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ABSTRACT (Word Count: 246) 

Objective: We have previously demonstrated the in vivo importance of the Akt-eNOS substrate-
kinase relationship, as defective postnatal angiogenesis characteristic of global Akt1-null mice is 
rescued when bred to ‘gain-of-function’ eNOS S1176D mutant mice. While multiple studies 
support the cardioprotective role of endothelial NO generation, the causal role of Akt1-dependent 
eNOS S1176 phosphorylation during atherosclerotic plaque formation is not yet clear. 
Approach & Results: We herein bred congenic ‘loss-of-function’ eNOS S1176A and ‘gain-of-
function’ eNOS S1176D mutant mice to the proatherogenic Akt1-/-; ApoE-/- double knockout mice 
to definitively test the importance of Akt-mediated eNOS S1176 phosphorylation during 
atherogenesis. We find that a single amino acid substitution at the eNOS S1176 phosphorylation 
site yields divergent effects on atherosclerotic plaque formation, as an eNOS phospho-mimic 
aspartate (D) substitution at S1176 leads to decreased indices of atherosclerosis, even when on 
a proatherogenic Akt1 global deletion background. Conversely, mice harboring an 
unphosphorylatable mutation to alanine (S1176A) result in increased lipid deposition and cellular 
apoptosis, phenocopying the physiological consequence of eNOS deletion and/or impaired 
enzyme function. Furthermore, gene expression analyses of whole aortas indicate a combinatorial 
detriment from NO deficiency and Western Diet challenge, as ‘loss-of-function’ eNOS SA mice on 
a high-fat and high-cholesterol diet present a unique expression pattern indicative of augmented 
T-cell activity when compared to eNOS S1176D mice.   
Conclusions: By using genetic epistasis approaches, we conclusively demonstrate that Akt-
mediated eNOS S1176 phosphorylation and subsequent activation remains to be the most 
physiologically relevant method of NO production to promote cardioprotective effects.   
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INTRODUCTION 
Endothelial cells (EC) play a vital role in modulating vascular responses, as endothelial 

dysfunction and reduced nitric oxide (NO) bioavailability are common features underlying the 
pathophysiological risks for insulin resistance, hypertension, and atherogenic dyslipidemia1,2. The 
importance of NO production in cardiovascular protection has been long-established through 
investigation of numerous physiological models. Endothelial production of NO is critical for the 
regulation of several vascular responses, including vascular tone, blood flow, leukocyte-
endothelial interactions, platelet adhesion/aggregation, and vascular smooth muscle cell function. 
A decrease in NO bioavailability results in endothelial dysfunction, as characterized by features 
conducive to the development of atherosclerosis to influence parameters such as thrombosis, 
inflammation, neointimal proliferation, and vasoconstriction3,4.  

NO is generated through conversion of L-arginine to L-citrulline by the enzymatic action 
of nitric oxide synthase (NOS), an NAPDH-dependent NO synthase. This reaction requires 
calcium/calmodulin, FAD, FMN, and tetrahydrobiopterin (BH4) as necessary cofactors for efficient 
NO production. Various studies have been conducted to understand the contribution of eNOS 
activity on vascular protection through manipulation of essential cofactors required for eNOS 
enzymatic activity or through modulation of eNOS protein levels and expression5,6. eNOS 
knockout mice demonstrate the most extreme outcomes of eNOS loss, such as increased platelet 
aggregation, increased leukocyte-endothelial interaction, and increased vascular smooth muscle 
cell proliferation5,7. Furthermore, eNOS knockout mice manifest whole-body outcomes indicative 
of consequent NO deficiency, such as hypertension, insulin resistance, and hyperlipidemia – 
phenotypes that are directly correlated with accelerated atheroma formation upon Western diet 
challenge5. Overexpression of eNOS also, paradoxically, yields larger atherosclerotic lesions, 
which was later attributed to consequential eNOS dysfunction and uncoupling6. eNOS uncoupling 
is therefore an important mechanism underlying the pathogenesis of EC dysfunction and 
downstream atherogenesis, where increasing evidence suggests that proper functionality of the 
eNOS enzyme, rather than expression levels, is most critical for cardiovascular homeostasis8. 

