including diabetes, chronic renal failure, metabolic syndrome, and especially atherosclerosis-

related CVD [28]. ED usually develops as impaired endothelium-dependent vasodilation, 

which occurs due to switching of endothelial cells to the more proinflammatory, prothrombotic, 

and proliferative active state [28]. As mentioned above, inflammation-related stimuli can 

activate endothelial cells to such a state. If the stimuli do not cease and chronic inflammation 

sets in, endothelial cells will be kept activated and enter this vicious cycle of producing more 

chemokines (e.g. monocyte chemoattractant protein-1 (MCP-1)), adhesion molecules (e.g. 

VCAM-1 and ICAM-1), and pro-coagulants (e.g. vWF) [24]. More importantly, chronic 

inflammation is usually accompanied by oxidative stress that will result in eNOS uncoupling—

the switch from NO production to O2- generation by eNOS [3]. Initially regarded as a calcium-

dependent and calmodulin (CaM)-modulated enzyme, eNOS functions as a homodimer and its 

activity is tightly regulated at multiple tiers (as reviewed in [3,29]). eNOS contains 3 major 
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domains: an N-terminal oxygenase domain that binds heme, L-arginine (the substrate), and 

other co-factors, the CaM binding domain, and a C-terminal reductase domain that interacts 

with reduced nicotinamide adenine dinucleotide phosphate (NADPH). Under normal 

conditions for NO synthesis, electrons derived from NADPH are transferred to the heme with 

the assistance of CaM, so that O2 can be recruited by the heme iron at which point oxidation 

of L-arginine to NO and citrulline is then catalyzed. The activity of eNOS is heavily regulated 

by phosphorylation, especially at the Ser-1177 site, which is located within the reductase 

domain of eNOS [29]. Phosphorylation at this site is believed to enhance electron transfer to 

the oxygenase domain that catalyzes the production of NO from L-arginine and prevents CaM 

dissociation when the calcium concentration is low [30]. Under certain conditions, such as an 

oxidative environment [3], the electron flux is uncoupled from L-arginine oxidation and is 

instead transferred to O2 to generate superoxide. The consequent reduction in NO 

bioavailability is the key in ED. This gaseous intercellular signaling molecule has pleiotropic 

functions. Apart from its well-known role as a vasodilator and anti-platelet aggregation agent 

[8], NO also modulates the release and/or action of other endothelium-derived mediators like 

ET-1, scavenges superoxide, prevents leukocyte adhesion, and inhibits VSMC proliferation 

[31]. Thus, as NO production and bioavailability are reduced in the ED state, the protective 

effects associated with this molecule are curtailed. The resulting responses will eventually 

enable plaque formation and atherosclerosis. Therefore, NO can be regarded as the gate-keeper 

for endothelial function [32] and the release of NO may be used to determine the “healthiness” 

of endothelial cells. To measure NO in real life, however, is challenging due to its gaseous 

nature and very short half-life of 1-2 sec. Thus, other methods have been developed to assess 

endothelial function. 

One of the earliest methods for assessing endothelial function uses ACh. The infusion 

of ACh and subsequent comparison of artery diameter ex vivo can determine the endothelium’s 

responsiveness. ACh induces vasodilation via NO with normal endothelium but 

vasoconstriction if the endothelium is dysfunctional, as first described by Ludmer et al [27]. 

However, this is an invasive method, and non-invasive methods have become more popular 

now with the aid of high-resolution ultrasound. Among those, flow-mediated dilation (FMD) 

is one of the most common clinical research methods, measuring changes in branchial artery 

diameter in response to resumption of blood flow following its restriction via cuff inflation 

[33,34]. The restored flow creates reactive hyperemia. The resulting elevated shear stress can 

immediately act on endothelial cells to stimulate NO release and vasodilation [28,32,34]. The 

basis of most clinical methods for endothelial function assessment is endothelial-dependent 
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vasomotion which relies on the release of NO and/or other endothelial-released vasoactive 

compounds [34]. 

Endothelial cell lines 

Both primary endothelial cells and endothelial cell lines are employed for research 

purposes. First isolated in the 1970s, human umbilical vein endothelial cells (HUVEC) have 

become the major in vitro model to expand our knowledge about endothelial cell function [35]. 

However, HUVEC may not be representative for all in vivo conditions due to the great 

heterogeneity seen in the gene expression profiles of endothelial cells originating from different 

tissues [36]. Therefore, other primary endothelial cells are often isolated, such as aortic 

endothelial cells (HAEC) and human coronary artery endothelial cells (HCAEC), and used to 

study ED and inflammation. Although primary cells have the advantage of more closely 

resembling the vascular endothelium in vivo, their short life span (less than 10 passages) and 

diverse donor origins indicate primary endothelial cell lines are not ideal for long-term 

experiments and comparable results from cells of different sites and donors. Thus, the demand 

for permanent endothelial cell lines arises.  

EA.hy926 is the best characterized permanent macrovascular endothelial cell line used 

in research. It was generated in the early 1980s via hybridization of HUVEC and A549 cells 

derived from human lung carcinoma [37]. A comparative study using a range of primary 

endothelial cells and permanent cell lines revealed that EA.hy926 was the only macrovascular 

endothelial cell line among some other cell lines to retain most of its endothelial properties 

[38]. Typical characteristics of endothelial cells that EA.hy926 cells have preserved include 

the presence of Weibel-Palade-bodies (endothelial-specific rod-shaped organelles), 

constitutive expression of endothelial markers like vWF, inducible expression of adhesion 

molecules and cytokines such as ICAM-1 and MCP-1, uptake of acetylated low-density 

lipoprotein (acLDL), and possession of ACE activity [35,37–39]. Its plasma membrane also 

has endothelin converting enzyme [40]. Although morphologically similar to primary cells, 

this cell line does not show contact inhibition when cultured to high density [38]. Indeed, recent 

data from our lab suggest that when grown on naked plastic, the proliferation and DNA 

synthesis rates remain high even when the cells are confluent [5]. It is only when they are 

grown on Matrigel® (MG), a commercialized gelatinous mixture rich in extracellular matrix 

(ECM) proteins, that cell proliferation and DNA synthesis rates decline significantly and 

continuously after the cells reach confluency. This may imply that the cells switch back to a 

quiescent state similar to that of an intact vessel. The differential responses of EA.hy926 cells 
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to the same set of PUFA treatments when cultured with and without MG [6] further 

corroborates the effects MG may have on EA.hy926 cell growth and culture. Only when grown 

on MG do the cells show signs of quiescence and exhibit differential p38 MAPK activation 

upon DHA stimulation. Therefore, MG will be used to culture the EA.hy926 cell line 

throughout this project.  

Atherosclerosis 

ED is recognized to have great prognostic value for many diseases as mentioned above, 

and especially as an important early marker and proposed predictor for atherosclerosis 

[26,32,41]. Partially due to limitations in assessment techniques [34], however, the prognostic 

value of ED has not been applied clinically. Currently, widely-used clinical biomarkers for 

atherosclerosis are circulating levels of lipoproteins and lipids [42] that are going to be 

discussed later. Atherosclerosis is a progressive chronic inflammatory disease condition 

characterized by the narrowing of the arterial lumen due to subendothelial accumulation of 

fatty substances, matrix proteins and inflammatory cells, i.e. plaque, at specific sites. Although 

the exact cause remains elusive, it is generally agreed that a series of complex interacting 

processes, “involving lipoprotein retention, inflammatory cell recruitment, foam cell formation, 

apoptosis and necrosis, VSMC proliferation and extracellular matrix synthesis, calcification, 

angiogenesis, arterial remodeling, fibrous cap rupture, thrombosis, and more” [43] finally lead 

to full atherosclerosis. Common risk factors for atherosclerosis include elevated serum lipids, 

hypertension, obesity, diabetes, smoking, and family genetics [44], most of which are linked 

to ED. As discussed above, dysfunctional endothelial cells secrete pro-inflammatory cytokines 

and adhesion molecules, produce reactive oxygen species (ROS), and release growth factors. 

These promote inflammatory cell recruitment and attachment, create a local oxidative 

environment favoring the formation of oxidized LDL (oxLDL), and stimulate the underlying 

VSMC. Dysfunctional endothelial cells also promote recruitment of monocytes which enter 

the subendothelial space and are activated into macrophages that can engulf oxLDL and lead 

to formation of foam cells. With stimulated VSMC switching their phenotype, all of these 

dysfunctional cells and accumulated lipids will manifest into the initial atherosclerosis lesion 

or the “fatty streak” [45]. 

Atherosclerosis can happen in many arteries and cause severe outcomes, such as 

atherosclerosis in coronary arteries leading to heart attack, in carotid arteries resulting in stroke, 

and in renal arteries contributing to chronic kidney disease [44]. The symptoms of 

atherosclerosis, however, can hardly be observed until the lesions grow to a size that can 
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severely interfere with artery functions leading to onset of medical emergencies. Thus, 

predictive biomarkers, diagnostic markers and therapeutic targets are needed. Cholesterol level, 

or LDL-cholesterol (LDL-C) to be more specific, is a well-recognized risk factor for 

atherosclerosis and related CVD at a population level, and is employed as a surrogate endpoint 

for clinical trials [42]. However, several trials found that additional cholesterol lowering had 

no further clinical benefit on top of the effect of statins [46–48]. Statins, which function as 3-

hydroxy-3-methyl-glutaryl (HMG)-CoA reductase inhibitors, are so far the only class of LDL-

C-lowering drugs that can prevent the morbidity and mortality caused by atherosclerosis and 

related CVD [48,49]. HMG-CoA reductase is the rate-limiting enzyme in endogenous 

cholesterol biosynthesis. The same pathway also produces other isoprenoids like 

geranylgeranyl pyrophosphate (GGPP), which is essential in the translocation and subsequent 

activation of RhoA — a small GTPase protein that can inhibit eNOS activity [50,51]. Emerging 

evidence suggests that the beneficial effects of statins lie not only in the cholesterol-lowering 

effect, but also by inhibiting production of those isoprenoid intermediates [48]. Therefore, it is 

necessary to further understand the underlying pathways/mechanisms and discover better 

biomarkers and targets. 

Cell signaling, epigenetics and transcriptional control of atherosclerosis 

Although closely related to chronic inflammation and dyslipidemia, atherosclerosis can 

also be viewed as an epigenetic disease involving extensive alterations in cell signaling [52,53]. 

The modern definition of epigenetics encompasses all the factors acting on chromatin that 

govern gene expression beyond the actual DNA sequence [54]. It includes, but is not limited 

to: histone modifications or histone marks (methylation, acetylation, etc.) and DNA 

methylation; transcription factors (TFs) such as nuclear factor-κB (NF-κB), peroxisome 

proliferator-activated receptor gamma (PPARγ), and activator protein 1 (AP-1); chromatin 

remodeling factors like SWI/SNF (SWItch/Sucrose Non-Fermentable) that can be recruited by 

certain TFs to act on chromatin allowing it to switch between a condensed state and an open 

state. Histone and DNA modification as well as the activities of some TFs are modulated by 

specific enzymes whose activity can then be regulated by other kinases and phosphatases. All 

these signal transductions can be initiated from many physio-pathological stimuli, such as CVD 

risk factors (e.g. hypertension and dyslipidemia), smoking, and diet [52]. Cell signaling can 

cause changes in epigenetic status/marks and TF activities that eventually lead to gene 

expression alterations that then affect all the downstream cellular processes and pathways. 
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p38 MAPK 

p38 MAPK is a member of the MAPK family that responds to extracellular stress 

signals including inflammation [55]. It has four main isoforms: α, β, γ, and δ, all encoded by 

different genes. p38 MAPK can be further divided into two subsets: α and β versus γ and δ, 

based on amino acid sequence similarity, susceptibility to the selective pyridinyl imidazole 

class inhibitors like SB202190, and substrate selectivity [56]. Activation of p38 MAPK is 

usually achieved by dual phosphorylation of their characteristic Thr-Gly-Tyr motif, while 

dephosphorylation downregulates activity [57]. So far, p38α MAPK is the best studied and the 

most important isoform, since p38α MAPK knockout mice cannot survive, but knockouts of 

the other 3 isoforms are viable and fertile [56]. Also, p38α is expressed ubiquitously while the 

other isoforms have their own expression patterns in different cells, although activation of p38α 

shows cell-type dependency even to the same stimulus [57]. 

In response to inflammatory stimuli, p38 MAPK, especially p38α, can mediate this 

process by affecting the activity of the pro-inflammatory TF, NF-κΒ, via its direct downstream 

kinase mitogen- and stress- activated protein kinase 1 and 2 (MSK1/2) [55]. p38 MAPK also 

plays a role in cell cycle regulation and cell survival through the modulation of different cyclins 

and cyclin-dependent kinases (CDKs) [56,58]. Furthermore, p38 MAPK may directly and/or 

indirectly interact with SWI/SNF to open up the chromatin of target genes, thus allowing the 

upregulation of the genes in situ [59,60]. SB203580, a p38α/β specific inhibitor, blocks the 

migration of endothelial cells [61] and VSMC [62]. This p38 MAPK-related migration may 

also involve MSK1/2 [63]. Trempolec and her colleagues [64] have categorized a list of p38α 

MAPK substrates and their effects upon phosphorylation. 

MSK1/2 

MSKs are among the 11 members of the MAPK activated protein kinase (MAPKAPK) 

family, and are largely activated by p38 MAPK and extracellular-signal regulated kinase 1/2 

(ERK1/2), another member of the MAPK family [65]. Various in vitro and in vivo studies 

showed that p38α is the most crucial p38 MAPK for MSK activation, while p38γ/δ are 

dispensable [66]. While MSK1 and MSK2 share great similarities in their structure and 

functions, they also display distinct substrate specificity especially when responding to certain 

stimuli [66]. However, the amino acid sequences of MSK1 and MSK2 are highly conserved 

especially around the activation/phosphorylation sites. Therefore, there is considerable 

difficulty in using only antibodies to distinguish the contributions of MSK1 or MSK2 to certain 

functions, since the antibodies currently available lack specificity to identify these homologues 
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[66]. Approaches exhibiting greater specificity, possibly certain genetic tools (e.g. specific 

knock-out/-down animal models or cell cultures), are therefore needed for this purpose. 

MSKs have two functional kinase domains (C-terminal kinase (CTK) domain and N-

terminal kinase (NTK) domain) in the same polypeptide and their activation by ERK1/2 and 

p38 MAPK occurs via sequential phosphorylation of several key sites along the polypeptide: 

the MAPKs first phosphorylate Thr-581 and Thr-700 to activate its CTK-domain; then the 

activated CTK-domain auto-phosphorylates the Ser-212, Ser-376 and Ser-381 sites that 

activate the NTK-domain and stabilize the enzyme in a conformation optimal for its kinase 

activity [66]. There are many other phosphorylation sites involved but Ser-212, Ser-376 and 

Thr-581 are the essential ones for both MSK1 and MSK2, accounting for more than 95% of 

the kinase activity [67,68]. 

MSKs have versatile roles in transcriptional regulation and inflammatory responses. 

They directly phosphorylate certain TFs (e.g. cAMP-response-element binding protein (CREB) 

and NF-κB), histone H3, and some other chromosomal proteins. MSKs phosphorylate CREB 

at its critical Ser-133 activation site that is essential for recruiting the CREB-binding protein 

(CBP)/p300 coactivators [69]. CBP and p300 are acetyltransferases that act on both histone 

proteins and non-histone proteins like TFs. They share high homology in structure and certain 

functions but are unique in some other functions and substrate selection (reviewed in [70,71]). 

CBP/p300 induces gene transcription by increasing chromatin accessibility, interacting with 

TFs to recruit RNA polymerase II (Pol II) to the promoter, and enhancing the transcriptional 

activities of certain TFs such as NF-κB [71,72]. The NF-κB subunit RelA (p65) can be 

phosphorylated by MSKs at Ser-276, which promotes the recruitment of CBP/p300 to acetylate 

RelA [73–76]. MSKs also phosphorylate H3 at Ser-10 and Ser-28, which activates the 

associated genes, but the two marks are usually not on the same H3 tail [77]. All of these events 

contribute to the regulation of target gene expression, especially the inflammation related genes 

thanks to CREB and NF-κB [65,72,78].  

NF-κB 

The NF-κB superfamily comprises a group of proteins whose functions are conserved 

from fruit flies to humans [79]. In the human context, the superfamily has two subfamilies: the 

“Rel” proteins (RelA or p65, RelB, and c-Rel) that contain a C-terminal transcription activation 

domain (TAD), and the “NF-κB” proteins (p105/p50 or NF-κB1, and p100/p52 or NF-κB2) 

whose C-terminal domains are comprised of multiple ankyrin repeats. All five members share 

a highly conserved Rel homology domain (RHD) for DNA binding and dimerization. The 
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major NF-κB dimer is formed by RelA and p50, while p50 and p52 can also homodimerize to 

bind to κB sites. Lack of the TAD, however, may repress transcription instead of positively 

regulating the genes associated as when p50 or p52 are heterodimerized with a Rel protein 

[80,81]. In the following text, the term “NF-κB” refers to the dimer TF, especially RelA/p50 

since it is the most studied and paradigmatic dimer of NF-κB. 

Usually, NF-κB complexes require activation to translocate from the cytoplasm to the 

nucleus to perform their function. There are two major ways to activate NF-κΒ in the cytoplasm: 

the canonical pathway requiring the dissociation of NF-κΒ from its inhibitor IκB , and the non-

canonical pathway involving proteolytic degradation of the C-terminal ankyrin repeats on 

RelB-associated p100 to yield a shorter, active RelB/p52 form [80–82]. Further activation of 

NF-κB relies heavily on post-transcriptional modifications (PTMs), including phosphorylation, 

acetylation, and more (reviewed in [83,84]). Then NF-κB can recruit more co-factors 

depending on the PTM patterns and mediate expression of the target genes, which are often 

involved in immune and inflammation responses, cell survival and proliferation [85,86]. Being 

such an important mediator in so many critical pathophysiological processes, the activation 

and activity of NF-κB are tightly regulated via its PTMs, inhibitor IκB, and IκB kinase (IKK) 

as reviewed in the literature mentioned above. Besides, NF-κB can also be inhibited by another 

TF, PPARγ, most likely via upregulating IκΒ expression and inducing p65 degradation [87–

89]. PPARγ belongs to the PPAR (PPARα, PPARβ/δ, and PPARγ) nuclear receptor family, 

which is a subfamily of TFs that require ligand binding for activation. The ligands of PPARs 

are fatty acids, especially PUFAs [90].  

Cell cycle and cyclins 

 As mentioned, proliferation is a key feature of active endothelial cells and is required 

for angiogenesis. Cell proliferation, or cell cycle progression — a series of highly regulated 

events leading to cell division — to be more accurate, is driven by a superfamily of proteins 

called cyclins. Together with their catalytic partners, CDKs, a few subfamilies with defined 

features of cyclins govern cell cycle entry and progression, although there are more than 30 

genes encoding products matching the traditional definition of cyclins [91]. In brief, external 

mitogens trigger the formation of cyclin D-CDK4/6 complexes making the cell enter G1 (Gap 

1) phase from the quiescent state and progress through it; E-type cyclins (cyclin E1 and E2) 

mark the entry into S (Synthesis) phase and control DNA replication, while cyclin A (A1 and 

A2) is induced during the S phase and contributes to DNA replication and also modulates cell 

cycle progression through the G2 phase; the subsequent activation of cyclin B-CDK1 regulates 



 11 

entry into M (Mitosis) phase [92–94]. There are many other cyclins involved in cell cycle 

regulation but they are less well-defined [93]. Apart from controlling cell cycle progression, 

cyclins also function in transcription control independent of CDKs, repairing DNA damage, 

and regulating cell death, cell differentiation, cell migration, and metabolism [92]. 

Deregulation of the cell cycle, mostly due to mutations and/or deregulation in cyclins and 

CDKs, is a characteristic of oncogenesis [95] and many other diseases. 

 Among all these cyclins, cyclin D (D1, D2, and D3) is worth special attention: they are 

the G1 mitogen sensors that link the external signals to cell cycle initiation and progression; 

they promote the expression and activation of other cell cycle proteins including cyclin E and 

cyclin A; they also have the most identified non-canonical functions mentioned above, 

especially for cyclin D1 [92,93]. Cyclin D1 is often deregulated in tumor cells and ranks second 

from the top in a list of overexpressed genes in solid cancers [96]. Cyclin D1 can also bind and 

modulate the transcriptional activity of some TFs like PPARs [97]. Its level is tightly regulated 

during the cell cycle: expression is largely induced by a few signaling cascades including the 

Ras/ERK and phosphatidylinositide-3-kinase (PI3K)/AKT pathways upon receiving mitogenic 

signals; during S phase, its degradation requires phosphorylation at Thr-286 [93,97]. Although 

the most common kinase for this site is glycogen synthase-3β, Thr-286 phosphorylation of 

cyclin D1 can also be catalyzed by p38 MAPK and ERK1/2 [98]. 

Epigenetics and transcription 

As defined earlier, epigenetics involves multiple components and eventually leads to 

regulation of transcription, thus affecting cellular processes and even phenotypes of cells and 

individuals. A typical example of the power of epigenetic regulation is the immense range of 

different cell phenotypes in one’s body, even though they are all derived from a single zygote. 

In the nucleus, DNA does not exist naked nor is it freely accessible for transcription into RNA 

including messenger RNA (mRNA) at all times. Rather, DNA is usually wrapped around 

histone core proteins to form chromatin that can be then condensed into chromosomes and 

packed into a tiny nucleus [99]. A core histone octamer consists of four types of histone 

proteins, H2A, H2B, H3, and H4, and all of them can carry various PTMs [100]. Together with 

DNA methylation, histone modifications play an important role in regulating chromatin 

structure and consequently gene accessibility [101]. If chromatin is less compact and less 

wrapped then DNA can be easily accessed by TFs and other pieces of the transcriptional 

machinery, and thus expression of the gene can occur. In contrast, condensed chromatin 

interferes with DNA-protein interactions, therefore inhibiting gene transcription. Acetylation 
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and phosphorylation of histones are generally considered as active marks, modifications that 

generally loosen chromatin structure and promote transcription [100–102], whereas DNA 

methylation is a repressive mark [100,101]. Methylation of histones can be either active (e.g. 

on H3 Lys-4) or repressive (e.g. on H3 Lys-9 and Lys-27) depending on the specific site 

modified. In most cases, when the chromatin is at an “open” state or in euchromatin to be 

accurate, active genes that can be transcribed require binding of TFs to their distal regulatory 

regions [103]. Those TFs will then recruit other co-factors, chromatin remodeling complexes 

(e.g. SWI/SNF), and histone modifying enzymes (e.g. CBP/p300 and histone deacetylases 

(HDACs)), which can further alter the histone marks and/or chromatin structure near the 

promoters of the genes [104]. Collaboratively, those factors will finally lead to faster and/or 

more binding, or activation of Pol II at the gene promoters for transcription initiation as well 

as elongation (transcription activation) [103,105], or downregulate the recruitment of Pol II to 

the promoters (transcription repression) [106]. Besides, histone marks and chromatin 

condensation are also important to DNA replication during cell cycle [107]. 