Endothelial NOS (eNOS) enzymatic activity can be regulated on several levels in addition 
to cofactor availability. These include gene transcription/mRNA stability, interactions with key 
modulators (i.e. hsp90, caveolin), and through post-translational modifications (PTM). eNOS can 
undergo various PTMs to incur an effect on function and hence influence NO production, including 
S-nitrosylation, acetylation or glutathionlyation.  However, a large body of research since its initial 
discovery in the 1990s has focused on how phosphorylation status at specific residues affect 
eNOS function9,10. Among the various mechanisms of regulation, eNOS protein phosphorylation 
at S1176 (1179 in bovine, 1177 in human and 1176 in murine) plays a critical role in promoting 
activation of eNOS enzymatic activity11,12. Various extracellular stimuli (e.g. insulin, VEGF, shear 
stress) generate NO through eNOS S1176 phosphorylation, where several kinases (e.g. Akt, 
PKA, PKG, AMPK, CaMKII, etc.) have been identified, implying the physiological importance of 
eNOS phosphorylation and activation2.  

Although several kinases can phosphorylate eNOS at S1176, previous studies using 
genetic epistasis approaches demonstrate that the kinase Akt is the most critical for eNOS 
phosphorylation and function in vivo. We have shown that the impaired angiogenic phenotypes 
typically seen in Akt1 deficient mice are rescued when crossed with eNOS ‘gain-of-function’ 
(S1176D) mice12. The observed rescue in impaired angiogenesis demonstrates the importance 
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of Akt1 activity as the predominant kinase for eNOS phosphorylation in vascular repair. While the 
Akt-eNOS relationship has been described in the context of adaptive angiogenesis, the causal 
role of Akt-dependent eNOS phosphorylation in atherogenesis has not yet been investigated 
using the available mouse models. The definitive role of the Akt1 signaling pathway in 
atherosclerosis remains uncertain, as several in vitro studies suggest Akt may serve either an 
athero-protective or athero-prone role13–15. Moreover, the contradicting results using eNOS 
overexpression systems emphasizes the importance of proper eNOS function, rather than overt 
modulation of expression and protein levels5,8.  

In this study, we aimed to investigate the Akt1-eNOS activation cascade on atherosclerotic 
plaque development using various genetically modified mice. Knock-in mice carrying the 
described ‘gain-of-function’ (S1176D) or a ‘loss-of-function’ (S1176A) mutations in the 
endogenous eNOS gene were bred to Akt1-/-; ApoE-/- double knockout mice16 to investigate the 
definitive role of Akt-mediated eNOS signaling in atherogenesis. We herein report that a single 
amino acid substitution at the eNOS S1176 phosphorylation site yields divergent effects on 
atherosclerotic plaque formation when placed on an Akt1-/-; ApoE-/- double knockout genetic 
background. Our study provides evidence that the preservation of eNOS function is essential to 
mitigate atherosclerotic lesion formation, despite the global loss of Akt1 expression. Moreover, 
gene expression analyses indicate that inadequate NO production together with a Western Diet 
challenge promotes vascular signatures reflective of the adaptive immune response. We herein 
demonstrate that Akt1-directed eNOS activation indeed serves a vasculo-protective role, where 
we further substantiate the Akt1-eNOS axis as the major signaling mechanism that links 
endothelial integrity to cardiovascular disease outcome.  
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METHODS 
Animal Procedures 

Mice expressing an endogenous phosphomimetic (S1176D) and unphosphorylatable (SA) 
eNOS point-mutations at the S1176 site were backcrossed to a C57Bl6 background (provided by 
Paul L. Huang12,17). Akt1-/-; ApoE-/- double knockout mice were previously backcrossed onto a 
C57Bl6 background and utilized for the studies herein16. These triple allele mice hence reflect 
eight generations of backcrossing to a C57Bl/6 background. Previous studies indicate the 
importance of Akt1 expression and eNOS function for proper Mendelian ratios18,19. Akt1 
heterozygous females (SA [or S1176D]+/+; Akt1+/-;ApoE-/-) were therefore bred to Akt1 
homozygote KO males (SA [or S1176D]+/+; Akt1-/-;ApoE-/-) to maximize the chances of viable 
offspring. Although genetic crossing strategies were employed, the global eNOS S1176A 
mutation on a sub-optimal Akt1 expression system resulted in significantly decreased litter and 
offspring numbers (average n=3 pups per litter, unpublished). Furthermore, our studies were 
limited to male offspring harboring homozygote triple-allelic mutations (SA [or S1176D]+/+; Akt1-/-; 
ApoE-/-) to minimize variability and additionally maintain the difficult genetic lines, hence the low 
numbers in these studies. 