Epigenetic and transcriptional control of atherosclerosis 

Emerging evidence indicates that epigenetic and transcriptional mechanisms play an 

important role in the pathogenesis of atherosclerosis, shedding light on potential therapeutic 

applications for drugs which target these epigenetic mechanisms [52]. As discussed below, 

many risk factors of atherosclerosis are linked with epigenetic modulations around the 

promoters of some key proteins in endothelial cells, such as eNOS, thus affecting the 

transcription of those genes. These epigenetic mechanisms may involve p38 MAPK and NF-

κB signalling as well. 

Intermittent hypoxia/reoxygenation (IHR) is a key contributor to the pathogenesis of 

atherosclerosis in people with obstructive sleep apnea (OSA). In children with OSA, their 

NOS3 (the gene encodes eNOS) promoter area is DNA hypermethylated [108]. Hypoxia can 

also reduce overall H3 acetylation around the NOS3 promoter area in endothelial cells and the 

SWI/SNF complex is believed to play a part in the epigenetic changes in this region [109]. In 

adult OSA, IHR has been found to increase p38 MAPK activity, and subsequently activate NF-

κB and induce the expression of many pro-inflammatory genes [110]. Increased activation of 

NF-κB in an endothelial-specific PPARγ mutant mouse model revealed another player in the 

pathway. In this model, the loss of PPARγ activity, caused by mutation, accelerated AngII-

induced development of ED [111]. A separate study demonstrated that PPARγ’s transcription 

factor activity relies substantially on the activation of p38 MAPK via the free fatty acid (FFA) 
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receptor 1 (FFAR1), which then activates PPARγ coactivator 1α (PGC1α) to regulate the 

activity of PPARγ [112]. Phosphorylation of p300 by p38 MAPK may also be involved in 

regulating PPARγ activity. Intriguingly, p300 activation via p38 MAPK phosphorylation was 

reported in a different setting linked to NF-κB signalling. Specifically, in human astrocytes, 

activated p300 acetylates RelA at Lys-310. It has been reported that RelAK310Ac enhances 

the transcriptional ability of NF-κB but not its DNA-binding ability, thus leading to increased 

expression of inducible nitric oxide synthase (iNOS) [113]. This p38 MAPK/NF-κB/iNOS 

pathway does not engage other common phosphorylation activation sites of NF-κB such as 

RelA Ser-276 and Ser-536, and this differs from activation of the NF-κB signalling pathway 

described earlier.  

Circulating oxLDL, a prevalent risk factor for atherosclerosis, can increase the 

repressive mark H3K9me3 on the eNOS promoter, while decreasing active marks, such as the 

overall acetylation status of H3 and H4, as well as H3K4me2 [114]. In the same study, it was 

also found that oxLDL can increase the level of ICAM-1 mRNA by recruiting RelA to the 

ICAM1 promoter. In addition, oxLDL was found to enrich the active H3K4me3 mark on the 

promoter of some pro-inflammatory genes, such as tumor necrosis factor α (TNFα), MCP-1, 

interleukin-6 (IL-6), and IL-18 [115]. And eNOS uncoupling can be induced by exposure to 

oxLDL in HAEC, and downregulation of HDAC2 was involved in this process [116]. 

Another mentioned risk factor for ED and atherosclerosis is diabetes. It was found that 

transient exposure to high glucose can cause persistent elevation of RelA mRNA by increasing 

H3K4me1 levels on the RELA promoter in primary HAEC [117]. This led to prolonged 

escalation of VCAM-1 and MCP-1 mRNA levels even after the cells had been returned back 

to low glucose media for days. High glucose was also found to induce EDN1 (the gene encodes 

ET-1) expression via p300 activation in endothelial cells [118]. Activation of p300 can 

acetylate histones,  which are active marks as mentioned above. Indeed, increased H4 

acetylation was found around the EDN1 promoter at a few conserved NF-κB recognition sites 

after stimulation by the pro-inflammatory cytokines TNFα and interferon γ (IFNγ) [119]. This 

can be linked to impaired vasodilation during atherogenesis. 

Flow induced pressure on vessel walls has a profound impact on vasculature health and 

hypertension is an important risk factor for atherosclerosis and other CVD. Laminar shear 

stress (LSS) is atheroprotective, while disturbed flow, due to impaired vasomotor tone and/or 

plaque formation, is detrimental [120]. Illi et al. [121] found that LSS can induce 

phosphorylation of H3 at Ser-10 and global acetylation at H3 as well as H4. These actions 

likely functioned through the p38 MAPK/MSK signalling pathway and promoted formation of 
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CREB/CBP complexes. They also found that c-Fos and c-Jun mRNAs were elevated by LSS 

via this mechanism [121]. Heterodimerization of c-Fos and c-Jun forms AP-1, an essential TF 

for NOS3 transcription activation. LSS-induced AP-1 availability may be one of the origins for 

flow-mediated changes in gene expression in the endothelium. NOS3 transcription was also 

induced by the deacetylase sirtuin 1 (SIRT1) via the TF foxhead box O1 (FOXO1) in EA.hy926 

cells [122], while SIRT1 mRNA levels and its activity are affected by blood flow: LSS induces 

SIRT1 and disturbed flow decreases SIRT1 expression [123]. SIRT1 can also inhibit NF-κB 

signaling, through which it exerts its anti-oxidative and anti-inflammatory properties [124]. 

Oxidative stress in turn can downregulate SIRT1 activity, causing an increase in H4K16ac and 

decrease in FOXO3α/PGC1α complex formation, diminishing the expression of anti-oxidative 

genes [125,126]. SIRT1 also participates in arterial remodeling partially via its crosstalk with 

eNOS (reviewed in [123]). As one of the most important genes in endothelial cells, 

transcription of the NOS3 gene is tightly controlled. Cell-type-specific patterns of histone 

modification in the promoter of NOS3 have been detected. Endothelial cells have denser active 

histone marks, like H3K4me2/3, H3K9ac and H4K12ac, than VSMCs [127,128]. In non-

endothelial cells, the transcription of NOS3 is prohibited by DNA methylation of its promoter 

[128] and NOS3 is made temporarily quiescent in vasculogenic progenitor cells by the 

H3K27me3 mark [129].  

Non-coding RNA (ncRNA) is an emerging hot topic in epigenetic and transcriptional 

control. Depending on the nucleotide length, it can be roughly categorized into two main 

groups: long-non-coding RNA (lncRNA) and small non-coding RNA that comprises 

microRNA (miRNA) and small interfering RNA (siRNA). The roles and mechanisms of 

miRNA and lncRNA in atherosclerosis have been reviewed in [130] and [131], respectively. 

Plausible treatments using ncRNA have been suggested as well [132]. Unlike other players 

discussed above, little involvement of dietary components in relation to ncRNA in 

atherosclerosis has been demonstrated. 

Nutrition, epigenetics, and transcription regulation 

 Fig. 1 illustrates the discussed epigenetic mechanisms in atherosclerosis. It is not hard 

to spot the possible influence of diet on some pathways. For example, resveratrol from red 

grapes is a well-known SIRT1 activator arising from the famous “French paradox” [133]. Also, 

PUFAs are potent ligands for PPARs, while serum oxLDL levels are greatly affected by diet, 

especially PUFA, due to their susceptibility to peroxidation [134,135]. All of these nutrients 

have been found to directly or indirectly affect epigenetics as discussed above. 
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Indeed, the fact epigenetics is dynamic and reversible in nature allows it to be 

responsive to environmental factors, and nutrition plays a large part here [136]. One well-

known example is the relationship between folate and DNA methylation [137]. Folate-

deficiency resulting in DNA hypomethylation might be one of the causes of neural tube defects 

in newborns [138]. It has been recognized that maternal and early life nutrition can alter the 

epigenome which can lead to plausible phenotypic changes [136], profound impacts on health 

status later in life [136,139–141], and potential transgenerational inheritance [139–142]. There 

are a few ways nutrients can affect epigenetics:  

• modulate TF activity directly (as ligands for nuclear factors such as PUFA and PPARs 

[90,143]) or indirectly via cell signaling as partially shown in Fig. 1; 

• serve as sources for epigenetic modifiers, for example:  

o glucose for histone glycation [144];  

o folate, vitamin B12, choline, and methionine involved in one-carbon 

metabolism as methyl-donors for histone and DNA methylation [145]; 

o acetyl-CoA from glycolysis or fatty acid β-oxidation as the main donor for 

histone acetylation [146]; 

• regulate the activity of chromatin modifying enzymes, for instance: 

o DHA [147] and sulforaphane from cruciferous vegetables [148] can function as 

HDAC inhibitors; 

o resveratrol can activate SIRT1 [133] as mentioned above. 

The importance of epigenetics in the pathophysiology of many diseases, including 

atherosclerosis, and the interaction with nutrition has been well acknowledged [149–152]. 

Nutrients and bioactive compounds in the diet can regulate expression of key genes via 

epigenetic modifications. These changes in gene expression can then alter key metabolic 

pathways that eventually result in disease phenotypes and/or traits [149–152]. For example, 

overfeeding human subjects with PUFA or saturated fatty acids was found to differentially 

affect the degree of DNA methylation on different gene promoters as well as different transcript 

levels in adipose tissue, and these differences might be related to the differential lipid profile 

responses in the two diet groups [153]. Also, circulating n3 PUFAs were found to alter DNA 

methylation status on the promoters of APOE (encoding apolipoprotein E), ABCA1 (encoding 

ATP-binding cassette A1), and IL6, genes important in lipid metabolism or inflammation and 

strongly correlated to CVD [154]. In addition, certain bioactive compounds in the diet may 

have therapeutic potential for certain diseases via epigenetic mechanisms, such as those 
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functioning as HDAC inhibitors may prevent atherosclerosis progression [155,156]. 

Epigenetics can act as a bridge between external signals, especially nutritional ones, and 

intracellular transcriptional regulation. These differences in gene expression can then program 

our body differently in response to different diets. 
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This schematic was customized to show the various inter-relationships described in the Literature Review that are relevant to the topic of the thesis. 

Different colored shading distinguishes specific signaling pathways. Green upwards arrows on genes indicate higher expression, while the red 

arrows indicate lower expression. H3 methylation on the NOS3 promoter region is at Lys-9 position, a repressive marker, while methylation of 

RELA is at Lys-4 is an activation marker. This custom-designed figure was prepared by S. Huang using Microsoft PowerPoint software.  

 

Figure 1. Possible epigenetic and transcriptional mechanisms active in endothelial cells and associated with atherogenic processes. 
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Omega-3 fatty acids 

N3 PUFAs are characterized by the presence of the first double bond from the methyl 

end at the third carbon atom. There are 3 main n3 PUFAs in our diet: ALA (C18:3n3), EPA 

(C20:5n3) and DHA (C22:6n3). ALA is an essential fatty acid because the human body cannot 

synthesize it and we must acquire it from food to maintain normal functioning and health [157], 

while EPA and DHA can be synthesized in our body via elongation and desaturation from the 

precursor ALA. Due to the relatively low conversion rates [158,159], however, dietary intake 

of EPA and DHA is still recommended in most cases [160]. This is especially true for DHA, 

since its conversion rate from dietary ALA can be lower than 0.1% [161]. Canola and flaxseed 

oils as well as chia seeds are rich in ALA, while EPA and DHA are typically found in marine 

sources, such as deep-ocean fish. 

In foods and supplements, there are 4 main structures into which n3 PUFA are 

incorporated: triglycerides (TGs), phospholipids, FFAs, and ethyl esters. The bioavailability 

data found in the  literature for each n3 PUFA have been summarized [162], with FFAs and 

TGs appearing to be more bioavailable than ethyl esters. To make n3 PUFA bioavailable from 

diet, digestion of those esterified lipids begins in mouth with lingual lipase and phospholipase. 

Then fat droplets enter stomach and some TGs inside are partially broken down by gastric 

lipase into diacylglycerides (DAGs) and FFAs. The mechanical movement of stomach helps 

to disperse fats and form emulsions of TGs + DAGs + FFAs + other lipids. Even though some 

lipid digestion occurs in the mouth and stomach, the majority of fat digestion happens in the 

intestinal tract through the combined action of bile salts and pancreatic lipase. The resulting 

FFAs and monoacylglycerides (MAGs) can then be absorbed into enterocytes. The 

esterification position of n3 PUFAs in TGs also affects their absorption: FFAs cleaved from 

sn-1 and sn-3 positions of a TG can only be absorbed via a specific transporter, while the 

resulting 2-MAGs, together with the FA attached to it, can go into enterocytes via simple 

passive diffusion. Inside the intestinal cells, 2-MAGs will be re-esterified with FFAs to TGs 

that are packaged with cholesterol, phospholipids, and other lipids into chylomicrons before 

being extruded into the lymph and subsequently entering the bloodstream at the thoracic duct. 

In the bloodstream, TGs in chylomicrons will be hydrolyzed by lipoprotein lipases (LPL) 

attached to the surface of the endothelium, resulting in chylomicron remnants containing less 

TG. The FAs released by LPL enter tissues (especially muscle and adipose).   

Similar to other lipids, n3 PUFAs circulate in blood postprandially in chylomicrons, 

and in the post-absorptive and fasting states, either as FFAs (released from stored TGs via 
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hormone-sensitive lipase) and bound to plasma albumin or in other lipoproteins. While 

chylomicron remnants deliver dietary lipids to the liver, very low density lipoproteins (VLDLs) 

transport the lipids from the liver to bloodstream for uptake of fatty acids into tissues and cells 

for storage and/or metabolism. LDLs are formed from VLDLs during this process with the aid 

of LPL as well, and LDL can be taken up by many tissues, including the liver, via the LDL 

receptor (LDLR). High density lipoproteins (HDLs), on the other hand, transport lipids 

(especially cholesterol) from cells to the liver for disposal.  

The endothelium has a critical function in the lipid exchange process between 

lipoproteins in the blood and surrounding tissues and cells. Apart from containing different 

types of receptors (such as LDLR, scavenger receptors, and ATP-binding cassette transporter 

G1) to aid the transportation of various lipoproteins across endothelial cells, LPL and 

endothelial lipases on the plasma membrane of endothelial cells hydrolyze lipids from TG in 

lipoproteins and release FFAs for uptake by endothelial cells [163,164]. Compared to n3 

PUFAs inside lipoproteins, those in the form of FFAs or non-esterified FAs (NEFA) make up 

a relatively small portion of total plasma n3 PUFA (~ 1.6% to 13.8% depending on age cohorts) 

in fasting samples [165]. Also, plasma FFA levels are believed to be positively associated with 

ED and CVD risk [166–168].  

Health benefits of n3 PUFAs have been reported for many diseases especially CVD 

[162], partially attributed to their anti-oxidant and anti-inflammatory properties as reviewed in 

[169–171]. The first report associating n3 PUFA from fish consumption with beneficial effects 

against CVD was made in the 1970s in a Greenland Inuit population [172]. Since then, several 

observational and epidemiological studies have drawn the same conclusion [173–177], 

supporting the cardioprotective effects of n3 PUFA. More evidence from human trials and 

animal models has strengthened the link [176,178–184]. Therapeutic use of EPA and DHA (2-

4 g/day) has been recommended by the American Heart Association since 2002 for lowering 

triglycerides in hypertriglyceridemia patients; subsequently the US Food and Drug 

Administration has approved prescriptions of EPA and DHA for the same purpose [185]. Yet, 

2 recent clinical trials using high purity therapeutic doses of n3 PUFA in statin-treated patients 

obtained different results. These two trials are also so far the only 2 large-scale (large study 

population size and long follow-up period) randomized clinical trials using such a high dose of 

highly purified n3 PUFAs. The Reduction of Cardiovascular Events with Icosapent Ethyl–

Intervention Trial (REDUCE-IT) gave 4 g/day icosapent ethyl (pure EPA ethyl ester) to 

dyslipidemia patients already on statin with a median follow-up period of 4.9 years, and 

showed a significant reduction in both primary (a combination of death from CVD, nonfatal 
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myocardial infarction (MI), nonfatal stroke, coronary revascularization, or hospitalization for 

unstable angina ) and secondary (a composite of CVD death, nonfatal stroke, or nonfatal MI) 

endpoints for the EPA group compared to the placebo group [186], consistent with other EPA-

only trials [187]. The Statin Residual Risk Reduction With Epanova in High CV Risk Patients 

With Hypertriglyceridemia (STRENGTH) trial, however, was terminated prematurely 

(maximum follow-up of 5 years) due to low prospect of any beneficial effect in the treatment 

group [188]. The 4 g/day omega-3 carboxylic acids (EPA+DHA FFA, Epanova) did not exhibit 

superior performance compared to the corn oil control in terms of reducing either primary or 

secondary endpoint events (the same as in REDUCE-IT) or additional secondary endpoint 

events (CVD death with or without other events such as nonfatal MI or stroke) [189]. Actually 

in 2015, the National Lipid Association in the US already warned against the use of DHA-

containing long-chain n3 PUFA for TG lowering, since it may elevate LDL-C in patients with 

extremely high TG [190]. Those contradictory recommendations and divergent outcomes in 

clinical trials with EPA only or EPA+DHA make us wonder why the inclusion of DHA may 

possibly interfere with the beneficial effects observed for EPA on statin-treated patients while 

other evidence, especially those from observational and epidemiologic studies, supports the 

beneficial role of DHA on CVD. However, it may be noteworthy that no trial to date has 

examined the effect of a high DHA/low EPA formulation.  

DHA 

DHA is mainly found in marine fish, particularly deep-water ones like sardines, salmon, 

tuna, mackerel, and herring, which consume certain DHA-synthesizing marine microalgae 

[162]. In all these sources, DHA almost always exists with EPA. According to the Food 

Surveys Research Group in the US, the average dietary intake of DHA in Americans is 0.05 

g/day, and is slightly higher in adults than in minors [191]. This intake amount has not changed 

for nearly 2 decades and is well below the recommendation of 250 mg/day EPA plus DHA by 

the 2015-2020 Dietary Guidelines for Americans [192] and many other authoritative bodies 

and scientific organizations in different regions and countries [160] such as the European Food 

Safety Authority [193]. Another study estimated DHA intake in 175 countries based on the 

food balance sheets from the Food and Agriculture Organization of the United Nations, and 

found that the estimated median intake may range from 47 mg/day to 192 mg/day, and these 

intakes are directly related to the income levels of the countries [194]. For pregnant and 

lactating women as well as young children, there are additional recommendations for just DHA 

intake [160,194]. Although recommendations for the long chain n3 PUFAs vary among 
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different organizations and different subpopulations, they usually do not fall below 250 mg 

/day for the general adult population [160,195]. To meet the dietary recommendations, omega-

3 supplements can be taken. Supplements usually contain around 1000 mg n3 PUFA of fish oil 

per capsule with about 300 mg DHA, while high DHA (more than 500 mg) low EPA 

supplements are also available commercially. Contaminants like mercury that usually bio-

magnify in seafoods have not been found in supplements yet thanks to current processing and 

purification methods [157] as well as regulations regarding monitoring for heavy metal 

contaminants. Interestingly, different types of n3 PUFA supplements can differentially affect 

the plasma n3 PUFA levels: DHA-only supplements were found to increase both plasma EPA 

and DHA levels [196–200], while EPA-only supplements elevated plasma EPA levels but not 

DHA levels [196,197,200]. Neither plasma EPA nor DHA levels showed an obvious rise with 

ALA-only supplementation [198,199], consistent with the low conversion rate. In generally 

healthy adults, plasma DHA content can vary from 7.2 µM to 237.5 µM [165,201], while after 

supplementation, plasma DHA levels can surge up to 588 µM (in obese females) [199]. 

The dietary intake recommendations for DHA in certain subpopulations should be 

accredited to its important role for functioning of the brain and retina. In our body, DHA is 

mainly found in the phospholipids of cell membranes, particularly in the brain and retina, and 

contributes greatly to membrane fluidity and certain cell signaling process. The accumulation 

of DHA in the brain starts during mid-to-late pregnancy until age 2 [202]. As a major structural 

constituent of the plasma membranes in the human central nervous system, DHA also 

participates in neural cell survival, functioning, and signal transmission [203]. Therefore, DHA 

offers protection against cognitive decline [204] and may improve cognitive function under 

certain circumstances [205,206]. In addition, DHA levels in the brain were found to be lower 

in patients with depression [207,208]. Together with EPA, DHA is essential for retinal health, 

especially in the prevention of age-related macular degeneration [209,210]. Also, DHA may 

play a role in skeletal muscle synthesis, metabolic syndrome, and cystic fibrosis [211–215]. 

Apart from the possible benefits in CVD as discussed and going to be discussed in more detail, 

DHA, as well as EPA, may act as a blood thinner and cautions should be taken when 

administrating it together with other anti-coagulants [169,216]. 

DHA and atherosclerosis 

 To date, most of clinical trials have focused on the effects of overall n3 PUFA or 

EPA+DHA as mentioned above (summarized in [185]). Despite the discouraging results from 

the STRENGTH trial, several recent meta-analyses [217–219], including a Cochrane review 
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[220], still demonstrated strong evidence of EPA+DHA’s protective effects against adverse 

CVD outcomes, even when taking the STRENGTH trial into consideration [218,219]. Again, 

the idea that EPA-only is more effective in this context is supported by some [218,221], most 

likely due to the great success of the REDUCE-IT trial, while others think more evidence is 

needed to draw a conclusion since the range and absolute amount of DHA doses used across 

the EPA+DHA studies are relatively small [217]. Clinical trials with more concentrated or even 

purified DHA at larger dosages may be needed to further address the debate. 

When searching for clinical trials focusing on DHA, only a handful are available as 

listed in Table 1, let alone those with purified DHA. Most of these trials are double-blind, 

randomized, and placebo-controlled with some using a crossover design, and can be considered 

as relatively high-quality evidence. However, they are not as large-scale as REDUCE-IT or 

STRENGTH, and only followed the participants for less than half a year. The effects of DHA 

on endothelial function were inconclusive due to the contradictory FMD results obtained in 

different studies [222–224]. In some other aspects of vascular health, DHA performed, if not 

better than, at least equally to EPA for decreasing blood pressure [225], being anti-thrombotic 

[222], and reducing inflammation [226,227]. In terms of effects on lipid and lipoprotein 

profiles, DHA consistently lowered TGs [197,224,228,229], even more than EPA in some 

cases [196,227]. The only study showing no change in TGs after intervention already had high 

n3 PUFA content in the background diet [223]. Compared to EPA, DHA also consistently 

raised the levels of HDL-cholesterol (HDL-C), the “good cholesterol” [196,223,224,227], and 

HDL2-C, a sub-class of HDL also inversely associated with CVD risk [197,228]. These results 

agree with another clinical study using different mixture of oils to create varying compositions 

of n3, n6, and n9 PUFA: only the DHA-rich canola oil group increased HDL-C after the 

intervention and had greatest decline in TGs among all other 4 groups [230]. Although DHA 

also increased the “bad cholesterol”, LDL-C [196,197,223,224,227–229], as mentioned earlier, 

it did not significantly change apoprotein B (ApoB, the main protein found on LDL) levels 

compared to EPA [196,227]. The ApoB level can be regarded as a superior indicator for CVD 

risk compared to LDL-C [231], and no difference was observed in this parameter between 

DHA and EPA interventions in other studies as well [185,217]. This may indicate that instead 

of an increase in number, the LDL particles may be shifted to a larger size in the DHA group, 

and larger LDL is believed to be less atherogenic [217,232]. Indeed, the increase in LDL 

particle size was reported in those trials as well [197,229,233,234]. Therefore, the controversies 

around DHA’s beneficial effects on CVD still skew strongly toward the positive side.  
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Some discrepancies in the results can be explained by other confounding factors and 

differences in study designs. While most recent meta-analyses and systemic reviews support 

the positive association between n3 PUFA (including DHA) and cardiovascular protection as 

mentioned above, some early meta-analyses concluded there was no significant association 

[235,236]. All studies included in these 2 meta-analyses used EPA and/or DHA up to 1.8 g/day, 

considerably lower than the 3 to 4 g/day dosage used in the studies shown in Table 1. Indeed, 

dosage is one important factor affecting the final outcome of a clinical trial, as pointed out by 

Casula et al. [221]. The effective dose of DHA for various conditions, however, remains largely 

debatable. And unlike EPA, currently there is no prescription formulation that is DHA-only. 

Thus, understanding the mechanisms of action of DHA’s cardioprotective effects becomes 

important and fundamental for resolving these controversies. 
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Table 1. List of randomized clinical trials investigating the effects of DHA, instead of combinations of n3 PUFA, on CVD (in chronological 

order).1 

Treatment Dosage Duration Outcomes Subjects Ref 

DHA or EPA or 

Placebo (corn oil) 

~4 g/day each, 

highly purified2 

7 wks Only DHA increased HDL-C and the DHA group had 

a greater reduction in TG. Only EPA decreased TC. 

224 healthy 

nonsmoking men 

[196] 

DHA or EPA or 

Placebo (olive oil) 

~4 g/day each, 

highly purified2 

6 wks Only DHA decreased ambulatory BP and HR; 

increased LDL-C & LDL particle size, HDL2-C, FBF, 

and dilator responses; & attenuated constrictor 

responses. Both EPA and DHA decreased TG but had 

no effect on TC. 

56 overweight & 

mildly 

hyperlipidemic men 

[197,225,

237] 

DHA or EPA or 

Placebo (olive oil) 

~4 g/day each, 

highly purified2 

6 wks No change in glycemic parameters (fasting insulin, 

glycated hemoglobin etc.) or FMD. DHA group had a 

greater increase in HDL2-C. Only DHA increased 

LDL particle size, decreased collagen aggregation and 

collagen-stimulated thromboxane release. 

Hypertensive and 

type 2 diabetes: 39 

men & 12 

postmenopausal 

women 

[222,228,

233] 

NCEP-II diet with 

DHA or Placebo 

(corn oil) 

6 g/day n3 PUFA 

in the diet + 1.2 

g/day DHA or 

corn oil 

6 wks 

each, 

crossover 

DHA supplementation increased FMD and TG was 

unchanged; DHA supplementation increased LDL-C 

& HDL-C. No change in biomarkers for oxidative 

stress & inflammation. 

20 hyperlipidemic & 

hypercholesterolemi

c children 

[223] 
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DHA oil from 

microalgae or 

Placebo (olive oil) 

7.5 g/day 

(contains 3 g/day 

DHA) 

90 days DHA decreased TG, large VLDL, IDL and VLDL 

size. DHA increased concentrations of LDL-C, small 

VLDL, large LDL and LDL particle size. DHA 

decreased RLP-C and inflammatory markers (IL-6 & 

CRP), and increased the RBC n-3 index and anti-

inflammatory MMP2.  

34 

hypertriglyceridemic 

men 

[226,229,

238] 

DHA in carrier oil 

or Placebo (olive 

oil) 

4 g/day 

(contains 1.6 

g/day DHA) 

16 wks DHA group had lower FMD, TG, VLDL, and a trend 

for higher LDL-C (p = 0.06) and HDL-C (p = 0.08).  

328 healthy younger 

adults (<40 years 

old) 

[224] 

EPA or DHA or 

Placebo (corn oil) 

~3 g/day each, 

highly purified2 

10 wks 

each, 

crossover 

DHA had greater effects than EPA on: decreased IL-

18, TG, & TC:HDL-C ratio; and increased 

adiponectin, HDL-C, LDL-C, LDL particle size, & 

both the catabolic rate and  production rate of the LDL 

ApoB100 fraction. Both DHA & EPA decreased CRP, 

IL-6, and TNFα. 

Otherwise healthy 

men (48) and women 

(106) with 

abdominal obesity & 

mild inflammation 

[227,234

] 

1Abbreviations: BP: blood pressure, HR: heart rate, FBF: forearm blood flow, TG: triglyceride, TC: total cholesterol, FMD: flow-mediated dilation, 

LDL: low density lipoprotein, HDL: high density lipoprotein, NCEP-II: National cholesterol education program II, VLDL: very low-density 

lipoprotein, IDL: intermediate density lipoprotein, RLP: remnant-like particle, IL: interleukin, CRP: C-reactive protein, RBC: red blood cell, MMP: 

matrix metalloproteinase, ApoB100: apolipoprotein B100, TNFα: tumor necrosis factor-α. 
2 Capsules used in those trials contained highly purified (>90%) preparations of EPA or DHA.  
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Mechanisms for the anti-atherogenic effects of DHA 

As an important bioactive molecule, DHA is able to bind various cell surface receptors 

and trigger signaling cascades, or bind intracellular nuclear receptors like PPARs, to regulate 

gene expression [165]. This DHA-modulated signaling may eventually lead to alterations in 

key metabolic pathways in our body. Fig. 2 summarizes the possible atheroprotective pathways 

through which DHA may operate in the three main cell types that are central to atherogenesis. 

In endothelial cells, as illustrated in Fig. 1, pro-inflammatory stimuli such TNFα are 

able to induce NF-κB signaling which leads to increased expression of its target genes, such as 

VCAM1 and ICAM1. Wang et al. [239] demonstrated in HAEC that DHA was able to attenuate 

those TNFα-induced adverse effects. To be specific, DHA inhibited TNFα-stimulated NF-κB 

signaling by downregulating the subsequent nuclear translocation of NF-κB via suppression of 

IKK and IκB phosphorylation. Translocation of TNFα-activated AP-1 was blocked by DHA 

as well. Moreover, DHA also decreased the protein levels of both NF-κB and AP-1 in response 

to TNFα treatment. All these changes led to less VCAM-1 and ICAM-1 expressed in DHA-

treated HAEC and reduced monocyte adhesion to the endothelial cells. In another human 

endothelial cell line, DHA was found to reverse the TNFα-dependent downregulation of NOS3 

expression [240]. This may be related to the TNFα-induced expression of MAPK14 (the gene 

encoding p38α MAPK) [240], since p38α MAPK can inhibit NOS3 promoter activity [241]. In 

addition, DHA was able to attenuate oxLDL-enhanced monocyte adhesion to endothelial cells, 

which can be largely attributed to NF-κB signaling as well [242]. As a ligand for PPAR 

activation, DHA can inhibit NF-κB activation via PPARs [243,244]. Also, DHA was found to 

inhibit ERK1/2 activation via FFA receptor 4 (FFAR4) [245], while ERK1/2 is upstream of 

NF-κB. The relation of endothelial NF-κB signaling and atherosclerosis is deliberate as 

demonstrated in vivo by Gareus et al [246] who showed that mice with endothelial-specific 

abolition of NF-κB signaling developed fewer atherosclerotic lesions. Since the NF-κB 

pathway is positively linked to atherosclerosis and can be inhibited by DHA, p38 MAPK, an 

upstream activator of NF-κB, should be inhibited by DHA as well. Intriguingly, however, early 

activation of p38 and ERK1/2 by DHA has been observed from 5 to 30 min after DHA 

treatment [6,247]. In addition, a second peak of p38 activation occurred 4 to 8 hours after DHA 

treatment in growing endothelial cells, but not in confluent quiescent cells [6]. As stimulation 

of FFAR1 can activate p38 MAPK [112], the activation of p38 MAPK by DHA may be 

partially mediated through FFAR1.  
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Macrophages are a key cell type contributing to the inflammatory response and 

atherosclerosis progression. There are two main phenotypes of macrophages: the M1 

macrophages that are classically activated and are pro-inflammatory and atherogenic, and the 

M2 macrophages that are alternatively activated and are anti-inflammatory and 

atheroprotective [248]. DHA exerted its anti-inflammatory effects in macrophages by 

inhibiting LPS-activated MAPK/NF-κB signaling and the expression of several pro-

inflammatory proteins, such as TNFα, IL-6, IL-1β, and iNOS [249,250]. Besides suppressing 

those M1 markers, DHA also upregulated the expression of IL-10 and transforming growth 

factor β (TGFβ) which favor M2 polarization, and as a result, potentiated macrophage 

efferocytosis—the removal of apoptotic cells by macrophages [250]. Enhanced efferocytosis 

by increased M2 polarization is critical in plaque regression [248]. PPARγ is required in the 

DHA-induced M2 polarization process but not in DHA’s suppression of M1 polarization and/or 

the expression of those pro-inflammatory proteins [250]. DHA was also found to inhibit TNFα-

induced expression of the Lectin-like oxLDL receptor-1 (LOX-1) and NADPH oxidase 2 

(NOX2) via PI3K in a human macrophage cell line, leading to reduced uptake of acLDL and 

less production of ROS [251]. LOX-1 is a critical transmembrane receptor for modified LDL. 

OxLDL is the most potent ligand for LOX-1 and it triggers a vicious cycle among oxLDL, 

LOX-1 and NF-κB, which can finally result in foam cell formation through NF-κB-induced 

inflammation and increased oxLDL update by macrophages [252]. LOX-1 is also expressed in 

endothelial cells and VSMC, contributing to ED and formation of foam cells, respectively. In 

endothelial cells, LOX-1 was found to activate RhoA thus inhibiting eNOS, promoting 

monocyte attachment via adhesive molecule production, and inducing apoptosis via ERK1/2 

and p38 MAPK signaling [252]. 

Apart from its anti-inflammatory effects, DHA can inhibit VEGF-induced activation of 

ERK1/2/eNOS signaling in HUVEC and prevent subsequent cell migration, probably via 

FFAR4 [253]. NO production by eNOS was found to be elevated by DHA in another study, 

concentration-dependently via induction of SIRT1 expression [254]. DHA-induced SIRT1 

expression was found to affect both the mRNA and protein levels in a concentration- and time-

dependent manner. And DHA may act through SIRT1 to deacetylate eNOS at its CaM-binding 

domain, hence increasing eNOS activity [254]. DHA was also able to attenuate palmitic-acid-

induced apoptosis and intracellular lipid droplet accumulation in endothelial cells [255]. These 

ameliorative effects of DHA are likely due to its transcriptional modulation of different genes. 

For example, pro-inflammatory and pro-apoptotic genes were inhibited by DHA treatment, 



 29 

while anti-apoptotic genes were activated, together with genes in lipid metabolism like APOA1 

(encoding apolipoprotein A1) and LPL [255]. 

Heme oxygenase-1 (HO-1, gene name: HMOX1) is another key player in DHA’s 

atheroprotective actions. HO-1 is an inducible isoform of HO, controlling the rate-limiting step 

of heme degradation, and is only expressed in high amounts as a cyto-protection mechanism 

when stimulated by pathological stress [256]. HO-1 plays an important role in preventing 

atherosclerosis and related CVD via its anti-inflammatory and anti-oxidative properties [257]. 

HMOX1 transcription requires binding of AP-1, NF-κB, and most importantly nuclear factor 

erythroid 2-related factor 2 (NRF2, a TF regulating the expression of anti-oxidative genes) to 

its proximal promoter region [256]. DHA was found to induce HMOX1 expression in a ROS-

dependent manner via NRF2 in both EC [258] and VSMC [259]. In EA.hy926 cells, DHA-

stimulated phosphorylation of PI3K/AKT, p38 MAPK, and ERK1/2 may induce NRF2 

translocation for HMOX1 transcription activation [258]. The upregulation of HO-1 inhibited 

the TNFα-stimulated NF-κB activity leading to less ICAM1 transcription and subsequent 

reduced immune cell adhesion to EC [258], and attenuated oxidative stress and apoptosis in 

VSMC [259].  

Moreover, in human aortic SMC, DHA can decrease INFγ-induced oxLDL uptake by 

downregulating the expression of a specific chemokine, C-X-C motif ligand 16 (CXCL16) 

[260]. TF signal transducer and activator of transcription 1 (STAT1) may be involved in this 

downregulation of INFγ-induced CXCL16 expression: INFγ usually activates STAT1 by 

phosphorylation and DHA was able to decrease STAT1 phosphorylation in the experiment 

[260]. Also, DHA can prevent the stimulation of rat SMC proliferation by reducing cyclin D1 

expression via inhibition of ERK1/2-dependent expression of early growth response factor-1 

(EGR-1, a TF involved in mitogenesis and cell differentiation) [261]. 

While DHA was found to regulate the transcriptional activities of many TFs in relation 

to its athero-protective effect as discussed above, the effect of DHA on other epigenetic 

components, such as histone and chromatin modulation, has not been studied extensively in 

the context of atherosclerosis yet. 
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This schematic was customized to show the various potential anti-atherogenic mechanisms that 

DHA can mediate as described in this section of the Literature Review. This custom-designed 

figure was prepared by S. Huang using Microsoft PowerPoint software.  

  

Figure 2. Possible pathways in the 3 major cell types through which DHA may exert its 

atheroprotective effects. 
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STUDY RATIONALE 
Endothelial cells are crucial for vasculature health, and dysfunction of endothelial cells 

predestines the onset of atherosclerosis [26]. Atherosclerosis can be viewed as an epigenetic 

disease with multi-tier epigenetic and transcriptional regulatory mechanisms influencing its 

progression [52,53]. And these systems can be heavily modulated by dietary factors including 

DHA. Although generally recognized as anti-atherogenic, DHA supplementation together with 

EPA showed limited health benefits in CVD management in some randomized clinical trials 

compared to pure EPA therapy [186,187,189]. The solution to these controversies around DHA 

as an aid for prevention and management of atherosclerosis may lie in better understanding its 

mechanisms of action. Previous investigations of the epigenetic and transcriptional controls of 

atherosclerosis revealed several important players including MAPKs and NF-κB [61,110,246]. 

Furthermore, NF-κB can be activated by the MAPK/MSK pathway [262]. DHA is known to 

repress stimulus-induced NF-κB activity [239,242]. For the activation of MAPKs, however, 

DHA has contradictory effects [245,247], especially for p38 MAPK where DHA’s effects are 

growth-state-, concentration-, and time-dependent in EA.hy926 cells [6]. The differential 

activation pattern of p38 MAPK by DHA may be the clue to DHA’s anti-atherogenic effects 

in endothelial cells along with the NF-κB signaling axis. The link between p38 MAPK and NF-

κB signalling pathways upon DHA stimulation, however, has not been validated or studied in 

detail. In addition, few studies have investigated the epigenetic effects of DHA in endothelial 

cells to determine how they might contribute to the atheroprotective effects of DHA. 
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HYPOTHESIS 
The overarching hypothesis, as the title suggests, is that DHA exerts its anti-atherogenic 

effects via epigenetic and transcriptional mechanisms. Specifically, it is hypothesized that 

DHA acts through p38 MAPK/NF-κB signalling to promote an atheroprotective state in 

endothelial cells. Additionally, it is hypothesized that the beneficial effects of DHA involve 

modification of RelA and modulation of other TF and/or histone marks along the p38 

MAPK/MSK/NF-κB signalling axis, such as CREB and histone H3. 

OBJECTIVES 
1. To validate the link between p38 MAPK/NF-κB signalling in response to DHA in vitro 

in different endothelial cell growth states using EA.hy926 cells as the model; 

2. To assess the effects of DHA on eNOS and cell cycling under different endothelial 

growth states, and determine whether p38 MAPK/NF-κB signaling is involved in the 

responses;  

3. To determine whether DHA can modulate CREB activity and histone H3 modification 

via p38 MAPK/MSK signalling.   
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MATERIAL AND METHODS 

Cell culture 

EA.hy926 endothelial cells (ATCC, CRL 2922) were cultured in Dulbecco’s modified 

Eagles’ medium (DMEM, Gibco, #12100046) supplemented with 20 mM 4-(2-hydroxyethyl)-

1-piperazineethanesulfonic acid (HEPES, Millipore, #391340), 100 units/mL 

penicillin/streptomycin (Gibco, #15140163), and 10% fetal bovine serum (FBS, Hyclone, 

#SH30071). The cells were incubated at 37 ºC in a humidified 5% CO2 atmosphere, and were 

sub-cultured once ~80% confluency was reached. Only cells within passage 20 were used for 

subsequent treatments. 

To obtain quiescent cells, EA.hy926 endothelial cells must be cultured on MG-coated 

dishes and plates [5]. Growth factor reduced MG (Corning®, #356231) was diluted in cold 

serum-free DMEM before adding onto pre-chilled well-plates at a concentration of ~99.3 

µg/cm2. A total of 2 mL DMEM+MG mixture for 12-well plates or 3 mL for 6-well plates was 

added into each well gently and then allowed to set at room temperature for at least 1 h. Then, 

the media was removed and the wells were washed twice with serum-free DMEM before cell 

seeding at 9000 cells/cm2. Taking the seeding day as day 0, the cells would reach confluency 

at day 8 and become quiescent at day 10 according to previous findings in our lab [5]. 

Cell treatment 

 For DHA and inhibitor treatment, sub-confluent cells at day 4 were used as growing 

cells, while cells at day 10 were quiescent cells as mentioned. DHA (Cayman, #90310) was 

first diluted 10-fold with ethanol, then bound to 5% fatty-acid-free bovine serum albumin (BSA, 

Roche, #10775835001) dissolved in phosphate-buffered saline (PBS) with another 10-fold 

dilution. Then this BSA-bound DHA was added directly into each well at the indicated 

concentrations. Ten-fold diluted 5% BSA-PBS in ethanol was used as a vehicle control (VC) 

and the volume added to the cells matched to the highest concentration of DHA of that 

particular set. p38α/β MAPK-specific inhibitor SB202190 (Tocris, #1264), MSK inhibitor 

SB747651A (Tocris, #4630), and CREB-CBP interaction inhibitor (CCII, Calbiochem. 

#217505), if used, were dissolved in dimethyl sulfoxide (DMSO) as a 1000× concentrated 

stock solution and added 30 min prior to DHA treatment at final concentrations of 1 µM [263], 

5 µM [264], and 20 µM [265], respectively. An appropriate volume of DMSO was added to 

the VC well as well. Cells were harvested after the indicated treatment time was reached. At 

least 3 independent experiments were performed for each condition. 
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Western blotting 

The activation and total levels of the proteins of interest were quantified by the classic 

method, Western blotting. The activation state of a protein was expressed as the band intensities 

of its key PTM normalized to those of its total protein, while the total levels of a protein were 

expressed as its total protein normalized to the total protein load measured by Ponceau S 

staining [266,267]. 

Protein extraction and quantification 

 Cells grown on MG-coated 12-well plates were lysed directly on the plate by addition 

of 100 µL of 2× sample buffer (2×SB: 125 mM Tris-HCl pH 6.8, 2% sodium dodecyl sulphate 

(SDS), and 20% glycerol) to extract protein. The cell lysates were collected in 0.6 mL 

microfuge tubes and then sonicated (Sonic dismembrator Model 100, Thermo Fisher) for about 

3 seconds with the intensity node turned to 1, cooled on ice, and stored at -20 ºC until used.  

Protein was quantified using the bicinchoninic acid (BCA) assay kit (Pierce, 23225) 

according to the manufacturer’s protocol. Briefly, 10 µL of standards (diluted from stock 2.0 

mg/mL BSA in the kit with 2×SB to 0.2, 0.4, 0.6, 0.8, and 1.0 mg/mL), samples (undiluted for 

Day 4; 2× diluted for Day 10), and blank (2×SB) were added in duplicate into a 96-well plate 

(NUNCTM, #167008), followed by 200 µL of reaction mixture (mixing Reagent A and B at 

50:1 ratio). The reaction plate was covered with a lid and sealed with parafilm and then 

incubated at 37 ºC for 30 min before reading with a FLUOstar Omega plate reader (BMG 

LABTECH) at 550 nm. The total protein amount in each cell lysate was calculated with 

reference to the BSA standard curve. 

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and transfer 

 Protein samples for loading were prepared as follows: aliquoting out 15 µg of protein 

from respective cell lysates, topping up to a total volume of 20 µL with 2×SB, adding 1 µL of 

sample loading dye (1:1 mixture of 10% bromophenol blue (w/v) and 2-mercaptoethanol), and 

boiling for 5 min. Then, 7%, 10% or 14% separating gels and 5% stacking gels were prepared 

according to Table 2 in a triple-wide glass cassette with a 63-well comb. Once the gels were 

set, the glass cassette was assembled onto the electrophoresis system (CBS Scientific, #MGV-

202-33), and the prepared protein samples from 3 independent experiments of that set were 

loaded into the wells together with a protein ladder (Froggabio, #PM007). Only one gel was 

run at one time in 1× running buffer (25 mM Tris, 192 mM glycine, and 0.1% SDS) at 75 mA 

for approximately 90 to 100 min until the dye front reached the bottom of the gel. 
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When the run was completed, the glass cassette was carefully separated to expose the 

gel inside. Then only the separating gel was gently transferred onto a pre-wetted sponge 

pad/filter paper half sandwich. A proper-sized polyvinylidene difluoride (PVDF) membrane 

(Roche, #03010040001) was pre-treated with 100% methanol for at least 1 min before placing 

it onto the gel. Then the transfer sandwich was finished with another layer of filter paper and 

sponge pad. This sandwich was locked inside the gel transfer cassette after bubbles were 

carefully removed with a roller layer by layer. The cassette was placed into a transfer tank filled 

with 1× transfer buffer (25 mM Tris, 192 mM glycine, and 20% methanol) and ice pads. The 

whole blotting system (CBS Scientific, #EBU-302) was then placed onto a magnetic stirrer at 

4 ºC for constant stirring while transferring at 100 V for 75 min. 

Table 2. Recipe for triple-wide separating and stacking gels. 

Separating 

20% 

Acrylamide* 

(mL) 

H2O 

(mL) 

1.5 M Tris-

HCl, pH 8.8 

(mL) 

10% 

SDS 

(µL) 

10% 

APS* 

(µL) 

TEMED* 

(µL) 

7% 7 8.3 4.5 200 200 16 

10% 10 5.3 4.5 200 200 16 

14% 14 1.3 4.5 200 200 16 

Stacking 

20% 

Acrylamide 

(mL) 

H2O 

(mL) 

0.5 M Tris-

HCl, pH 6.8 

(mL) 

10% 

SDS 

(µL) 

10% 

APS 

(µL) 

TEMED 

(µL) 

5% 2 3.75 2 80 80 20 

*: 2× diluted from 40% Acrylamide: Bis-Acrylamide 29:1 (Fisher, #BP1408); APS = 

ammonium persulfate (Bio-Rad, #1610700), TEMED = N,N,N’,N’-

tetramethylethylenediamine (MP Biomedicals # 805615) 

Immunoblotting 

The PVDF membrane (referred to as the blot hereby) was removed from the transfer 

sandwich immediately after completion, and was washed once with 1× Tris-buffered saline 

with Tween-20 (TBST, 20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.05% Tween-20) before 

staining with Ponceau S (VWR, 82009-945) for at least 2 min. The stained blot was rinsed 

gently with 1×TBST twice and then imaged on a ChemiDoc imaging system (Bio-Rad). After 

the Ponceau S stain was washed away from the blot with 1×TBST (3 × 5 min), the blot was 

blocked with 3% BSA-TBST for at least 1 h on a shaker at room temperature. All primary 
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antibodies were diluted in 3% BSA-TBST as shown in Table 3, and applied to the blot, 

allowing for probing overnight at 4 ºC on a rocker. The following day, the blot was washed 5 

times for 5 min each time with 1×TBST. Then, the blot was probed with a corresponding 

secondary antibody (diluted in 1% BSA-TBST as indicated in Table 3) for 1 h at room 

temperature with shaking. The blot was washed with 1xTBST (5 × 5 min). An appropriate 

amount of Western blotting chemiluminescent substrate (Immobilon Crescendo Western HRP 

(horseradish peroxidase) substrate, Millipore, # WBLUR0500; or SignalFire™ Plus ECL 

(enhanced chemiluminescence) Reagent, Cell Signaling, #12630) was applied to the blot. The 

blot was incubated in the substrate for 1 min in the dark, and then immediately imaged on the 

ChemiDoc. Then, all acquired images were analyzed with Image Lab software (Bio-Rad) for 

band intensity quantification according to the manufacturer’s instruction. For normalization, 

Table 3. List of antibodies used. 

Primary antibody Supplier Catalog # Dilution Secondary antibody 

p-p38 MAPK (Thr-

180/Tyr-182) 

Cell Signaling 9211 1:1000 Rabbit, 1:10,000 

p38 MAPK Cell Signaling 9212 1:1000 Rabbit, 1:10,000 

p-eNOS (Ser-1177) Cell Signaling 9571 1:1000 Rabbit, 1:10,000 

eNOS Cell Signaling 9572 1:1000 Rabbit, 1:10,000 

p-MSK1 (Ser-376) Cell Signaling 9591 1:1000 Rabbit, 1:10,000 

p-MSK1 (Thr-581) Cell Signaling 9595 1:1000 Rabbit, 1:10,000 

MSK1 Cell Signaling 3489 1:1000 Rabbit, 1:10,000 

p-RelA (Ser-536) Cell Signaling 3036 1:1000 Mouse, 1:10,000 

p-RelA (Ser-276) Cell Signaling 3037 1:1000 Rabbit, 1:10,000 

RelA (acetyl Lys-310) Abcam ab19870 1:750 Rabbit, 1:10,000 

RelA Cell Signaling 8242 1:1000 Rabbit, 1:10,000 

p-CREB (Ser-133) Cell Signaling 9198 1:1000 Rabbit, 1:10,000 

CREB Cell Signaling 9197 1:1000 Rabbit, 1:10,000 

p-Histone H3 (Ser-10) Epigenetek C10014-1 1:1000 Rabbit, 1:10,000 

p-Histone H3 (Ser-28) Epigenetek C10014-1 1:1000 Rabbit, 1:10,000 

Histone H3 Cell Signaling 9717 1:1000 Rabbit, 1:10,000 

p-Cyclin D1 (Thr-286) Cell Signaling 3300 1:1000 Rabbit, 1:10,000 

Cyclin D1 Cell Signaling 2926 1:1000 Mouse, 1:10,000 
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the “total lane protein” mode was selected if analyzing a blot probed for a total protein and 

normalized to the Ponceau S blot, while the “housekeeping protein bands” mode was selected 

if analyzing a blot probed for a specific PTM of that protein and normalized to that total protein 

blot. Outputs from the software were exported into a Microsoft Excel file for documentation 

and further statistical analysis. 

Membrane stripping 

If the blot was to be probed for another antibody (usually the total protein antibody of 

the PTM previously probed), after imaging, the blot would be washed once with 1×TBST and 

stripped with 50 mL stripping buffer (0.2 M glycine-HCl, pH 2.0, 1% SDS, supplemented with 

400 µL 2-mercaptoethanol before use) for 15 min at room temperature on a shaker. Then, the 

blot was washed immediately with 1×TBST for at least 5 × 5 min, until the odour disappeared. 

The blot was then be blocked and probed again or stored in 1×TBST at 4 ºC until needed. Each 

blot was only stripped 2 times at most. 

Cell cycle analysis by flow cytometry  

Measuring the DNA content in a cell is the most common approach to determining the 

stage of the cell cycle: DNA starts to replicate during S phase until it finishes doubling and 

reaches the G2 phase; the DNA content is held at double the amount throughout G2 and M 

phase; once mitosis finishes, DNA content returns to the usual amount with the daughter cells 

starting in G0/G1 phase again [268]. DNA can be stained with fluorescent dyes, and since 

fluorescence intensity corresponds well with DNA content, the fluorescent signal can thereby 

be used to determine the cell cycle stage. One of the most commonly used DNA dyes for flow 

cytometry is propidium iodide (PI), and the method developed by Tate et al. [269] was adopted. 

Ethanol fixation 

Cells grown on MG-coated 6-well plates were treated as indicated and harvested with 

trypsinization. The resulting cell suspensions were centrifuged at 760 ×g for 5 min, the 

supernatant was removed, and the cell pellets were re-suspended with 75% ethanol-PBS (5 mL 

per well per treatment per tube) and allowed to fix for at least 2 h. Pipetting was carefully done 

while suspending cells to achieve a single cell suspension. The cells in ethanol were stored at 

4 ºC for at most 1 week until the next stage of DNA staining and flow cytometry analysis.  
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DNA staining 

On the day of analysis, the cells were centrifuged at 300 ×g for 5 min at room 

temperature to remove the ethanol. Then, the cell pellets were washed once with cold 1×PBS 

before being resuspended in 0.5 mL PI solution (50 µg/mL PI (Sigma, #P4864), 4 mM Na 

citrate, 0.1% Triton X-100 (Sigma, T8787), 50 µg/ml RNase A (NEB, T3018L), pH adjusted 

with NaOH to 7.8). The cells were incubated in the dark for 10 min at 37 ºC, and 50 µL of 1.38 

M NaCl was added to the 0.5 mL solution in each tube immediately after incubation. A single 

cell suspension was prepared by careful pipetting, and the cells were ready for flow cytometry.  

Flow cytometry 

Flow cytometry was done at the University of Manitoba Flow Cytometry Core Facility 

on a CytoFlex LX Digital Flow Cytometry Analyzer 4 Laser System (Beckman Coulter). A 

488 nm laser and fluorescent channel 610/20 BP (mirror/filter) were selected to excite the 

DNA-PI dye complex and to detect the fluorescent signal in the 600 to 620 nm range, 

respectively. Data acquisition and cell cycle distributions were done inside the CytExpert 

software (Beckman Coulter) by the built-in algorithm. Histograms with population hierarchy 

data were displayed and exported for further statistical analysis.   

Statistical analysis 

The data for each experiment were collected from 3 independent biological replicates 

(i.e. 3 different passages of cell culture), with no technical replicates within each passage. All 

data were analyzed using IBM SPSS statistics version 27 (IBM Corp.) and plotted as means ± 

standard error of the mean (SEM) using GraphPad Prism version 9.0 (GraphPad software). 

Outliers were identified as those outside the range of mean ± 2.5 standard deviation of that data 

set and were removed prior to analysis. If the data were not normally distributed, log 

transformation was performed on those data sets before subjecting them to ANOVA. One-way 

ANOVA followed by post-hoc testing with Duncan’s multiple range test (for homogenous data 

sets) or Dunnett’s test (for non-homogenous data sets) was used for DHA concentration curve 

data and for time course data. For data studying the combined effects (interactions) of DHA × 

inhibitor, DHA × growth state, or DHA × time, two-way ANOVA followed by pair-wise mean 

comparison with Bonferroni correction was employed. Statistical significance was set at p < 

0.05, except that an interaction in a two-way ANOVA was considered significant at p < 0.1. If 

there was a trend, it is indicated in the Results text, and defined as a p value is between 0.05 

and 0.1 for post-hoc testing or pair-wise mean comparisons. 
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RESULTS 

DHA regulated eNOS activation and total levels 

It was previously reported by our the lab that DHA, but not other fatty acids, activated 

p38 MAPK differently in growing and quiescent EA.hy926 endothelial cells [6]. Since there is 

evidence that p38 MAPK can regulate eNOS activity in endothelial cells [270], it is plausible 

that DHA via p38 MAPK may be able to modulate the activity of eNOS. If this is the case, 

then DHA may have an atheroprotective effect. To evaluate this possibility, it was first 

necessary to establish the concentration and time course of eNOS activation in response to 

DHA treatment for both cell growth states. This information was required to provide the best 

combination of concentration and treatment time needed for the subsequent assessments.  

Both growing and quiescent EA.hy926 cells were treated with varying concentrations 

of DHA for time periods extending to 24 h. Western blotting was subsequently used to examine 

the relative levels of total eNOS and p38 MAPK as well as their activated (phosphorylated) 

forms, and the blots are shown in Fig. 3, panels A-F. Visual inspection of these data indicates 

that there are transient increases in both p-eNOS and p-p38 MAPK in response to DHA, 

however, these responses are different when growing (Fig. 3A-C) and quiescent (Fig. 3D-F) 

cells are compared. Quantification of the band intensities and subsequent normalization versus 

the controls (total eNOS and p38 MAPK) enabled the data to be examined graphically (Fig. 

3G-R). Time course treatment with 125 µM DHA revealed that eNOS was maximally activated 

at 2 h but suppressed at 16 and 24 h relative to the untreated control in growing cells (Fig. 3G), 

while p38 MAPK was transiently activated at the early (30 min) time point and was activated 

at a second, later (more than 8 h) treatment time (Fig. 3H). In contrast, neither eNOS nor p38 

MAPK was significantly activated in quiescent cells under the same conditions (Fig. 3I & J). 

Interestingly, in growing cells, DHA did not have a demonstrable impact on eNOS activation 

(Fig. 3K), while DHA concentration-dependently activated p38 MAPK (Fig. 3L). In quiescent 

cells, however, eNOS was activated only with 20 µM DHA (Fig. 3M), while p38 MAPK 

activation was only at higher DHA concentrations (125 and 150 µM) (Fig. 3N). Further 

examination of the time course with 20 µM DHA revealed that, in growing cells, eNOS was 

activated after 2 h of treatment except at 8 h (Fig. 3O), while p38 MAPK remained activated 

to the 16 h time point (Fig. 3P). In quiescent cells, however, eNOS was activated at 8 h only 

(Fig. 3Q), and p-p38 MAPK was elevated only at 10 min compared to 2 – 24 h (Fig. 3R). Since 

8 h is also the late activation timepoint for p38 MAPK in growing cells (Fig. 3H) but not in 

quiescent cells, this treatment time was selected for subsequent experiments for the 20 and 125 
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µM concentrations. In general, there is an inverse relationship between eNOS activation and 

p38 MAPK activation by DHA. 
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Growing and quiescent EA.hy926 cells were treated with various concentrations of DHA for 

different durations and Western blotting was used to measure p-eNOS (Ser-1177), total eNOS, 

p-p38MAPK (Thr-180/Tyr-182) and total p38MAPK. Panels A-C show Western blot data for 

3 biological replicates per indicated treatment (A=time course with 125 µM DHA; B=DHA 

concentration titration for 8 h; C=time course with 20 µM DHA) for both eNOS (total and 

phosphorylated) and p38MAPK (total and phosphorylated) in growing cells, while panels D-F 

show the same in quiescent cells. The p-eNOS and p-p38MAPK band intensities 

(representative of eNOS and p38MAPK activation, respectively) were quantified  and are 

graphically presented relative to the respective total eNOS and p38MAPK controls in panels 

G & H (time course with 125 µM DHA in growing cells), I & J (time course with 125 µM 

DHA in quiescent cells), K & L (DHA concentration titration for 8 h in growing cells), M & 

N (DHA concentration titration for 8 h in quiescent cells), O & P (time course with 20 µM 

DHA in growing cells), and Q & R (time course with 20 µM DHA in quiescent cells), 

respectively. In panels G-R, the data are presented as means ± SEM (n=3). Different symbols 

denote statistical significance (p < 0.05) between different treatment conditions as indicated 

inside the graph. Ctl: vehicle control with 0 µM DHA treatment. The band intensity data for 

Ctl and 8 h treatments were used for both DHA concentration titration for 8 h and 20 µM DHA 

time courses (B & C, and E & F), since the samples were identical for these conditions and 

included on the same blot.

Figure 3. Effect of DHA and growth state on the activation of eNOS and p38 MAPK in 

EA.hy926 cells. 
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It was also observed that total eNOS bands at 8 h to 24 h were fainter than the control 

bands (Fig. 3A and 3D), leading to speculation that DHA may affect total eNOS levels in 

endothelial cells as well. This was confirmed by comparing the total eNOS level against total 

protein load as defined by Ponceau S staining (Fig. 4). Visual inspection of the total eNOS blot 

showed that the 125 µM DHA bands were much fainter compared to 0 µM and 20 µM DHA, 

especially in quiescent cells (Fig. 4A), which was validified by quantification of the band 

intensities (Fig 4B). However, this concentration effect of DHA on eNOS expression was 

similar in both growth states. Nevertheless, cell growth state alone was found to affect total 

eNOS levels, which has not been reported by others yet. Quiescent cells had average eNOS 

levels that were about 1.5-fold higher relative to those of growing cells (Fig. 4B). 
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Growing and quiescent EA.hy926 cells were treated with 0, 20, and 125 µM DHA for 8 h and 

Western blotting was used to measure total eNOS relative to total protein load (Ponceau S 

staining). The blots (A) show 3 biological replicates per treatment. The total eNOS band 

intensities were quantified and are graphically presented in panel B relative to total protein 

load. Data are presented as means ± SEM for the main effects of growth state (n=9) and DHA 

concentration (n=6). Different symbols denote statistical significance (p < 0.05) between 

different treatment conditions as indicated in the graph.  

  

A 

B 

Figure 4. Effect of DHA and growth state of endothelial cells on total eNOS levels. 
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After determining the concentrations of DHA and duration of treatment used in the 

subsequent experiments, SB202190, a p38α/β specific inhibitor [56], was employed to validate 

p38 MAPK’s involvement in the modulation of eNOS by DHA. For this experiment, growing 

(Fig. 5) and quiescent (Fig. 6) cells were treated with DHA for 8 h in the presence and absence 

of the p38α/β inhibitor.  

In growing cells, treatment with 20 and 125 µM DHA showed no sign of activating 

eNOS at 8 h compared to the 0 µM DHA treatment (Fig. 5B), consistent with the DHA 

concentration titration for 8 h as in Fig. 3K. When p38α/β was inhibited, however, a high 

concentration of DHA (125 µM) drastically augmented p-eNOS levels (Fig. 5A & B). The p38 

MAPK inhibition seemed not to affect eNOS activation at other DHA concentrations (20 and 

40 µM). For total eNOS levels, similar to what is visible in Fig. 4A, fainter total eNOS bands 

were observed in the 125 µM DHA treated samples compared to band intensities for other 

treatment (Fig. 5A), although this did not reach statistical significance (Fig. 5C). On the other 

hand, DHA at 20 µM significantly increased total eNOS levels in growing cells compared to 0 

and 125 µM DHA (Fig. 5C). 

 In quiescent cells, DHA treatment without p38 MAPK inhibition at all 3 concentrations 

(20, 40, and 125 µM) did not activate eNOS compared to the vehicle control (0 µM DHA) (Fig. 

6B), inconsistent with the DHA concentration titration results for 8 h as shown in Fig. 3M in 

which 20 µM DHA significantly activated eNOS compared to 0 µM DHA. The large variation 

in band intensities among the 3 independent experiments should have likely affected detection 

of statistical significance in this case, thus causing this inconsistency. Nevertheless, the average 

levels of p-eNOS with 20 µM DHA was still substantially higher (about 2.7-fold) than that of 

vehicle control (Fig. 6B). When p38α/β was inhibited, eNOS was activated tremendously in 

the absence of DHA, and this activation was largely prevented by DHA treatment at both 40 

µM and 125 µM, with a trend (p = 0.058) for ~ 60% less activation in the presence of 20 µM 

DHA (Fig. 6A & B). Although visual examination of the blots of total eNOS did not show 

obvious patterns (Fig. 6A), quantification of the bands did reveal similar results to those in 

growing cells (Fig. 6C vs Fig. 5C): the increase in total eNOS levels by 20 µM DHA treatment 

were attenuated by p38α/β inhibition. Furthermore, in the absence of the inhibitor, 125 µM 

DHA significantly lowered total eNOS levels compared to 20 µM DHA (Fig. 6C). 

 In case the huge differences in band intensities overshadowed some details, the effect 

of p38α/β inhibition on eNOS only was examined separately (Fig. 7). Using this approach, it 

was obvious, both by visual examination of the blots (Fig. 7A) and after quantification (Fig. 

7B), that while p38 inhibition activated eNOS in quiescent cells as shown in Fig. 6A & B, p38 
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inhibition suppressed eNOS activation in growing cells. The main effect for growth state was 

significant for total eNOS levels (Fig. 7C), with quiescent cells having more ~ 1.7-fold higher 

levels of total eNOS compared to growing cells, matching the observations in Figs. 4 to 6. 

Taken together, the effect of DHA on eNOS activation is p38 MAPK-dependent, both 

in terms of concentration and growth-state. While decreasing total eNOS levels at high 

concentration (125 µM), DHA at 20 µM elevated total eNOS levels instead. This 

concentration-dependent effect of DHA on eNOS protein levels was not dependent on p38 

MAPK, except for the 20 µM DHA treatment in quiescent cells.  
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Growing EA.hy926 cells were exposed to 0, 20, 40, and 125 µM DHA for 8 h with or without 

the p38 MAPK inhibitor, SB202190 (1 µM). Western blotting was used to measure p-eNOS 

(Ser-1177) and total eNOS, while Ponceau S staining provided total protein load. The blots (A) 

show 3 biological replicates per treatment. The p-eNOS band intensities (representative of 

eNOS activation) were quantified and are graphically presented in panel B relative to total 

eNOS band intensity. Likewise, the total eNOS band intensities were quantified and are 

graphically presented in panel C relative to total protein load. Data are presented as means ± 

SEM (n=3). Different symbols denote statistical significance (p < 0.05) between different 

treatment conditions as indicated in the graph. Inh: inhibitor.  

A 

B 

C 

Figure 5. Effect of DHA and p38 MAPK inhibition on eNOS activation in growing cells. 
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Quiescent EA.hy926 cells were exposed to 0, 20, 40, and 125 µM DHA for 8 h with or without 

the p38 MAPK inhibitor, SB202190 (1 µM). Western blotting was used to measure p-eNOS 

(Ser-1177) and total eNOS, while Ponceau S staining provided total protein load. The blots (A) 

show 3 biological replicates per treatment. The p-eNOS band intensities (representative of 

eNOS activation) were quantified and are graphically presented in panel B relative to total 

eNOS band intensity. Likewise, the total eNOS band intensities were quantified and are 

graphically presented in panel C relative to total protein load. Data are presented as means ± 

SEM (n=3). Different symbols denote statistical significance (p < 0.05) between different 

treatment conditions as indicated in the graph. Inh: inhibitor.  

A 

B 

C 

Figure 6. Effect of DHA and p38 MAPK inhibition on eNOS activation in quiescent cells. 
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Growing and quiescent EA.hy926 cells were treated with or without the p38 MAPK inhibitor, 

SB202190 (1 µM). Western blotting was used to measure p-eNOS (Ser-1177) and total eNOS, 

while Ponceau S staining provided total protein load. The blots (A) show 3 biological replicates 

per treatment. The p-eNOS band intensities (representative of eNOS activation) were 

quantified and are graphically presented in panel B relative to total eNOS band intensities. The 

total eNOS band intensities were quantified and are graphically presented in panel C relative 

to total protein load. Data are presented as means ± SEM (n=3). The asterisk denotes statistical 

significance (p < 0.05) between different treatment conditions as indicated in the graph. Ctl: 

vehicle control without inhibitor treatment; Inh: inhibitor.  

A 

B 

C 

Figure 7. Effect of growth state of endothelial cells and p38 MAPK inhibition on eNOS 

activation and total protein levels. 
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To explore other possible mediators along the p38 MAPK/NF-κB axis for DHA’s 

atheroprotective effects, MSK was considered a good candidate since it can be directly 

activated by p38 MAPK, which gives it the capacity to phosphorylate NF-κB. SB747651A is 

a potent inhibitor for MSK [264]. If the eNOS response to DHA after MSK inhibition is similar 

to that after p38 MAPK inhibition as shown above, it is highly likely that DHA’s effect on 

eNOS is transduced via p38 MAPK/MSK to NF-κΒ.  

 To examine the involvement of MSK, EA.hy926 cells were treated with or without 

SB747651A prior to DHA treatment, the same as was done with p38 MAPK inhibition. In 

growing cells (Fig. 8), it is obvious from the blots that MSK inhibition reduced p-eNOS levels 

and there were fainter total eNOS bands in response to 125 µM DHA compared to other 

conditions (Fig. 8A). As determined by densitometry analysis, no effect was observed due to 

DHA, while MSK inhibition suppressed eNOS activation (Fig. 8B). However, neither DHA 

treatment nor MSK inhibition was found to affect total eNOS levels as in Fig. 8C. 

 In quiescent cells (Fig. 9), similar to what was observed in growing cells (Fig. 8A), 

visual examination of the blots showed that MSK inhibition downregulated p-eNOS levels, 

and fainter total eNOS bands at 125 µM DHA were seen compared to other conditions (Fig. 

9A). Densitometric analysis revealed that DHA significantly activated eNOS at all 3 

concentrations compared to the vehicle control, while MSK inhibition suppressed this DHA-

induced eNOS activation at 20 and 40 µM DHA only (Fig. 9B). At 125 µM DHA, however, 

MSK inhibition did not downregulate p-eNOS levels, and eNOS remained activated compared 

to 0 and 20 µM DHA with MSK inhibitor treatment (Fig. 9B). For total eNOS levels in the 

absence of inhibitor (Fig. 9C), again, 125 µM DHA decreased eNOS protein levels, compared 

to both the control and 20 µM DHA treatment. Moreover, DHA at 40 µM also downregulated 

total eNOS levels when there was no inhibition. Surprisingly, the MSK inhibitor also reduced 

eNOS protein levels, slightly but significantly, in the absence of DHA treatment (0 µM) in 

quiescent cells. This reduction of total eNOS levels by MSK inhibition when compared to 

respective DHA-alone treatment, however, was not observed in the presence of DHA. On the 

other hand, the MSK inhibitor in combination with 125 µM DHA reduced total eNOS protein 

levels compared to MSK inhibition alone. 

 Overall, MSK was required for eNOS activation by DHA in both growth states but in 

different manners. And MSK was needed for basal eNOS expression in quiescent cells. 

However, the eNOS response patterns to p38 MAPK inhibition (Fig. 5 & 6) and MSK 

inhibition (Fig. 8 & 9) in conjunction with DHA treatment were not the same, and in some 

instances the responses were directly opposite (e.g. Fig. 6B vs Fig. 9B for quiescent cells). 
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Thus, although DHA can also mediate eNOS activation and expression via MSK as well as 

p38 MAPK, these two kinases operated separately when signaling to eNOS in response to DHA.  
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Growing EA.hy926 cells were treated with 0, 20, 40, and 125 µM DHA for 8 h with or without 

the MSK inhibitor, SB747651A (5 µM). Western blotting was used to measure p-eNOS (Ser-

1177) and total eNOS, while Ponceau S staining provided total protein. The blots (A) show 3 

biological replicates per treatment. The p-eNOS band intensities (representative of eNOS 

activation) were quantified and are graphically presented in panel B relative to total eNOS band 

intensity. Likewise, the total eNOS band intensities were quantified and are graphically 

presented in panel C relative to total protein load. Data are presented as means ± SEM (n=3). 

The asterisk denotes the statistically significant (p < 0.05) main effect of MSK inhibition. Inh: 

inhibitor.  

B 

C 

A 

Figure 8. Effect of DHA and MSK inhibition on eNOS activation and total protein levels 

in growing cells. 
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Quiescent EA.hy926 cells were exposed to 0, 20, 40, and 125 µM DHA treatment for 8 h with 

or without MSK inhibitor, SB747651A (5 µM). Western blotting was used to measure p-eNOS 

(Ser-1177) and total eNOS, while Ponceau S staining provided total protein. The blots (A) 

show 3 biological replicates per treatment. The p-eNOS band intensities (representative of 

eNOS activation) were quantified and are graphically presented in panel B relative to total 

eNOS band intensity. Likewise, the total eNOS band intensities were quantified and are 

graphically presented in panel C relative to total protein load. Data are presented as means ± 

SEM (n=3). Different symbols denote statistical significance (p < 0.05) between different 

treatment conditions as indicated inside the graph. Inh: inhibitor.  

B 

C 

A 

Figure 9. Effect of DHA and MSK inhibition on eNOS activation and total protein levels 

in quiescent cells. 
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To ensure that those inhibitors performed as expected, EA.hy926 cells grown on plastic 

without MG were stimulated with TNFα and kinase involvement was assessed by comparing 

the response with and without the specified inhibitors. Thr-581 is the site on MSK 

phosphorylated by p38α/β, while MSK can directly phosphorylate CREB at Ser-133. Upon 

stimulation, p-MSK and p-CREB levels were increased as shown in Fig. 10A and B, 

respectively. This stimulation of phosphorylation was clearly reduced when the inhibitors were 

present, thus proving that the inhibitors were working as expected. Even the non-stimulated p-

MSK and p-CREB levels were visibly decreased by the inhibitors. 

 

 

EA.hy926 cells (grown on bare plastic) were stimulated with 10 µM TNFα for 2 h or treated 

with an equal amount of DMSO (vehicle). Inhibitors (or vehicle) were added 30 min prior to 

the stimulation. Western blotting was used to examine the effectiveness of p38α/β MAPK 

inhibitor, SB202190 (1 µM), in panel A by measuring p-MSK (Thr-581) relative to total MSK; 

and to examine the effectiveness of MSK inhibitor, SB747651A (5 µM), in panel B by 

measuring p-CREB (Ser-133) relative to total CREB. 

 

B 

A 

Figure 10. Quality check for the inhibitors used in the assays. 
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DHA modulated the status of transcription factors and histone marks 

MSK is an important kinase directly downstream of p38 MAPK and can modulate 

many other TF and histone marks [72]. Phosphorylation of MSK at Thr-581 indicates its 

induction by upstream kinases (p38α/β MAPK and ERK1/2), while phosphorylation at Ser-376 

indicates MSK is catalytically active and capable of phosphorylating its downstream substrates 

[66]. The effect of DHA on these 2 MSK PTMs via p38 MAPK were investigated by treating 

EA.hy926 cells with DHA under p38 MAPK inhibition as illustrated in Fig. 11 and 12. 

In growing cells (Fig. 11), the blots showed that only a high concentration of DHA (125 

µM) can activate MSK, while p38 MAPK inhibition reduced the intensity of the total MSK 

band (Fig. 11A). Indeed, 125 µM DHA induced MSK activation regardless of p38 MAPK (Fig. 

11B), and there was a trend (p = 0.07) for upregulation of MSK catalytic activity by 125 µM 

DHA compared to the control of 0 µM DHA (Fig. 11C). Unexpectedly, p38 MAPK inhibition 

elevated p-MSK levels at both Thr-581 and Ser-376 (Fig. 11B and C). This further activation 

may be due to additional compensatory induction from another MSK activating kinase, such 

as ERK1/2. On the other hand, p38 MAPK inhibition significantly decreased MSK expression 

with no effect of DHA observed (Fig. 11D).  

In quiescent cells (Fig. 12), similar patterns of MSK phosphorylation were observed to 

those of growing cells, while the total MSK levels differed (Fig. 12A). This affected the values 

of normalized p-MSK levels and the outcome thus appeared to be much different from that in 

growing cells. Although 125 µM DHA again induced MSK activation (Fig. 12B) and catalytic 

activity (Fig. 12C), p38 MAPK inhibition attenuated this induction of p-MSK levels at both 

Thr-581 and Ser-376 by DHA (Fig. 12B & C), instead of activating p-MSK as in growing cells 

(Fig. 11B & C). Apart from 125 µM DHA, the catalytic activity of MSK was also elevated by 

20 µM DHA, again being dependent on p38 MAPK (Fig. 12C). p38 MAPK inhibition had no 

effect on total MSK levels but a high DHA concentration (125 µM) downregulated total MSK 

levels (Fig. 12D). 

Taken together, DHA can induce MSK activity via two different routes in endothelial 

cells depending on growth state: MSK activation by DHA was independent of p38 MAPK in 

growing cells, but requires p38 MAPK in quiescent cells. Also, p38 MAPK inhibition 

decreased MSK expression in growing cells but not in quiescent cells. MSK, both its activity 

and expression, was more responsive to DHA in quiescent cells. 
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Growing EA.hy926 cells were treated with 0, 20, and 125 µM DHA for 8 h with or without the 

p38 MAPK inhibitor, SB202190 (1 µM). Western blotting was used to measure p-MSK (Thr-

581), p-MSK (Ser-376), and total MSK, while Ponceau S staining provided total protein load. 

The blots (A) show 3 biological replicates per treatment. The band intensities of p-MSK at Thr-

581 (B) and Ser-376 (C) were quantified and are graphically presented relative to total MSK 

band intensity. The total MSK band intensities were quantified and are graphically presented 

in panel D relative to total protein load. Data are presented as means ± SEM (n=3). The asterisk 

denotes statistical significance (p < 0.05) between different treatment conditions as indicated 

in the graph. Inh: inhibitor. 

  

Figure 11. Effect of DHA and p38 MAPK inhibition on MSK activation in growing cells. 
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Quiescent EA.hy926 cells were treated with 0, 20, and 125 µM DHA for 8 h with or without 

the p38 MAPK inhibitor, SB202190 (1 µM). Western blotting was used to measure p-MSK 

(Thr-581), p-MSK (Ser-376), and total MSK, while Ponceau S staining provided total protein 

load. The blots (A) show 3 biological replicates per treatment. The band intensities of p-MSK 

at Thr-581 (B) and Ser-376 (C) were quantified and are graphically presented relative to total 

MSK band intensity. The total MSK band intensities were quantified and are graphically 

presented in panel D relative to total protein load. Data are presented as means ± SEM (n=3). 

Different symbols denote statistical significance (p < 0.05) between different treatment 

conditions as indicated in the graph. Inh: inhibitor 

 

  

Figure 12. Effect of DHA and p38 MAPK inhibition on MSK activation in quiescent cells. 
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To examine the link between p38 MAPK and NF-κB in response to DHA, the activation 

and activity of RelA, a critical NF-κB subunit, was investigated. This was achieved by 

examining phosphorylation of RelA at Ser-536, the modification that governs NF-κB 

activation and translocation into nucleus, in response to DHA treatment with or without p38 

MAPK inhibition [83]. The results seen in Fig. 13 show slightly fainter bands with DHA-only 

treatment for both growing (Fig. 13A) and quiescent cells (Fig. 13B), but the quantification 

and analysis revealed no statistically significant differences for p-RelA levels at the Ser-536 

site after normalization (Fig. 13C and D). No differences were observed in total RelA levels in 

response to DHA or p38 MAPK inhibition (results not shown). This can be interpreted to mean 

that RelA phosphorylation at Ser-536 is not modulated by p38 MAPK. Also, DHA seemed to 

have limited effects on the phosphorylation of RelA at Ser-536 in current context. 
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Growing and quiescent EA.hy926 cells were treated with 0, 20, 40, and 125 µM DHA for 8 h 

with or without the p38 MAPK inhibitor, SB202190 (1 µM). Western blotting was used to 

measure p-RelA (Ser-536) and total RelA. The blots show 3 biological replicates per treatment 

in growing cells (A) and quiescent cells (B). The band intensities of p-RelA were quantified 

and are graphically presented relative to total RelA band intensity in growing cells (C) and 

quiescent cells (D). Data are presented as means ± SEM (n=3). No statistical significance was 

detected. Inh: inhibitor.  
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Figure 13. Effect of DHA and p38 MAPK inhibition on RelA phosphorylation at Ser-536 

in endothelial cells. 
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DHA may affect RelA acetylation via p38 MAPK and MSK 

Another important RelA modification that can dictate the transcriptional activity of NF-

κB is acetylation at Lys-310 (RelAK310ac). The involvement of p38 MAPK in the acetylation 

of RelA in response to DHA was examined similar to that of p-RelA Ser-536 with a combined 

treatment of p38 MAPK inhibitor and DHA on endothelial cells as shown in Fig. 14. From the 

Western blots, it was apparent that the bands for RelAK310ac were not as intense in the 

presence of the p38 MAPK inhibitor as the DHA-only treatment counterparts in both growing 

(Fig. 14A) and quiescent cells (Fig. 14B). For the growing cell condition, although the 

quantification results agree with what is seen visually, no statistically significant differences 

were detected for either the effect of DHA nor p38 MAPK inhibition (Fig. 14C). In quiescent 

cells, however, DHA significantly increased RelAK310ac levels at all 3 concentrations 

compared to vehicle control, while p38 MAPK inhibition significantly attenuated this induction 

by DHA at 20 and 40 µM but not 125 µM DHA treatment (Fig. 14D). This showed that in 

quiescent cells, DHA can induce RelAK310ac via p38 MAPK at lower concentrations (20 and 

40 µM) but not at a high concentration of 125 µM, while this modification responded to neither 

DHA treatment nor p38 MAPK inhibition in growing cells. Therefore, the link between p38 

MAPK and NF-κB signaling in response to DHA may partially lie with RelAK310ac but not 

with p-RelA Ser-536. 

  



 65 

Growing and quiescent EA.hy926 cells were treated with 0, 20, 40, and 125 µM DHA for 8 h 

with or without the p38 MAPK inhibitor, SB202190 (1 µM). Western blotting was used to 

measure RelA K310ac and total RelA. The blots show 3 biological replicates per treatment in 

growing cells (A) and quiescent cells (B). The band intensities of RelA K310ac were quantified 

and are graphically presented relative to total RelA band intensity in growing cells (C) and 

quiescent cells (D). Data are presented as means ± SEM (n=3). Different symbols denote 

statistical significance (p < 0.05) between different treatment conditions as indicated in the 

graph. Inh: inhibitor.  
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Figure 14. Effect of DHA and p38 MAPK inhibition on RelA acetylation at Lys-310 in 

endothelial cells. 
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 Apart from directly activating p300 to acetylate RelA [113], p38 MAPK can also induce 

RelAK310ac via MSK and p-RelA Ser-276: MSK activated by p38 MAPK can directly 

phosphorylate RelA at Ser-276, which then promotes the binding of CBP/p300 to acetylate 

RelA at Lys-310 [73,74]. This possibility was explored by examining RelA phosphorylation at 

Ser-276 and acetylation at Lys-310 in growing (Fig. 15) and quiescent cells (Fig. 16) under 

combined treatment of MSK inhibition and DHA. 

 No distinct pattern of band intensities was identified in the blots for growing cells (Fig. 

15A), and this is true for DHA-only treatment. No significant effect of DHA was observed on 

either p-RelA Ser-276 levels (Fig. 15B), nor RelAK310ac (Fig. 15C) levels, consistent with 

the lack of effect of DHA on RelA acetylation in growing cells as illustrated in Fig. 14C. MSK 

inhibition was found to suppress both RelA phosphorylation at Ser-276 (Fig. 15B) and RelA 

acetylation at Lys-310 (Fig. 15C). No significant interaction between DHA and the inhibitor 

was detected. 

 Similarly, in quiescent cells, the blots showed no obvious difference in band intensities 

among different treatments (Fig. 16A), but the quantification revealed more details. When the 

cells were treated with DHA alone, there was a trend for higher p-RelA Ser-276 levels in 125 

µM DHA sample lysates compared to both the 20 µM (p = 0.052) and 40 µM (p = 0.096) DHA 

sample lysates as shown in Fig. 16B. When MSK was inhibited, instead of causing suppression 

as seen in growing cells (Fig. 15B), MSK inhibition significantly elevated p-RelA Ser-276 

levels in the presence of 20 and 40 µM DHA (Fig. 16B). Nevertheless, this effect of MSK 

inhibition was not conveyed to RelAK310ac (Fig. 16C). On the other hand, a trend (p = 0.075) 

for the main effect of DHA concentration was detected for RelA acetylation at Lys-310. And 

the average RelAK310ac levels with 125 µM DHA were substantially higher compared to 

those treated with 20 and 40 µM DHA (Fig. 16C). Overall, it was less likely that in quiescent 

cells, RelAK310ac is stimulated subsequent to p-RelA Ser-276. 

 In summary, how DHA affects RelA modifications via MSK signaling depends on the 

endothelial cell growth state. Also, quiescent cells seemed to be more responsive to DHA 

treatment. However, neither p38 MAPK nor MSK-induced RelA phosphorylation at Ser-276 

fully explains the effect of DHA on RelA acetylation at Lys-310. There are therefore other 

players likely involved. 
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Growing EA.hy926 cells were treated with 0, 20, 40, and 125 µM DHA for 8 h with or without 

the MSK inhibitor, SB747651A (5 µM). Western blotting was used to measure p-RelA (Ser-

276), RelA K310ac, and total RelA. The blots (A) showed 3 biological replicates per treatment. 

The band intensities of RelA phosphorylation at Ser-276 (B) and acetylation at Lys-310 (C) 

were quantified and are graphically presented relative to total RelA band intensity. Data are 

presented as means ± SEM (n=3). The asterisk denotes the statistically significant (p < 0.05) 

main effect of inhibitor. Inh: inhibitor.  
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Figure 15. Effect of DHA and MSK inhibition on RelA phosphorylation at Ser-276 and 

RelA acetylation at Lys-310 in growing cells. 
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Quiescent EA.hy926 cells were treated with 0, 20, 40, and 125 µM DHA for 8 h with or without 

the MSK inhibitor, SB747651A (5 µM). Western blotting was used to measure p-RelA (Ser-

276), RelA K310ac, and total RelA. The blots (A) showed 3 biological replicates per treatment. 

The band intensities of RelA phosphorylation at Ser-276 (B) and acetylation at Lys-310 (C) 

were quantified and are graphically presented relative to total RelA band intensity. Data are 

presented as means ± SEM (n=3). The asterisk denotes statistical significance (p < 0.05) 

between different treatment conditions as indicated in the graph. Inh: inhibitor.  
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Figure 16. Effect of DHA and MSK inhibition on RelA phosphorylation at Ser-276 and 

RelA acetylation at Lys-310 in quiescent cells. 
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DHA may affect CREB activation and modulate RelA acetylation via 

CREB/CBP interaction 

Another way that CBP can be recruited to acetylate RelA is via an interaction with 

CREB, which can be activated by MSK. The possible involvement of the CREB/CBP complex 

in RelA acetylation at Lys-310 was examined using CCII [265].  

 Visual examination of the Western blots showed that adding CCII to the cells resulted 

in fainter bands in the presence of DHA compared to the ones without CCII in both growing 

(Fig. 17A) and quiescent cells (Fig. 17B). Also, concentration-dependent induction of 

RelAK310ac by DHA can be seen in quiescent cells, together with more intense bands for 0 

µM DHA in the presence of CCII when compared to vehicle control without the inhibitor (Fig. 

17B). All of these observations were confirmed by quantification (Fig. 17C and D).  

In growing cells (Fig. 17C) in the presence of CCII, a high concentration of DHA (125 

µM) significantly increased RelAK310ac levels compared to 0 and 20 µM DHA. Furthermore, 

in the presence of 20 µM DHA, CCII treatment significantly suppressed RelA acetylation at 

Lys-310 compared to 20 µM DHA alone. In quiescent cells (Fig. 17D), DHA alone induced 

RelAK310ac in a concentration-dependent manner: DHA significantly increased RelAK310ac 

levels at 40 and 125 µM, but not 20 µM, compared to the vehicle control. On the other hand, 

CCII alone significantly induced RelA acetylation at Lys-310, but when DHA was present, 

CCII curtailed the DHA-increased RelAK310ac levels at 20 and 125 µM DHA. Taken together, 

DHA may induce RelA acetylation at Lys-30 via CREB/CBP complexes in both growing and 

quiescent endothelial cells, and this induction is concentration dependent in quiescent cells. 
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Growing and quiescent EA.hy926 cells were treated with 0, 20, and 125 µM DHA for 8 h with 

or without CCII (20 µM). Western blotting was used to measure RelA K310ac and total RelA. 

The blots show 3 biological replicates per treatment in growing cells (A) and quiescent cells 

(B). The band intensities of RelA K310ac were quantified and are graphically presented 

relative to total RelA band intensity in growing cells (C) and quiescent cells (D). Data are 

presented as means ± SEM (n=3). Different symbols denote statistical significance (p < 0.05) 

between different treatment conditions as indicated in the graph. Inh: inhibitor.  
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Figure 17. Effect of DHA and CCII on RelA acetylation at Lys-310 in endothelial cells. 
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 CREB itself is also an important TF that can modulate the transcription of genes such 

as NOS3 [121]. CREB can be activated by phosphorylation at Ser-133 by many kinases 

including MSK. However, the effect of DHA on CREB activation in endothelial cells has not 

been studied previously. Whether DHA can modulate CREB activity via MSK was 

investigated by examining CREB phosphorylation levels at Ser-133 under the combined 

treatments of DHA and MSK inhibition as illustrated in Fig. 18.  

The blots showed that DHA seems to activate CREB in a concentration-dependent 

manner in growing cells (Fig. 18A), but a concentration-dependent activation was not obvious 

in quiescent cells except for those treated with 125 µM DHA (Fig. 18B). Also, MSK inhibition 

substantially reduced the band intensities of p-CREB in both growth states. The quantification 

analysis agreed with these observations as presented in Fig. 18C and D. Interestingly, in 

growing cells (Fig. 18C), lower concentrations of DHA (20 and 40 µM) suppressed CREB 

activation while 125 µM DHA activated CREB compared to vehicle control. These opposite 

effects of DHA at different concentrations were MSK-dependent, since p-CREB levels were 

downregulated by MSK inhibition across all DHA treatments. In quiescent cells (Fig. 18D), 

however, only 125 µM DHA significantly activated CREB compared to all other conditions, 

while MSK inhibition reduced p-CREB levels compared to cells without inhibitor treatment. 

Overall, growing cells seems to be more responsive to DHA treatment than quiescent cells, 

with concentration-dependent differential effects of DHA on p-CREB levels compared to 

vehicle control. And the CREB phosphorylation was indeed dependent on MSK in both growth 

states. 
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Growing and quiescent EA.hy926 cells were treated with 0, 20, and 125 µM DHA for 8 h with 

or without the MSK inhibitor, SB747651A (5 µM). Western blotting was used to measure p-

CREB (Ser-133) and total CREB in growing cells (A) and quiescent cells (B). The p-CREB 

(representative of its activation) band intensities were quantified and are graphically presented 

relative to total CREB band intensity in growing cells (C) and quiescent cells (D). Data are 

presented as means ± SEM (n=3) in panel C, and for the main effect of DHA concentration (n 

= 6) and inhibitor (n = 12) in panel D. Different symbols denote statistical significance (p < 

0.05) between different treatment conditions as indicated in the graph. Inh: inhibitor.  
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Figure 18. Effect of DHA and MSK inhibition on CREB activation in endothelial cells. 
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DHA induced histone H3 phosphorylation 

Another epigenetic factor that can be regulated by MSK is histone H3 phosphorylation. 

Histone marks p-H3S10 and p-H3S28, which can be added by MSK, are usually associated 

with transcriptionally active genes. The effects of DHA on these two histone marks in relation 

to MSK were examined for both growing cells (Fig 19) and quiescent cells (Fig. 20).  

 In growing cells, the blots showed that DHA seemed to induce p-H3S10 with no 

obvious suppression when MSK was inhibited, while p-H3S28 levels seemed to be less 

affected by either DHA or MSK inhibition except for DHA at 125 µM (Fig. 19A). 

Quantification confirmed that DHA at 20 and 40 µM significantly increased p-H3S10 levels 

but not at 125 µM compared to vehicle control, whereas the high concentration (125 µM) of 

DHA significantly induced p-H3S10 with MSK inhibition compared to all DHA concentrations 

in the presence of the inhibitor (Fig. 19B). There was a trend (p = 0.08) for elevated p-H3S10 

levels with MSK inhibition alone, and a trend (p = 0.061) for suppression of 20 µM DHA-

induced p-H3S10 in the presence of the MSK inhibitor. With respect to H3S28 phosphorylation 

status (Fig. 19C), 125 µM DHA significantly elevated p-H3S28 levels compared to the other 

3 DHA treatments, both in the absence and in the presence of the MSK inhibitor. MSK 

inhibition further increased p-H3S28 levels in the presence of 40 µM and 125 µM DHA 

compared to their respective DHA-alone treatment controls. The increasing instead of 

decreasing H3 phosphorylation caused by MSK inhibition may reflect the involvement of other 

writers of p-H3S10 and p-H3S28 that respond to DHA at high concentration to compensate for 

the loss of MSK function. Alternatively, MSK inhibition may suppress the activity of some 

erasers that can be modulated by DHA. 

 Similar patterns in the Western blot results were observed in quiescent cells (Fig. 20A) 

compared to growing cells (Fig. 19A). H3S10 phosphorylation (Fig. 20B) was increased by 

MSK inhibition and by 20 µM DHA. Also, 125 µM DHA significantly induced p-H3S28, while 

40 µM DHA showed a trend (p = 0.065) for p-H3S28 induction when compared to vehicle 

control (Fig. 20C). MSK inhibition did not affect p-H3S28 in quiescent cells. According to 

these results, DHA and MSK seem to function independently of each other in quiescent cells 

with respect to the regulation of the two H3 phosphorylation marks. 

 Taken together, the lower concentration of DHA (20 µM) was found to induce p-H3S10 

but not p-H3S28, while the opposite was observed for the high concentration of DHA (125 µM) 

in both growth states. While only the 20 µM DHA-induced p-H3S10 in growing cells was 

dependent on MSK, MSK inhibition elevated H3 phosphorylation levels at both Ser-10 and 
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Ser-28 sites in growing cells when treated with 125 µM DHA, and also elevated p-H3S10 

levels in quiescent cells independent of DHA. 
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Growing EA.hy926 cells were treated with 0, 20, 40, and 125 µM DHA for 8 h with or without 

the MSK inhibitor, SB747651A (5 µM). Western blotting was used to measure p-H3 (Ser-10), 

p-H3 (Ser-28), and total H3. The blots (A) showed 3 biological replicates per treatment. The 

band intensities of p-H3 at Ser-10 (B) and Ser-28 (C) were quantified and are graphically 

presented relative to total H3 band intensity. Data are presented as means ± SEM (n=3). 

Different symbols denote statistical significance (p < 0.05) between different treatment 

conditions as indicated in the graph. Inh: inhibitor.   
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Figure 19. Effect of DHA and MSK inhibition on p-H3S10 and p-H3S28 in growing cells. 
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Quiescent EA.hy926 cells were treated with 0, 20, 40, and 125 µM DHA for 8 h with or without 

the MSK inhibitor, SB747651A (5 µM). Western blotting was used to measure p-H3 (Ser-10), 

p-H3 (Ser-28), and total H3. The blots (A) showed 3 biological replicates per treatment. The 

band intensities of p-H3 at Ser-10 (B) and Ser-28 (C) were quantified and are graphically 

presented relative to total H3 band intensity. Data are presented as means ± SEM for the main 

effect of DHA concentration (n= 6) and inhibitor (n = 12) in panel B, and as means ± SEM 

(n=3) in panel C. Different symbols denote statistical significance (p < 0.05) between different 

treatment conditions as indicated in the graph. Inh: inhibitor 
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Figure 20. Effect of DHA and MSK inhibition on p-H3S10 and p-H3S28 in quiescent cells. 
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DHA affected cell cycling 

 There are reports that DHA may cause cell cycle arrest in various cells and thus prevent 

cell proliferation [211,271–274], a key feature of active endothelial cells. Here, cell cycle 

analysis was done using flow cytometry with PI staining to assess the possible effects of DHA. 

 The data in Fig. 21A – D demonstrate that there were clear differences in the cell cycle 

profiles of the two growth states of EA.hy926 cells. There were fewer cells in the sub G0/G1 

phase in quiescent cells (1.88% ± 0.31) compared to growing cells (2.76% ± 0.60, Fig. 21A), 

with about 10% more cells in the G0/G1 phase in quiescent cells (88.33% ± 0.49) compared to 

growing cells (71.29% ± 1.55, Fig. 21B). Also, the percentages of cells in S phase (2.26% ± 

0.13 vs. 11.45% ± 0.69, Fig. 21C) and G2/M phase (5.77% ± 0.20 vs. 10.68% ± 0.91, Fig. 21D) 

were much lower in quiescent cells. This indicates that in the quiescent state (day 10), the cells 

were arrested in the G0/G1 phase and were not actively cycling as in the growing state (day 4). 

Also, the cells were protected from apoptosis in the quiescent state, based on analysis of the 

sub G0/G1 phase region which usually denotes apoptosis [275]. In this set of analyses, DHA 

showed little effect on cell cycle progression, except that 125 µM DHA increased the 

percentage of cells in the sub G0/G1 phase (Fig. 21A) compared to vehicle control in growing 

cells but not quiescent cells. Therefore, at high concentrations (125 µM), DHA may induce 

apoptosis in growing endothelial cells only.  

 Cell cycle progression can be affected by p38 MAPK via cyclin D1 [58,98], and there 

was time-dependent activation of p38 MAPK by DHA in quiescent endothelial cells that 

differed from the p38 MAPK activation pattern in growing cells, as well as the activation 

patterns of other MAPKs by DHA [6]. This time- and growth-state-dependent p38 MAPK 

activation pattern in response to DHA is shown in Fig. 3 as well. Therefore, the effects of DHA 

on the cell cycle profile of quiescent cells were examined closely by treating day 10 (quiescent) 

cells with 2 different concentrations (20 and 125 µM) DHA for 2 durations (2 and 8 h) as 

illustrated in Fig. 22. The low concentration of DHA (20 µM) significantly reduced the number 

of apoptotic cells after 8 h of treatment as indicated by the sub G0/G1 results (Fig. 22A) 

compared to both vehicle control and 125 µM DHA treatment. There was also a trend (p = 

0.058) for a lower percentage of cells in the sub G0/G1 phase with 125 µM DHA at 2 h 

treatment compared to 8 h treatment time. In S phase (Fig. 22C), there was a lower percentage 

of cells at 2 h compared to 8 h (1.63% ± 0.21 vs. 2.05% ± 0.11, respectively), regardless of 

DHA concentration, while the low concentration (20 µM) of DHA had a lower percentage of 

cells compared to vehicle control, regardless of treatment time. This indicates that 20 µM DHA 
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may suppress DNA synthesis thus lowering the number of cells in S phase, given that 2 h 

treatment time may be limited for cell cycle progression. In addition, there was a trend (p = 

0.057) for fewer cells in S phase with 125 µM DHA compared to vehicle control, and a trend 

(p = 0.09) for more cells in S phase with 125 µM DHA compared to 20 µM DHA. No 

significant difference was observed in G0/G1 phase (Fig. 22B) or G2/M phase (Fig. 22D). 

Taken together, in quiescent cells, 20 µM DHA may protect cells against apoptosis and may 

also prevent G1-to-S phase transition and/or suppress DNA synthesis, thus reducing the 

percentage of cells in S phase. The high concentration (125 µM) of DHA showed a subtle time-

dependent effect on apoptosis in quiescent endothelial cells but in general 125 µM DHA did 

not protect the cells from apoptosis. At this concentration (125 µM), DHA might also affect 

G1-to-S phase transition and/or DNA synthesis but not as effectively as 20 µM DHA treatment. 

 Overall, the cell cycle analysis results supported the view that EA.hy926 cells at day 

10 resemble the quiescent state. A high concentration of DHA (125 µM) induced apoptosis in 

growing cells but not quiescent cells when treated for 8 h, while a lower concentration of DHA 

(20 µM) showed an apoptosis-protective effect in quiescent cells regardless of treatment time. 

Also, the effect of DHA on cell cycle progression is time- and concentration-dependent in 

quiescent cells. 



 79 

 

A B 

C D 



 80 

Growing and quiescent EA.hy926 cells were treated with 0, 20, and 125 µM DHA for 8 h 

before fixation with ethanol and analysis by flow cytometry after PI staining. The percentages 

of cells in the subG0/G1 (A), G0/G1 (B), S (C), and G2/M (D) phases were calculated by the 

software and are presented graphically. All data are presented as means ± SEM (n=3). The 

asterisk denotes the statistically significant (p < 0.05) main effect of growth state while the 

pound sign denotes statistical significance (p < 0.05) to 0 µM DHA in growing cells.  

 

Figure 21. Effect of DHA on the cell cycle of growing and quiescent endothelial cells. 
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Quiescent EA.hy926 cells were treated with 20 or 125 µM DHA for 2 h or 8 h before fixation 

with ethanol and analysis by flow cytometry after PI staining. The percentages of cells in the 

subG0/G1 (A), G0/G1 (B), S (C), and G2/M (D) phases were calculated by the software and 

are presented graphically. All data are presented as means ± SEM (n=3). Different symbols 

denote statistical significance (p < 0.05) between different treatment conditions as indicated in 

the graph.  

  

Figure 22. Effect of DHA on the cell cycle of growing and quiescent endothelial cells. 
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 Cyclin D can serve as a bridge between extracellular signals and cell cycle progression 

[92]. Its expression can be suppressed by p38 MAPK [58], in parallel with p38 MAPK 

promoting cyclin D1 degradation [98]. DHA might regulate the cell cycle as shown previously 

(Fig. 21) via cyclin D and p38 MAPK. The effects of DHA on cyclin D1 were therefore 

examined with and without p38 MAPK inhibition (Fig. 23 and 24). 

 Thr-286 phosphorylation on cyclin D1 dictates its proteasomal degradation. The blots 

showed that in both growing (Fig. 23A) and quiescent (Fig. 23B) cells, the p-cyclin D1 band 

intensities of p38 MAPK inhibited sample lysates were higher than those with DHA treatment 

only, and 125 µM DHA in conjunction with the p38 MAPK inhibitor further increased p-cyclin 

D1 band intensity. Quantification of the growing cell (Fig. 23C) and quiescent cell (Fig. 23D) 

results agreed with these observations. DHA-alone treatment had no effect on p-cyclin D1 

levels in both growth states. When p38 MAPK was inhibited, however, 125 µM DHA 

significantly elevated p-cyclin D 1 levels in growing cells. There was even a concentration-

dependent increase in cyclin D1 phosphorylation induced by DHA under p38 MAPK inhibition 

in quiescent cells (Fig. 23D): 40 µM DHA elevated p-cyclin D1 levels compared to 0 and 20 

µM but the levels were still significantly lower than those induced by 125 µM DHA.  

 Cyclin D1 protein levels were analyzed as well (Fig. 24). The expression of cyclin D1 

was unchanged in growing cells based on visual examination of the blots (Fig. 24A), while the 

band intensities of 125 µM DHA treated samples were lower than those treated with other 

concentrations (0, 20, and 40 µM) of DHA in quiescent cells (Fig. 24B). The quantification 

results shown in Fig. 24C confirmed that DHA and p38 MAPK had no effect on cyclin D1 

protein levels in growing endothelial cells. In quiescent cells, on the other hand, apart from a 

decrease in cyclin D1 levels with 125 µM DHA, DHA at a lower concentration (20 µM) was 

found to increase cyclin D1 levels (Fig. 24D). The decrease or increase of cyclin D1 protein 

levels in response to DHA was greater when p38 MAPK was functional. Also, the effect at 20 

µM DHA was found to be p38 MAPK dependent.  

 In summary, DHA may be able to regulate both cyclin D1 proteasomal-related turnover 

and its total protein level, and these actions of DHA are dependent on p38 MAPK signaling 

and DHA concentration.   
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Growing and quiescent EA.hy926 cells were treated with 0, 20, 40, and 125 µM DHA for 8 h 

with or without the p38 MAPK inhibitor, SB202190 (1 µM). Western blotting was used to 

measure p-cyclin D1 (Thr-286) and total cyclin D1 in growing cells (A) and quiescent cells 

(B). The band intensities of p-cyclin D1 were quantified and are graphically presented relative 

to total cyclin D1 band intensity in growing cells (C) and quiescent cells (D). Data are presented 

as means ± SEM (n=3). Different symbols denote statistical significance (p < 0.05) between 

different treatment conditions as indicated in the graph. Inh: inhibitor. 

A 

B 

C 

D 

Figure 23. Effect of DHA and p38 MAPK inhibition on p-cyclin D1 in endothelial cells. 
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Growing and quiescent EA.hy926 cells were treated with 0, 20, 40, and 125 µM DHA for 8 h 

with or without the p38 MAPK inhibitor, SB202190 (1 µM). Western blotting was used to 

measure total cyclin D1 relative to total protein load (Ponceau S staining). The blots show 3 

biological replicates per treatment in growing cells (A) and quiescent cells (B). The total cyclin 

D1 band intensities were quantified and are graphically presented relative to total protein load 

in growing cells (C) and quiescent cells (D. Data are presented as means ± SEM (n=3). 

Different symbols denote statistical significance (p < 0.05) between different treatment 

conditions as indicated in the graph. Inh: inhibitor. 

  

Figure 24. Effect of DHA and p38 MAPK inhibition on total cyclin D1 protein levels in 

endothelial cells. 
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DISCUSSION 
 This study is the first to explore the potential atheroprotective effect of DHA on 

endothelial cells in two different growth states. We also studied the possible epigenetic and 

transcriptional players involved with the aim of identifying plausible mechanisms of action for 

DHA on endothelial cell properties. In general, DHA was found to activate eNOS, mediate 

eNOS expression, regulate the transactivation of NF-κB as well as CREB, influence histone 

H3 phosphorylation status, and affect cell cycling as well as cyclin D1 expression levels. Most 

of these effects of DHA showed concentration-, treatment time-, and endothelial cell growth 

state-dependency. Specifically, as summarized in Table 4, after 8 h of DHA treatment, a lower 

concentration of DHA (20 µM) upregulated both eNOS activation and expression, 

downregulated the activities of NF-κB and CREB, increased H3 phosphorylation at Ser-10, 

decreased the number of cells in sub G0/G1 phase and S phase, and increased the amount of 

cyclin D1 expressed. In contrast, a higher concentration of DHA (125 µM) had mainly the 

opposite effects, as shown by downregulation of eNOS expression, increased NF-κB and 

CREB transactivation, more cells in sub G0/G1 phase, lower cyclin D1 expression levels, and 

induction of H3 phosphorylation at Ser-28.  

Table 4. A summary of DHA effects at 20 µM and 125 µM for 8 h in growing and 
quiescent endothelial cells.1 

DHA for 8 h 
20 µM 125 µM 

Growing Quiescent Growing Quiescent 

p-eNOS ~ up ~ ~ 

eNOS up up down down 

Cell cycle ~ Sub G0/G1 & S down Sub G0/G1 up ~ 

Cyclin D1  up  down 

RelAS276ph ~ Down2 ~ ~ 

RelAK310ac ~ ~ ~ up 

p-CREB down ~ up up 

H3S10ph up up ~ ~ 

H3S28ph ~ ~ up up 

1All changes were significant and compared to respective control conditions 

unless otherwise stated; “~” means no significant difference observed. 
2The change was compared to 125 µM DHA with a trend (p = 0.052). 
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Interestingly, according to Table 4, quiescent endothelial cells seem to be slightly more 

responsive to DHA than growing cells, especially at 20 µM. Modulation of the activities and/or 

expression of these key proteins by DHA occurred in part via p38 MAPK, with MSK also 

having a role. But DHA was unlikely to exert its effects on endothelial function through a 

linked p38 MAPK/MSK signaling pathway. 

Effects of DHA on eNOS and cell cycle profile 

 As described in the Literature Review, eNOS activity and eNOS uncoupling play an 

important role in ED [3]. Cell proliferation is another critical process that mediates the 

progression of atherosclerosis [276]. While DHA has been reported to affect eNOS activity 

[240,254,277] and cell cycling [211,261,278] in various cell models, no study has 

systematically explored the effects of concentration and treatment time of DHA on both 

parameters concurrently, let alone in two different endothelial cell growth states.  

 In this study, we found that DHA may differentially activate eNOS, as measured by 

eNOS Ser-1177 phosphorylation, depending on time, concentration, and growth state as 

illustrated in Fig. 3. The maximum effect of DHA on eNOS phosphorylation seemed to occur 

at 2 - 4 h or 16 - 24 h in growing cells, but 8 h in quiescent cells, after treatment with 20 µM. 

The data from growing cells match the citrulline assay results obtained by Li et al. [279], which 

showed, compared to other concentrations (0 - 75 µM), that 25 µM DHA significantly 

increased the catalytic ability of eNOS almost 2-fold after treatment for 24 h. DHA at a 

concentration close to 20 µM (12 µM) was found to elevate p-eNOS Ser-1177 levels 48 h after 

treatment as well [280]. Increased eNOS phosphorylation at this site can also be triggered by 

treatment with 20 - 80 µM DHA for 24 h in EA.hy926 cells [281]. Although we did not find 

significant activation of eNOS by DHA lower than 20 µM for the time tested (8 h), longer 

treatment times of 24 h with 3 and 10 µM of DHA [254] as well as 48 h with 10 µM of DHA 

[282] were found to increase NO production by the nitrite/nitrate assay. Chronic treatment for 

7 days with even lower DHA concentrations (5 and 50 nM) increased both eNOS 

phosphorylation and NO production [277]. The cell models used in all of these studies were 

either primary endothelial cell lines like HCAEC, or immortalized ones like EA.hy926, but 

grown in the absence of an extracellular matrix coating. Under this condition, the cells do not 

reach quiescence even when they are confluent [5]. Therefore, literature for comparison with 

the results we obtained with quiescent cells grown on MG is very limited. What is clear is that 

eNOS exhibited distinct phosphorylation patterns in response to DHA in growing and quiescent 

cells. While the evidence for low concentrations of DHA activating eNOS is strong, data for 
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higher DHA concentrations (>100 µM) on eNOS activation are scarce. Only Chao et al. [253] 

reported that DHA at 100 µM for 8 h may decrease VEGF-induced eNOS phosphorylation, 

thus reducing cell migration. However, they did not test the effect of DHA alone. This lack of 

data may be due to the apoptosis-triggering property of DHA at higher concentrations (≥100 

µM for ≥8 h) [253,255,263,283]. In addition, our data showed that at those higher 

concentrations (125 and 150 µM), DHA had a limited effect on eNOS activation in comparison 

to 20 µM, especially in quiescent cells. 

Detecting eNOS phosphorylation, especially at Ser-1177, using Western blotting is the 

most commonly used method to study eNOS activation, since it is correlated with its NO-

producing activity. The importance and physiological relevance of Ser-1177 (human site, 

corresponding to Ser-1176 in mouse) phosphorylation has been established in vivo using 

transgenic mice expressing either a phosphomimic form (S1176D, serine to aspartate mutation) 

or a phospho-null form (S1176A, serine to alanine mutation) of eNOS. Mice with the S1176D 

mutation showed improved endothelial-dependent vasomotor tone, reduced insulin levels and 

decreased stroke severity, while the ones carrying the S1176A mutant had higher blood 

pressure, decreased endothelial-dependent vasodilation, and insulin resistance [284–286]. 

Moreover, Apoe-/- mice (an atherosclerotic mouse model) expressing the S1176A mutant 

demonstrated an increase in atherosclerotic lesions and oxidative stress relative to control Apoe-

/- mice [287]. This level of in vivo evidence has not been seen with other eNOS phosphorylation 

sites [29]. Therefore, eNOS phosphorylation at Ser-1177 may be used as a marker for eNOS 

activation and thus an indirect indicator of endothelial health. However, discordance between 

eNOS phosphorylation status at Ser-1177 and the citrulline assay has been reported [281]. In 

that study, DHA increased p-eNOS levels but not citrulline production from L-arginine in 

EA.hy926 cells, while a similar treatment regimen (DHA 20 – 80 µM for 24 h) in HUVEC 

resulted in increased citrulline production [279]. Eroglu et al. [288] addressed this discordance 

using a highly sensitive and specific NO biosensor to monitor real-time NO production from 

live EA.hy926 cells. In that study, certain eNOS-stimuli (VEGF and insulin) failed to raise NO 

production together with the induced eNOS phosphorylation at Ser-1177, while other stimuli 

(ATP and histamine) increased both NO and p-eNOS levels. This insulin-stimulated effect 

agrees with previous reports as well [289,290]. Although Eroglu et al. [288] suspected that 

phosphorylation at Ser-1177 might be related to superoxide generation by eNOS if not 

producing NO, others found that insulin also induced Tyr-657 phosphorylation, an inhibitory 

site on eNOS, resulting in a final reduction of eNOS activity [3]. Therefore, the discordance 

between p-eNOS at Ser-1177 and NO production by insulin stimulation can be explained. Still, 
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the atheroprotective effect of DHA via eNOS activation would be more conclusive if data from 

other eNOS activity assays (e.g. the citrulline assay and the nitrite/nitrate assay) and superoxide 

production assay supported the phosphorylation results obtained. However, the results for those 

functional assays are not available yet. 

 There have been a couple of reports showing DHA had no effect on total eNOS protein 

levels [277,280], while another paper reported that DHA impeded the decrease in NOS3 mRNA 

levels induced by TNFα [240]. The discrepancy in how DHA affects eNOS may be the result 

of differences in DHA concentrations, as indicated in our study. The first two studies used up 

to 12 µM DHA, while the latter one used 30 and 50 µM DHA. In our study, 20 µM DHA 

elevated total eNOS protein levels in both growing cells and quiescent cells (Fig. 5C and 6C), 

while high concentrations of DHA, reaching 125 µM, may be deleterious by largely reducing 

eNOS protein levels, irrespective of growth state and/or other co-treatment (Fig. 4B, 5C, 6C, 

and 9C). It has not been reported previously that quiescent cells have higher protein levels of 

total eNOS compared to growing cells (Fig. 4B); this observation also validated that our 

quiescent cell state more closely matches the healthy state in vivo, with more eNOS available 

as compared to the proliferative, dysfunctional state represented by growing cells. 

 The cell cycle results also support the notion that cells at day 10 are in a quiescent state. 

In this state, compared to the growing state, there were many more cells in G0/G1 phase, fewer 

in both S and G2/M phases, and also fewer apoptotic cells (Fig. 21 A - D). All of these are 

features of the quiescent state, and support the cell proliferation assay results reported 

previously that day 10 cells had substantially less bromodeoxyuridine incorporated into DNA 

than day 4 cells in the growing state [5]. 

 The effect of DHA on cell apoptosis, proliferation and cell cycle regulation is well-

established, especially in cancer cells where DHA has potential therapeutic uses [272,274]. 

DHA, especially at higher concentrations as mentioned earlier, was reported to reduce cell 

viability mostly by inducing apoptosis in endothelial cells [253,255,291], as well as in many 

other cell types [272,292,293]. Kim et al. [271] also reported that DHA induced apoptosis in 

growing HUVEC but not confluent cells. This agrees with our results where DHA treatment 

for 8 h concentration-dependently increased the percentage of cells in sub G0/G1 phase in 

growing cells (Fig. 21A) but not in quiescent cells (Fig. 22A). However, another paper found 

that DHA largely induced apoptosis in confluent EA.hy926 cells grown on MG [263]. The 

discrepancy may be due to differences in concentration and treatment time. Kim et al. [271] 

treated cells with 20 and 40 µM DHA for 24 h, which may be compared to our 20 µM DHA, 

8 h treatment. The other paper [263] used DHA at 125 µM for 24 h, a much higher 



 91 

concentration than what was used in the paper by Kim et al. [271], and a longer treatment time 

compared to the 2 h and 8 h used in this study. In our study, only 20 µM DHA protected 

quiescent cells from apoptosis but not 125 µM treatment when compared to vehicle control 

(Fig. 22A). Therefore, the effect of DHA on endothelial cell apoptosis depends also on 

concentration, time, and growth state. Both the apoptosis-inducing effect of DHA in growing 

cells and the protective effect of low DHA concentration in quiescent cells can be considered 

as beneficial. On one hand, apoptosis helps to get rid of activated, potentially dysfunctional 

endothelial cells, without worsening inflammation, while at the same time, it protects healthy 

endothelial cells from cell death. Also, the induction of apoptosis by DHA at the high 

concentration (125 µM) may be one of the main reasons for the concentration-dependent 

responses to different signaling pathways that are going to be discussed later. 

 There is little controversy that DHA can block cell proliferation, but its effect on cell 

cycle progression seems diverse in cancer cells [274]. In non-cancer cells, DHA was mainly 

found to increase the percentage of cells in G1 phase [278,292,293], while only a few reported 

a decrease in S phase [278] and an alteration in G2/M phase [294]. What is consistent, though, 

is that DHA can inhibit DNA synthesis [247,261,291,292,294], which may be related to the 

effect of DHA on S phase. In our results, DHA seemed to modestly decrease the percentage of 

cells in G1 phase but elevated S phase in growing cells (Fig. 21 B and C), although statistical 

significance was not reached. This may be contradictory to the literature, but it can also be 

explained if DHA caused cell cycle arrest at S phase as in Jurkat cells [295] where the 

proportion of cells in S phase doubled with a concomitant reduction in G1 phase. This also 

agrees with the inhibitory effect of DHA on DNA synthesis. In quiescent cells, in contrast, the 

percentage of cells in S phase declined significantly following treatment with 20 µM DHA, 

and potentially with 125 µM DHA as well (Fig. 22C). This may indicate that DHA at those 

specific conditions suppressed DNA synthesis in agreement with the literature [247,291]. 

Another possible explanation is that DHA may have caused cell cycle arrest at G0/G1 phase as 

reported by several papers [274,278,292,293]. Since the cells were not synchronized prior to 

DHA treatment, however, those cells already in S or G2/M phase could progress to finish the 

cell cycle, but those in G1 phase were stalled at this stage. The overall effect resulted in a 

reduced number of cells in S phase. The limitation associated with not synchronizing cells prior 

to treatment may be overcome by the strength that different DHA concentrations and treatment 

durations were compared, as suggested by Newell et al. [274]. 

 Cyclin D1 is one of the major G1 phase markers, and the arrested G1-to-S phase 

progression can be due to a decrease in cyclin D1 levels [97]. In general, DHA may reduce 
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cyclin D1 expression in different cell types over a broad concentration range extending from 

12.5 µM to 500 µM [247,261,278,296], but few studies have reported the effect of DHA on 

cyclin D1 phosphorylation and its subsequent turnover. We found that even if not inhibitory, 

DHA alone at the conditions tested had little effect on cyclin D1 phosphorylation at Thr-286 

regardless of cell growth state (Fig. 23). While high concentrations (125 µM) of DHA did 

decrease the cyclin D1 level in quiescent cells consistent with the literature in other cell types 

[247,261,278,296], lower DHA concentrations of 20 and 40 µM raised the cyclin D1 protein 

level instead (Fig. 24D). Overexpression of cyclin D1 was found to inhibit DNA synthesis and 

thus S phase entry in fibroblasts [297]. This explains the importance of p-cyclin D1 (Thr-286) 

assisted cyclin D1 nuclear export and subsequent degradation at the G1/S phase boundary for 

smooth progression into S phase [97,297]. The elevation of cyclin D1 levels by lower 

concentrations (20 and 40 µM) of DHA may cause the cell cycle to stall at the G1/S boundary 

in quiescent cells, matching the cell cycle analysis results described above (Fig. 22C).  

Involvement of p38 MAPK/NF-κB signaling in the effects of DHA on eNOS and cell 

cycling  

 p38 MAPK and its downstream target, NF-κB, have diverse roles in the expression 

and/or functioning of cyclin D1. It is well established in tumor cells that p38 MAPK can induce 

overexpression of CCND1 (the gene encoding cyclin D1) via activation of NF-κΒ [298], while 

NF-κB may differentially regulate CCND1 transcription during different cell cycle phases 

[299]. Cyclin D1 protein may in turn act as a co-repressor for NF-κB [300], and p38 MAPK 

can directly phosphorylate cyclin D1, which leads to its degradation [97]. Yet, little is known 

about the effects of DHA in these signaling pathways. In this study, instead of a reduction, we 

observed an increase in cyclin D1 phosphorylation when p38α/β MAPK was inhibited (Fig. 23 

A and B). In addition, p38 MAPK seemed to hinder the induction of p-cyclin D1 by DHA, and 

none of the effect was growth-state-dependent. In an engineered HEK293 cell line, co-

induction of p-cyclin D1 at Thr-286 by p38 MAPK and ERK1/2 was suggested to delay G1-

to-S phase transition of the cells [98]. Unlike p38 MAPK, ERK1/2 can be stimulated by DHA 

at 8 h in both growing and quiescent endothelial cells [6]. It is then possible to speculate that 

DHA may promote cyclin D1 phosphorylation via ERK1/2 but not p38 MAPK in endothelial 

cells; however, this DHA-induced cyclin D1 phosphorylation via ERK1/2 is likely to be 

inhibited by p38 MAPK. To confirm this speculation, further study focusing on ERK1/2 

signaling is needed. This also suggests that apart from its synergistic effects, p38 MAPK can 

also act contrary to ERK1/2 in cell cycle regulation. Apart from inducing CCND1 expression, 
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p38 MAPK was also found to reduce it [58] probably by decreasing the transcriptional activity 

of the CCND1 promoter [98]. This dual effect of p38 MAPK on CCND1 expression might 

explain the different trends observed in cyclin D1 protein levels after treatment with 20 µM 

and 125 µM DHA in the presence of the p38 MAPK inhibitor: the inhibition decreased cyclin 

D1 protein levels with 20 µM DHA but modestly increased it with 125 µM DHA (Fig. 24), 

especially in quiescent cells. However, the induction pattern of RelA by DHA and p38 MAPK 

did not match that of the cyclin D1 levels. Thus, it is hard to conclude that NF-κΒ also plays a 

role in the modulation of cyclin D1 expression by DHA. Further research, especially including 

RelA PTM sites reported to be associated with CCND1 transcription [299], is needed to 

confirm the involvement of NF-κB. Overall, p38 MAPK, but not NF-κB, may be involved in 

both DHA-induced cyclin D1 degradation and cyclin D1 expression. 

 The activity of eNOS  can be regulated by DHA [253,254] as well as by p38 MAPK 

[270]. While the effect of DHA is conditional, as discussed above, p38 MAPK was found to 

activate eNOS in response to black tea polyphenols [270]. However, Wang et al. [301] reported 

that specific knockdown of p38α MAPK by siRNA augmented p-eNOS levels, and TNFα-

induced p38 MAPK activation was accompanied by a decline in eNOS phosphorylation. In our 

study, p38 MAPK activation also seemed to be inversely related to p-eNOS levels in response 

to DHA (Fig. 3G vs. 3H, 3I vs. 3J, 3M vs. 3N). Indeed, p38α/β MAPK inhibition drastically 

induced eNOS phosphorylation in quiescent cells (Fig. 6B and 7B), in agreement with the 

p38α-specific siRNA results reported by others [301]. In growing cells, on the other hand, the 

p38α/β MAPK inhibitor alone decreased p-eNOS levels (Fig. 7B), meaning that normal 

functioning of p38 MAPK is required for maintaining eNOS activity. Yet, activation of p38 

MAPK by DHA at 8 h, as illustrated in Fig. 3H, 3L and 3P, prevented DHA-induced eNOS 

activation (Fig. 5B). DHA was able to activate PI3K/AKT signaling in EA.hy926 cells [258]. 

This activation, specifically by a high concentration of DHA (125 µM), but not lower 

concentration, may lead to eNOS phosphorylation [302], matching our results showing that 

only 125 µM DHA significantly activates eNOS when p38α/β MAPK is inhibited. Therefore, 

DHA may induce eNOS phosphorylation via other pathways like PI3K/AKT in growing cells, 

which can then be inhibited by DHA-activated p38 MAPK.  

MSK is an important p38 MAPK substrate that can also be activated by ERK1/2 [66], 

but a link between MSK and eNOS activation has not been described. We report here for the 

first time that, in both growing and quiescent endothelial cells, MSK is required for eNOS 

phospho-activation, although the detailed patterns differ slightly in each growth state. In 

growing cells, just as we observed with p38 MAPK, MSK was necessary to maintain eNOS 
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phosphorylation, but DHA showed no effect on eNOS activation (Fig. 8B). In contrast, DHA 

apparently activates eNOS via MSK at lower concentrations (20 and 40 µM) but not at higher 

concentrations (125 µM) in quiescent cells (Fig. 9B). At 8 h of treatment, p38 MAPK was only 

activated by DHA in growing cells and not quiescent cells, but ERK1/2 was activated in both 

growth states [6]. In growing cells, however, p38 MAPK inhibition did not reduce MSK 

activation by MAPK (phosphorylation at Thr-581) nor its catalytic ability (phosphorylation at 

Ser-376) in response to DHA treatment, but increased phosphorylation levels at both sites 

instead (Fig. 11). In quiescent cells, the eNOS response to p38 MAPK inhibition and to MSK 

inhibition were fundamentally different as well: when MSK was inhibited, DHA at 125 µM 

activated eNOS, restoring p-eNOS levels close to that seen in the absence of inhibition. Overall, 

it is unlikely that the effect of MSK on eNOS activation is modulated by p38 MAPK. Rather, 

DHA may act via ERK1/2 to activate MSK in both growing and quiescent endothelial cells, 

which then mediates eNOS phosphorylation, especially at lower DHA concentrations. At high 

DHA concentration (125 µM), there may be pathways other than MAPK/MSK that DHA can 

activate to phosphorylate eNOS, such as the postulated PI3K/AKT pathway. 

NOS3 expression can also be modulated by DHA [240,255] and p38 MAPK 

[121,241,301], possibly via the NF-κB binding sites located on the promoter [29]. DHA was 

found to ameliorate the decrease in NOS3 mRNA levels caused by TNFα, and this was 

accompanied by  attenuation of TNFα-dependent induction of MAPK14 and RELA expression 

[239,240]. This differential response of p38 MAPK and eNOS mRNA levels to TNFα and 

DHA is supported by the finding that p38 MAPK can downregulate NOS3 promoter activity 

[241,301]. We observed a subtle increase in eNOS expression in p38 MAPK-inhibited samples 

compared to control, but statistical significance was not reached (Fig. 7C and 40, and 125 µM 

DHA results in 5C). However, this relation did not hold in quiescent cells, especially with 20 

µM DHA treatment: under this condition, p38 MAPK signaling was required for DHA-induced 

eNOS expression (Fig. 6C). p38 MAPK is reported to induce NOS3 expression by activating 

CREB thus inducing the expression of AP-1 which promotes NOS3 transcription [121]. 

Nevertheless, we did not find CREB activation by 20 µM DHA in quiescent cells (Fig. 18D), 

nor should p38 MAPK be activated under these conditions (Fig. 3N and R). Although NF-κB 

may also temporarily induce NOS3 expression in response to LSS [303,304], its general long 

term effect on NOS3 mRNA levels is still inhibitory [303,305]. The decrease in eNOS 

expression caused by 125 µM DHA (Fig. 4B, 6C, and 9C) may be related to an induction of 

NF-κB transactivation (Fig. 14 - 17) as indicated by RelA Lys-310 acetylation and/or Ser-276 
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phosphorylation levels. On the other hand, the effect of 20 µM DHA on RelA activity was 

inconclusive, and a link to elevated eNOS expression is thus unlikely under this condition. 

Effects of DHA on epigenetic and transcriptional factors via p38 MAPK signaling 

 From what is already known, DHA usually inhibits the transcriptional activity of NF-

κB via either PPARs [243,244] or FFAR4 [245]. The latter pathway involves ERK1/2 and p38 

MAPK. However, we did not observe any effect of DHA on p-RelA Ser-536 levels nor was 

there an involvement of p38 MAPK (Fig. 13). On the other hand, 125 µM DHA induced RelA 

acetylation at Lys-310, while the effect of 20 µM DHA was modest and inconclusive (Fig. 14 

- 17). RelA phosphorylation at Ser-536 as well as Ser-276 can promote recruitment of 

CBP/p300 and subsequent acetylation at Lys-310 [74] that is essential for the full 

transcriptional activity of NF-κB on pro-inflammatory genes [306–308]. MSK is an important 

kinase that phosphorylates RelA at Ser276 [73]. p38 MAPK has also been found to directly 

activate p300 with subsequent acetylation of RelA at Lys-310 [113]. The involvement of p38 

MAPK in RelA acetylation was confirmed by the decrease in RelAK310ac levels when p38 

MAPK is inhibited (Fig. 14D). However, p38 MAPK was only required for RelA acetylation 

at lower concentrations of DHA (20 and 40 µM) in quiescent endothelial cells. Interestingly, 

the signal may not be transduced from p38 MAPK to MSK in quiescent cells (Fig. 16C). 

Moreover, MSK may not be the kinase responsible for phosphorylating the Ser-276 site on 

RelA, since the presence of the MSK inhibitor increased phosphorylation levels instead (Fig. 

16B). Other kinases that can phosphorylate the Ser-276 site include the catalytic subunit of 

protein kinase A (PKAc) [309,310], protein kinase C α (PKCα) [311], and p90 ribosomal S6 

kinases (RSKs) RSK1 and RSK2, but not RSK3 [312]. RSK1 can be inhibited by SB747651A, 

similar to MSK, while more than 80% of the activity of RSK2 can be inhibited [264]. PKA is 

a cyclic AMP (cAMP)-dependent protein kinase whose activity is not inhibited to the same 

degree as MSK by SB747651A at the 5 µM concentration used in this study, while the activity 

of PKC was not effectively inhibited [264]. The cAMP-induced PKA/NF-κB signaling 

pathway was found to play a part in VEGF-induced endothelial cell migration [313]. PKAc 

can also phosphorylate RelA independent of cAMP: inactive PKAc can bind to IκB/NF-κB 

complexes, and dissociation of IκB also activates PKAc to phosphorylate RelA at Ser-276 in 

the cytosol [309]. In addition, a recent transcriptomic study revealed that PKA-specific 

inhibition had an opposite effect on the direction a set of genes was expressed when compared 

to H89, which inhibits both MSK+PKA [314]. This means that MSK and PKA may function 

counter to each other, a scenario similar to that seen with RelA Ser-276 phosphorylation 
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regulation by DHA and SB767451A. PKC, like PKA, belongs to the AGC protein kinase 

family that responds to cytosolic second messenger concentration changes [315]. Unlike PKA, 

certain PKCs are responsive to DAG and/or Ca2+ [316]. DHA has been reported to increase the 

cytosolic Ca2+ concentration, therefore inducing the activity of PKCγ and -δ but not PKCα or 

-β [317]. Additionally, PKCα inhibition by PPARγ agonists [318] and PKCε inhibition by 

DHA (which also has PPARγ agonistic activity) [319] in endothelial cells were both found to 

suppress the expression of pro-inflammatory cyclooxygenase-2 (COX-2). The latter effect of 

DHA may possibly occur via ERK1/2 but not p38 MAPK. DHA may also trigger increased 

cytoplasmic accumulation of cAMP via FFAR4 [320] as well as a Ca2+ concentration surge via 

FFAR1 [321] and phospholipase C (PLC) [317]. PLC also produces DAG from membrane 

phospholipids. Therefore, elevation of p-RelA Ser-276 levels in response to 20 and 40 µM 

DHA treatment in the presence of SB747651A may be attributed to the FFAR1 or PLC or 

PPARγ)/PKC/ERK1/2/MSK signaling pathway or, to a lesser extent, activated PKA via 

FFAR4 acting in opposition to MSK. The fact that functioning MSK inhibited this process in 

quiescent cells suggests a requirement for DHA-dependent inhibition of PKC signaling. In 

growing cells, on the other hand, RelAK310ac correlates with MSK and RelA phosphorylation 

at Ser 276, judging from the similar activation patterns of the 2 sites following treatment with 

DHA and the MSK inhibitor (Fig. 15B vs 15C). Another way to recruit CBP/p300 to the 

chromatin is via an interaction with CREB which cooperates with NF-κB on the same 

promoters [322]. The CREB/CBP complex may also contribute to DHA-induced RelA 

acetylation at Lys-310, especially in quiescent cells treated with 125 µM DHA (Fig. 17D), 

which is not regulated by either p38 MAPK or MSK. This also means that CREB may be 

activated by DHA to bind CBP via kinases other than MSK, and this is going to be discussed 

later. 

Apart from inducing Lys-310 acetylation on RelA, 125 µM DHA also seemed to 

modestly elevate Ser-276 phosphorylation (Fig. 15B and 16B), while 20 µM DHA appeared to 

moderately inhibit RelA phosphorylation at Ser-276, especially in quiescent cells (Fig. 16B). 

Both Ser-276 phosphorylation and Lys-310 acetylation on RelA are usually associated with 

pro-inflammatory [323,324] and pro-apoptotic [324–326] responses, thus having deleterious 

effects on cells. As a TF, NF-κB causes these effects by regulating the expression of target 

genes. By affecting the transcriptional activity of NF-κB, these 2 PTMs of RelA can act through 

recruitment of co-factors that aid in chromatin remodeling, transcription induction, and 

transcription elongation [324]. Recruitment of CBP/p300 by phospho-Ser-276 not only can 

lead to acetylation of RelA at Lys-310, but can also act on chromatin to acetylate histones [70]. 
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In addition, Ser-276 phosphorylation is necessary to recruit DNA (cytosine-5)-

methyltransferase-1 to the promoters of “good” genes such as tumor suppressor genes, 

therefore silencing the gene via DHA methylation [327]. RelAK310ac can directly bind to 

bromodomain-containing protein 4 (BRD4) [307,328], which also seems to require 

phosphorylation at Ser-276 [329,330]. BRD4, as its name suggests, functions as an acetylated 

lysine residue reader and then recruits other cofactors to the active gene locus [331]. One of 

the most important cofactors that BRD4 can interact with is the positive transcription 

elongation factor b (P-TEFb) [332]. P-TEFb, a complex of CDK9 and cyclin T1, is critical in 

promoting transcription elongation by phosphorylating Pol II, and BRD4 was found to directly 

bind to CDK9 [331,332]. NF-κB was found to recruit P-TEFb via BRD4 to the promoters of 

pro-inflammatory genes such as IL8 and IL6, and this recruitment requires Ser-276-

phosphorylation-coupled Lys-310 acetylation on RelA [307,324,329,331–334]. In addition, 

RelAK310ac can also block RelA ubiquitination and subsequent degradation, increase the 

stability of NF-κB, and prolong its occupation on chromatin for transcription induction 

[335,336]. Therefore, induction of RelA Ser-276 phosphorylation and Lys-310 acetylation by 

125 µM DHA should tend towards a pro-inflammatory state in vitro, while 20 µM DHA may 

lean towards the anti-inflammatory side if it truly inhibits the modification of at least one of 

the two PTMs. Additional tests to explore the expression profiles of genes downstream of NF-

κB that may be differentially modulated by high and low concentrations of DHA may help to 

confirm this speculation.  

 We demonstrated here for the first time that DHA may in a concentration-dependent 

fashion modulate CREB activation in endothelial cells (Fig. 18). CREB is an important TF that 

controls the transcription of thousands of genes that regulate diverse cellular processes. It can 

also be activated by various stimuli including cAMP, Ca2+, stress, growth factors, hormones, 

etc [337]. CREB plays a vital role in neuronal signaling [338,339], circadian rhythm [340–

342], cell proliferation and oncogenesis [343,344], as well as inflammation [345,346] and more. 

CREB exerts its transcriptional activity by engaging co-factors, such as other TFs, DNA 

methyltransferases [347], and most importantly, CBP [348]. Ser-133 phosphorylation is 

indispensable for CREB activation, and similar to RelA Ser-276 phosphorylation, the kinases 

that phosphorylate CREB include MSK, RSK, PKA, and PKC [72,264,348]. The SB747651A 

treatment results proved that MSK and/or RSK were required for the phospho-activation of 

CREB in endothelial cells, but it did not explain the full activity. The (ERK1/2 and/or p38 

MAPK)/(MSK and/or RSK)/CREB signaling pathway has been well-established in many cell 

types and tissues [349,350], and this signaling pathway is linked to cardiac fibrosis, VSMC 
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migration, and pro-inflammatory responses [345,349]. DHA was reported to upregulate CREB 

signaling in neural cells to induce neurogenesis and improve cell viability in brains [351,352], 

which was proposed to signal through FFAR1 [353] to also activate PKA and/or PKC. 

However, activation of CREB by TG-rich lipoproteins in the endothelium was reported to be 

harmful, accompanied with activation of NF-κB via both ERK1/2 and p38 MAPK, thus leading 

to increased expression of pro-inflammatory genes and adhesion molecules [354]. By 

activating CREB in both growing and endothelial cells, high concentrations of DHA (125 µM) 

may be more pro-inflammatory. The pathway leading to CREB activation by 125 µM DHA 

may be slightly different in growing cells versus quiescent cells. MSK and/or RSK as well as 

PKA and/or PKC may participate in both growth states, while p38 MAPK signaling is likely 

to be only involved in quiescent cells and not growing cells. In growing endothelial cells, 

ERK1/2 might be the main MAPK that links DHA and MSK according to the DHA-induced 

MSK activation results with p38 MAPK inhibitor (Fig. 11 and 12). On the other hand, lower 

concentrations of DHA (20 and 40 µM) suppressed CREB in growing cells, while having only 

a moderate effect in quiescent cells. It was found in adipocytes that DHA reduced p-CREB 

levels upon DHA treatment for 1 to 24 h [320]. As discussed above, DHA [319] and PPARγ 

agonists [318] were reported to inhibit PKC in endothelial cells, both leading to transcriptional 

inhibition of COX-2, although the PKC isoforms involved in these two studies were different. 

Downregulation of COX-2 mRNA levels by PPARγ agonists was found to be mediated via 

CREB suppression (reduced phosphorylation at Ser-133) [318]. Therefore, the reduction of 

CREB phosphorylation by low concentrations of DHA may be due to inhibition of PKC via 

the PPARγ/PKC/CREB signaling as in the COX-2 case. This should lead to suppressed 

expression of those CREB-associated pro-inflammatory genes. 

 Histone H3 phosphorylation at Ser-10 and Ser-28 via MAPK (ERK1/2 and p38 

MAPK)/MSK signaling has been well recognized [77,355–357], and so is their strong 

association with transcription promotion of immediate-early genes (IEGs) such as FOS, JUN 

and EGR-1 [358]. Although p38 MAPK and ERK1/2 can be activated by DHA (Fig 3 and [6]), 

their activation patterns at 8 h of DHA treatment differed considerably from the DHA-induced 

H3 phosphorylation patterns in both growing and quiescent cells (Fig. 19 and 20). Furthermore, 

MSK inhibition by SB747651A did not attenuate this induction, matching the IEG expression 

stimulation results obtained in MSK-knockout fibroblasts and H89-treated human primary 

fibroblasts that were both stimulated with epidermal growth factor or a tumor promoting 

compound, phorbol 12-myristate 13-acetate [314]. Instead, H3 phosphorylation at these 2 sites 

both increased under certain treatment conditions in the presence of the MSK inhibitor. This 
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means that, although MSK can modulate H3 phosphorylation at Ser-10 and Ser-28, the kinase(s) 

mainly responsible for their modification in response to DHA are likely to be other candidates. 

Sawicka and Seiser [102] have summarized a list of writers reported for these 2 phospho-sites. 

Besides MSK, only aurora-B was found to phosphorylate both sites, but during mitosis instead 

of interphase [102,107]. PKA and AKT are also in this list. Both PKA and AKT may be 

involved in the alternative signaling pathways that DHA can induce, and that may be able to 

act against p38 MAPK and/or MSK signaling, as discussed above. However, both PKA and 

AKT were only reported to promote H3 phosphorylation on Ser-10 [102]. The plausible 

counteracting effect of MSK and PKA [314] as mentioned above might be able to explain the 

general increase in p-H3S10 levels after MSK inhibition in quiescent cells (Fig. 20B). Another 

kinase that was shown to phosphorylate H3 at both Ser-10 and Ser-28 sites is Ca2+/CaM-

dependent protein kinase II (CaMKII) [359,360]. It plays an important role in the pathology of 

heart failure [361] as well as atherosclerosis [362,363], and as its name suggests, CaMKII is 

activated by Ca2+/calmodulin. Although DHA was found to trigger cytoplasmic Ca2+ 

accumulation [317] that may activate CaMKII, inhibition of CaMKII by DHA at greater than 

50 µM was recently reported in a pancreatic carcinoma cell line [364]. DHA inactivated 

CaMKII at higher concentrations (100 and 150 µM) but not lower ones (25 and 50 µM) and 

this may explain the induction pattern of H3 Ser-10 phosphorylation by DHA: lower 

concentrations of DHA (20 and/or 40 µM) increased Ser-10 phosphorylation on H3 in both 

growing and quiescent cells, while 125 µM DHA did not (Fig. 19B and 20B). If MSK can also 

inhibit DHA/CaMKII signaling, then this may be able to justify SB767451A-induced H3 Ser-

10 phosphorylation by 125 µM DHA in growing cells. Nevertheless, the induction of H3 Ser-

28 phosphorylation by higher concentrations (125 and/or 40 µM) of DHA only (Fig. 19C and 

20C) cannot be rationalized this way. The differential phosphorylation patterns after DHA 

treatment and possibly distinct pathways leading to these both support the previous findings by 

Dyson et al. [77] and Dunn and Davie [355] that H3S10 and H3S28 are phosphorylated 

independently on different chromatin loci. The associations of H3S10 or H3S28 with other H3 

PTMs such as acetylation as well as other co-factors (CBP/p300) were also found to differ 

[355,357,365,366]. For instance, HDAC inhibition was found to promote H3 phosphorylation 

on Ser-28 but not Ser-10 [77,367]. And DHA may serve as a HDAC inhibitor and lead to 

upregulation of histone acetylation on H3 [147,368]. This may clarify the increased p-H3S28 

levels by higher concentrations of DHA but not p-H3S10. Also, this process may be modulated 

by MSK in growing endothelial cells but not in quiescent ones, since MSK inhibition elevated 

H3 Ser-28 phosphorylation in growing cells only (Fig. 19C vs 20C).  
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Unlike histone acetylation, the effect of DHA on histone phosphorylation is not well 

documented, especially outside the brain. Here, we demonstrated for the first time that DHA 

may be able to induce H3 phosphorylation in endothelial cells and this effect was 

concentration- and site-specific but less dependent on growth state. Although H3 

phosphorylation events on Ser-10 and Ser-28 share similar signaling pathways in some cases, 

they should be induced via different mechanisms by DHA in endothelial cells as discussed 

above. Also, these two phospho-events were found to act separately in promoting transcription. 

Ser-28 phosphorylation on H3 is proposed to be more associated with transcriptionally active 

promoters [369] and trigger transcription initiation [370] as well as elongation especially for 

IEGs [358] and stress-induced genes [356]. The upregulation of IEG expression can also be 

related to inflammation [371,372], so the increased p-H3S28 levels seen with higher 

concentrations (125 and/or 40 µM) of DHA might indicate that the cells were in a stressed, 

pro-inflammatory state. Although H3 Ser-10 phosphorylation is also associated with IEG 

expression during interphase, this process was found to be MSK-dependent [102,373], which 

is not consistent with our results for MSK-independent p-H3S10 induction by lower 

concentrations (20 and 40 µM) of DHA. Another important and special role of H3 Ser-10 (also 

for H3 Ser-28 to some extent) phosphorylation is its association with chromatin condensation, 

especially during mitosis [107,374]. This phospho-site is proposed to serve as a flag/mark for 

cell cycle checkpoints so that chromatin can be correctly processed during G2/M phase, and if 

p-H3S10 was induced in interphase, chromosome condensation may happen before the cells 

enter M phase [107]. This might lead to cell cycle disruption and probably genome instability 

[374] that could result in slower and/or partial replication of chromatin at the condensed area 

[375]. This might provide the basis for DHA-attenuated DNA synthesis (discussed above) and 

the lower proportion of cells in S phase after treatment with 20 µM DHA but not 125 µM DHA 

(Fig. 21E). However, this cannot explain why the cell cycle results were only observed in 

quiescent cells while H3 Ser-10 phosphorylation induction was observed in both growth states. 

As mentioned, CaMKII is an important kinase in cardiovascular signaling. It is not only 

able to phosphorylate histone H3 as discussed, but also able to modulate the activity of eNOS 

[376–378], NF-κB [379,380], and CREB [381–383]. CaMKII was reported to be responsible 

for eNOS phospho-activation at the Ser-1177 site, which is dependent on the 

dephosphorylation of an inhibitory site, Thr-497 [378]. While the involvement of CaMKII in 

NO-dependent endothelial function in vivo remains debatable [377], it has been confirmed to 

induce NOS3 transcription [384,385], phosphorylate eNOS and upregulate NO production in 

vitro [376,377] and ex vivo [376]. In addition, eNOS activation by CaMKII was found to be 
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less dependent on a Ca2+ surge, but was proposed to be mediated via signal transduction along 

a few CaMKII-downstream kinases such as AKT and ERK1/2 [376]. CaMKII was also found 

to upregulate NF-κB nuclear translocation and transcriptional activity [379,380,386], together 

with increased IKK activation [386] and RelA phosphorylation at Ser-536 [387,388]. Unlike 

the activation effect on eNOS and NF-κB, CaMKII was found to prevent CREB activation by 

PKA via phosphorylation of an inhibitory site on CREB, Ser-142 [381]. Although CaMKII can 

also phosphorylate CREB at Ser-133, this action of CaMKII occurs in neurons only, via 

CaMKIIα and -β isoforms [381,389] or CaMKIV [383]. CaMKII isoforms demonstrate a 

tissue-specific expression profile: α and β isoforms are largely restricted to neurons and central 

nervous system-associated cells, while γ and δ isoforms are mainly in other tissues [362,390]. 

CaMKIIδ is the major isoform in muscle cells and endothelial cells [362,390,391]. It was 

reported that CaMKIIδ decreased the transcriptional activity of CREB by phosphorylating it at 

Ser-142 probably via ERK1/2 activation and it did not affect CREB Ser-133 phosphorylation 

levels in VSMC [382]. Moreover, CaMKII was found to affect cell cycle progression and 

associate with cyclin D1 expression [362,392]. Given that CaMKII was found to be responsive 

to DHA [364,393,394], it is possible that CaMKII may also play a role in DHA-regulated eNOS 

activation, RelA phosphorylation at Ser-536, CREB inactivation indicated by decreasing Ser-

133 phosphorylation levels, and/or altered cell cycle progression. In addition, CaMKII 

possesses a wide range of splice variants from the 4 isoforms, whose expression can be 

differentially regulated in response to a stimulus [392,395,396] and whose signaling pathways 

were found to be distinct as well [362,386], which may lead to phenotype switching of VSMC 

[397]. Therefore, if CaMKII contributes to those DHA-stimulated signaling events as just 

mentioned, the differences in various splice variants of CaMKII might be able to explain the 

growth-state-dependent effects of DHA. These speculations about the involvement of CaMKII 

in the effect of DHA on endothelial cells need to be addressed experimentally. 

 Based on the above discussion, the possible signaling pathways that DHA can adopt 

under different scenarios are summarized in Fig. 25. Further studies are required to validate the 

involvement of the proposed enzymes. It is clear, however, that the growth-state-dependent 

differential activation of p38 MAPK by DHA only played a small part in the DHA mediated 

growth-state- and concentration-dependent effects on endothelial cells. 
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The involvement of PKC, PKA, PI3K/AKT, CaMKII and HDAC is based on information taken 

from the literature. Upwards or downwards colored arrows beside the protein name stand for 

observed results exhibiting significant upregulation or downregulation, respectively. Green 

arrows indicate potential beneficial outcomes, while red ones represent possible deleterious 

effects. Arrows to the left of the protein name stand for regulations of activity, and arrows to 

the right of the protein name represent regulation of expression.  

  

Figure 25. Proposed mechanisms of action of DHA in growing and quiescent endothelial 

cells at low (20 µM) and high (125 µM) DHA concentrations. 
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Effects of DHA are affected by growth state, concentration, and other factors  

 As summarized in Fig. 25 and Table 4, the distinct effects of DHA on effectors related 

to ED and the possible mechanisms underlying their actions were dependent upon both 

concentration and cell growth state. Treatment time is another factor that may affect how DHA 

influences endothelial cells as illustrated in Fig. 3: the phosphorylation levels of eNOS, p38 

MAPK, and NF-κB in response to DHA fluctuated as a function of treatment time. For the 

effect of concentration, generally speaking, 20 µM DHA may possess beneficial effects via 

induction of eNOS expression and activation, prevention of cell proliferation and apoptosis (as 

indicated by the cell cycle profile and possibly p-H3S10-induced DNA replication delay), and 

downregulation of NF-κB- and CREB-associated inflammatory responses. In contrast, high 

concentrations (125 µM) of DHA appeared to be more pro-inflammatory and deleterious 

through inhibition of eNOS expression and promotion of NF-κB, CREB, and p-H3S28 

associated inflammatory and stress responses. Also, quiescent cells seemed to be more 

responsive to 20 µM DHA compared to growing ones, while the effects of DHA at 125 µM 

were similar in growing and quiescent cells.   

As noted earlier, the growing and quiescent states of EA.hy926 cells may represent the 

active, dysfunctional vs. healthy, inactive states, respectively, in vivo. Therefore, the 

differential effects of DHA at 20 µM in these two cell growth states may imply that the 

beneficial DHA dose for humans is different for healthy individuals compared to patients with 

ED. This may partially explain the contradictory FMD results obtained from different studies 

summarized in Table 1: increased FMD after DHA supplementation was observed in children 

[223] but not in hypertensive older adults (40 -75 years old) with type 2 diabetes [222]. 

Although Singhal et al. [224] observed no effect of DHA supplementation on FMD in female 

participants and even a DHA-dependent decrease in FMD in male participants, this may be 

caused by the high saturated fat and omega-6 fatty acid content of the carrier oil for DHA 

compared to olive oil as the control [224]. The different responsiveness of growing and 

quiescent cells to 20 µM DHA may also partly explain the discrepancies between the 

consistently observed cardioprotective effects of DHA and EPA in observational and 

epidemiological studies versus the controversial results from large-scale clinical trials 

examining the effects of intervention with DHA+EPA. Most of those clinical trials focused on 

secondary prevention, while only two primary prevention trials, ASCEND (A Study of 

Cardiovascular Events in Diabetes) [398] and VITAL (Vitamin D and Omega-3 Trial) [399], 

are available to date. Although neither of these two primary prevention trials found significant 
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differences between the treatment and placebo groups in their primary outcomes, further 

analysis did reveal significant beneficial effects of n3 PUFA towards CVD protection such as 

reduced MI and coronary heart disease [400]. This may suggest the potential of DHA and EPA 

in primary CVD prevention [217], although the evidence is weak due to the paucity of these 

kinds of studies. Also, the study populations in ASCEND and VITAL were elderly and/or 

diabetic patients who likely had impaired endothelial function at the time of the study, and thus 

may not fully match the quiescent cell state in our study. More clinical trials focusing on 

primary prevention of CVD, especially those using endothelial function as one of the inclusion 

criteria or a confounding factor in the analyses, are needed to strengthen the evidence for better 

devising primary care strategies for CVD prevention. 

 Currently, a commonly used clinical indication of someone’s DHA status is the 

measurement of total plasma fatty acid concentrations (usually in µM) and it may be reported 

as percentage of total lipids/fatty acids. A cross-sectional study analyzed plasma total fatty acid 

concentrations in generally healthy Canadians in their 20s from 2004 to 2009 (n = 826) [201]. 

It was discovered that the plasma DHA concentrations were highly variable in the study 

population, spanning a range from 7.2 µM to 237.5 µM with 90% between 47.8 µM to 138.0 

µM. While the overall mean plasma DHA content was reported to be 88.8 µM, it was 

significantly higher in females than in males (93.6 ± 38.8 µM vs. 81.0 ± 31.8 µM, p < 0.01). 

This sex effect on plasma DHA content is well recognized  and can be attributed to the effect 

of estrogen [401] and the higher conversion rate from ALA in females [402]. Also, the sex 

difference may affect changes in plasma DHA content [200] and plasma oxylipin accumulation 

[198] after n3 PUFA supplementation, and lead to different FMD responses between men and 

women during DHA-only supplementation [224]. Other factors that may affect the plasma 

concentration of DHA (and/or its metabolites) and/or its response to supplementation are age 

[403], type of supplemented n3 PUFA (ALA or EPA or DHA) [196–199], duration of 

supplementation (study length) [198,404], dose [405], and probably genetics [200]. However, 

the specified relationships between plasma DHA concentration and membrane-incorporated 

DHA content in various tissues and cells has received limited attention. And DHA cleaved 

from the membrane phospholipids can have a significant and profound impact on cell signaling 

[165]. DHA incorporation into the membranes of cells is affected by DHA treatment 

concentration, time, and type of cells treated in vitro [279,281,282]. Therefore, given the 

treatment duration, the membrane-incorporated form may be the source of DHA triggering the 

late activation of MAPK and other proposed signaling pathways such as the (PLC and/or 

PPARγ)/PKC/(NF-κB and/or CREB) pathways described in this thesis and in previous studies 
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by our group [6,165]. In addition, it will be useful to understand what the optimal DHA 

concentration in vitro means for membrane DHA content in endothelial cells, and how this 

links to plasma DHA concentration and dietary DHA intake as well. Individual differences 

regarding those confounding factors should be considered carefully for this topic. 

Apart from acting through different signaling pathways, DHA may also convey its 

differential mechanisms of action in endothelial cells via the wide range of bioactive lipid 

mediators it can generate. As just discussed, oxylipin concentrations can be affected by the 

same factors that affect plasma DHA content and may differ in different body compartments 

[406]. Furthermore, different oxylipins were found to have different pharmacokinetics and 

final concentrations at the end of a study [198,199,404,405]. Oxylipins, including specialized 

pro-resolving mediators (SPM), are generated enzymatically via oxygenation of PUFA, and 

contribute intimately to the physiological actions of DHA in inflammation, thrombosis, 

immunity and more [165,406]. They also play an important role in modulating endothelial 

function [407]. For instance, resolvin D1, a SPM derived from DHA, was found to mitigate 

stress-induced NF-κB signaling [408]. Therefore, the different effects and mechanisms of 

action observed for DHA under different treatment conditions and cell growth states may be 

due to different oxylipins produced from DHA under these conditions. Then, those oxylipins 

can trigger different signaling pathways depending on their variety and concentration.  

Overall, according to our results, the potential atheroprotective effects of DHA on 

endothelial cells depend on many factors, such as cell growth state, DHA concentration, and 

treatment time. If these factors were extrapolated to an in vivo situation, it would mean that the 

effect of DHA on CVD prevention is affected by the health status of the individual, and factors 

that influence the amount of DHA in plasma as well as DHA incorporated into the endothelial 

cell membrane. In addition, the effect of DHA is also likely affected by the various metabolites 

originating from DHA. The differential pharmacokinetics of different DHA metabolites might 

be one of the explanations for the complex mechanisms of action of DHA under different 

treatment situations, as discussed in the previous section.  
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STRENGTHS 

• The EA.hy926 cell line is a widely used permanent macrovascular endothelial cell line 

with most of key characteristics of primary endothelial cells. 

• MG used for cell culture is similar to ECM components in vivo, and the ability to culture 

EA.hy926 cells to quiescence on MG-coated surfaces has been examined previously, 

which was further validated via the cell cycle results in this study. 

• DHA was delivered to the cell cultures with FA-free BSA trying to mimic the non-

esterified FA in circulation. 

• Appropriate vehicle controls were used in each set of treatments for more accurate 

comparison of results. 

• Samples from 3 independent experiments (instead of 3 biological replicates from one 

experiment) were run on the same gel for Western blotting. This minimized technical 

errors during image acquisition and quantification. 

• The specificity of most phospho-specific antibodies used was validated. 

• Total protein load was used for Western blotting normalization when applicable, 

instead of normalizing to a housekeeping protein. 

• The effects of DHA on growing and quiescent endothelial cells was compared closely 

for the first time. 

• Concentration, time, and growth state dependency of DHA treatments on eNOS and 

cell cycling were systematically evaluated.  

• The effect of DHA on various key RelA PTMs were evaluated instead of only the Ser-

536 site. And the possible mechanisms of DHA-induced RelAK310ac were extensively 

examined. 
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LIMITATIONS 

• The EA.hy926 cell line is derived from HUVEC, which is of fetal origin. It is not 100% 

physiologically comparable to adult endothelial cells, especially those from arteries. 

• Genetically, EA.hy926 cells are not normal diploid cells since they were generated by 

fusion with A546 carcinoma cells, and they are of male HUVEC origin. The effects of 

sex and genetic differences on the results are unknown. 

• EA.hy926 cells have different expression patterns of certain cytokines as well as 

adhesion molecules and inflammatory responses to certain stimuli compared to 

HUVEC. This may indicate that the cellular signaling pathways in EA.hy926 cells are 

not the same as primary cells. 

• The cells were examined under culture conditions lacking flow. This is not equivalent 

to the blood flow environment in vivo. 

• The chemical inhibitors used are not 100% specific, causing ambiguity in deriving 

possible mechanisms and may pose unknown effects on other signalling pathways.  

• No functional assay was performed for eNOS activity and the transcriptional activities 

of those TFs tested to validate the Western blotting results. 

• The variations (most likely due to cells from different cell passages) among the 3 

independent samples for Western blotting in some cases may affect the significance 

analysis. 

• The DHA treatment may not be 100% representative to the situation in vivo with the 

presence of esterified DHA in the bloodstream. 
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FUTURE RESEARCH 

• Perform functional assays for eNOS activity, ROS production, and transcriptional 

activities of NF-κB and CREB. 

• Validate and explore the involvement of those pathways proposed in Fig. 25. 

• Validate the effects of DHA using primary endothelial cells. 

• Validate the involvement of p38 MAPK and MSK using genetic approaches for much 

higher specificity than chemical inhibitors used in this study. 

• Explore the downstream effector genes of DHA in the two growth states of EA.hy926 

cells with Whole Genome Sequencing methods. 

• Investigate the different receptors for DHA in endothelial cells that may connect to 

various signaling pathways.  

• Validate the growth-state- and concentration-dependent effects of DHA in animal 

models and even human clinical trials. 

• Explore what 20 and 125 µM of DHA in vitro might mean in relation to the in vivo 

situation, which may help to determine the dietary refence intakes of DHA, especially 

the tolerable upper intake limit, and recommended doses for supplementation. 

 

  



 109 

CONCLUSIONS AND SIGNIFICANCE 
The effects of DHA on endothelial cells are growth-state-, concentration-, and time-

dependent. The lower concentration of DHA (20 µM) is most likely to be atheroprotective 

based on the responses of eNOS, cell cycle profiles, and epigenetic factors. Specifically, 20 

µM DHA induced eNOS activation and expression, reduced proliferation and apoptosis, and 

downregulated transactivation of NF-κB and CREB. On the other hand, judging from the same 

factors, 125 µM DHA may be deleterious to endothelial cells by reducing eNOS expression, 

inducing apoptosis, and promoting inflammation via transactivation of NF-κB and CREB as 

well as an increase of H3S28 phosphorylation. While p38 MAPK was involved in all these 

responses to DHA, p38 MAPK signaling only played a small part based on the p38 MAPK 

inhibition results and the deduced signaling pathways as illustrated in Fig. 25. And DHA may 

act through many other pathways that collectively lead to the final outcomes we observed. 

MSK was also partially involved in the DHA-mediated differential responses of NF-κB, CREB, 

and even eNOS, but MSK acted independently of p38 MAPK in the majority of those responses. 

In addition, MSK was found to be essential for eNOS activation in both endothelial growth 

states, which has not been reported yet. Surprisingly, however, MSK is not likely to be the 

kinase for histone H3 phosphorylation at Ser-10 and Ser-28 sites in endothelial cells. This study 

is the first to report that DHA may modulate the transcriptional activities of CREB via Ser-133 

phosphorylation and NF-κB by differentially regulating various PTMs on RelA, as well as 

induce H3 phosphorylation in endothelial cells. These epigenetic changes would cause 

differences in gene expression profiles such as NOS3, through which DHA exerts its effects on 

endothelial cells. It was also found, for the first time, that eNOS was expressed more in 

quiescent endothelial cells than in growing cells, based on the evidence showing the relative 

protein levels were about 1.5-fold higher in quiescent cells compared to that in growing cells.  

This study emphasized the importance of growth state for the effects of DHA on 

endothelial cells. The quiescent endothelial cells seem to be more responsive to 20 µM DHA 

than the growing cells, implying that DHA might be more effective in primary prevention of 

CVD for healthy individuals compared to patients already with impaired endothelial functions. 

In addition, the contradictory effects of DHA at different concentrations brings up concerns for 

DHA intakes, and recommendation for both dietary intake and supplementation. Better and 

more refined intake recommendations are needed catering to different subpopulations, 

especially based on their health status, striving to achieve optimal plasma DHA levels. Also, 

by exploring the specific factors, either intermediate between different pathways or 
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downstream of those epigenetic factors, we may be able to identify potential therapeutic targets 

and/or diagnostic markers for endothelial cell functions and atherosclerosis. 
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APPENDIX 

EA.hy926 cells were treated with 125 µM DHA for 8 h at which time cell lysates were prepared 

and subjected to alkaline phosphatase treatment as previously described [409]. Briefly, after 

DHA treatment, hypotonic lysis buffer (HLB) (100 mM Tris pH 7.4, 2 mM EDTA, and 1× 

Protease Inhibitor cocktail set III (Millipore, #539134)) was used to lyse cells. Then, 1× 

phosphatase inhibitor cocktail was immediately added to 40 µL of the cell lysate, while another 

40 µL of the lysate was incubated with 2 µL rCutSmartTM buffer and 1 µL Shrimp Alkaline 

Phosphatase (SAP, NEB, #M0371S) at 37 ºC for 30 min followed by 65 ºC for 5 min. Both 

phosphatase-treated (SAP+) and non-treated (SAP-) samples were then sonicated and analyzed 

by Western blotting. The absence of bands in the SAP+ sample lysates together with the visible 

bands for SAP- sample lysates indicate that the tested phospho-antibodies were specific for the 

phosphoproteins under investigation. In addition, the similar band intensities in RelAK310ac 

between the SAP- and SAP+ sample lysates imply that this RelA acetylation was not affected 

by phosphorylation.  

 

Figure 26. Validation of primary antibodies for some phospho-proteins and RelAK310ac. 
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EA.hy926 cells were treated with various concentrations of DHA for 2 or 8 h. Then the cells were subjected to PI staining and flow cytometry 

analysis with an established protocol from Dr. Peter Pelka’s lab (University of Manitoba). Representative histograms for growing cells (panel A 

on the left) and quiescent cells (panel B on the right) are displayed. Ctl: control with 0 µM DHA treatment. 

Figure 27. Representative histograms for flow cytometry of PI-stained EA.hy926 cells. 