Triple allelic homozygote mice were maintained on standard chow, where at ~8wks of age 
mice were fed ad libitum with a high-fat (40% kcal), high-cholesterol (1.25%) Western Diet feed 
(Research Diets, D12108). Adult mice were fed with Western Diet for ~4 or 12 weeks for 
atherosclerosis studies. All experiments were approved by the Institutional Animal Care Use 
Committee at Yale University.  

 
Oil Red O en face staining 
 After a 12-week Western Diet challenge, mice were anesthetized (ket/xyl) and perfused 
with PBS (pH 7.4) prior to removal of the aorta. Aortas were dissected from the aortic valve to the 
iliac bifurcation and fixed in 4% PFA/PBS (pH 7.4) overnight at 4°C. Aorta samples were 
thoroughly cleaned prior to longitudinal opening and pinning down in silicone plates for en face 
preparation. Lipid-rich lesions were identified using previously described Oil Red O staining 
techniques16. Images were acquired using a Nikon SMZ 1000 microscope and lesion areas were 
blindly quantified using ImageJ software. Lesion areas are reported as percentages of total aortic 
area. Data reflect multiple cohorts of mice.  
 
Immunostaining 
 Mice were anesthetized (ket/xyl) and perfused with PBS (pH 7.4) prior to removal of target 
organs (e.g. brachiocephalic artery, heart). Samples were fixed in 4% PFA/PBS overnight at 4°C 
followed by immediate dehydration in 30% sucrose/PBS for OCT embedding. Frozen tissues were 
cut at 5um sections and stained with hematoxylin/eosin or Masson’s Trichrome. Adjacent sections 
were immunostained with the following antibodies: anti-CD68 (Serotec, MCA1957); anti-VCAM1 
(BD 550547).  Cell apoptosis was measured using an in situ cell death detection kit and following 
the manufacturer protocol (Roche, 12156792910). For all parameters, multiple sections were 
assessed for each tissue sample where the average values are reported for each mouse. Data 
reflect multiple cohorts of mice. 
 
Gene Expression Analyses 
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Upon euthanasia (ket/xly), mice were perfused with PBS and aortic tissue (ascending 
aorta to the femoral arteries) was quickly isolated. Whole aorta samples were thoroughly cleaned 
of perivascular fat and immediately flash-frozen in liquid nitrogen to minimize technical effects 
imposed by time (within 20 minutes of euthanasia). Whole aorta tissues were then processed for 
RNA extraction and quality checks. RNA quality was assessed using spectrophotometric 
(NanoDrop) readings to ensure that all samples were at A260/280 ratios of ~2.0. Satisfactory 
samples were prepared for hybridization reactions with the NanoString platform (PanCancer 
Immune Profile Mouse). In brief, the NanoString nCounter Gene Expression panels allows for the 
analyses of up to ~800 RNA targets selected for published significance in key biological pathways 
using a digital detection and direct molecular barcoding approach. Normalized expression counts 
were extracted from the NanoString nSolver software for further data analyses using Qlucore 
Omics Explorer® (New York, USA). Samples were assigned into their respective groups: 
SA+CHOW (2 samples), S1176D+CHOW (3 samples), SA+WD (3 samples), and S1176D+WD 
(3 samples), and the 783 genes in the dataset were used to generate PCA plots and heatmaps. 
Best clustering of the samples was achieved with multi-group comparison of all 4 groups at a p-
value ≤ 0.01 (corresponding q-value ≤ 0.084), which identified 91 differentially expressed genes 
(Supplemental Figure 2). These genes and their subsets were used to generate heatmaps, and 
both genes and the groups were subject to hierarchical clustering. Gene ontology and gene set 
enrichment analyses were carried out using these different gene sets using Ingenuity Pathway 
Analysis (IPA, Qiagen, MD). From IPA we obtained predicted activation/inhibition of canonical 
pathways, predicted upstream regulators, and illustration of mechanistic pathways.  
 
Statistics 

All data are shown as mean ± standard error of the mean (SEM). Statistical significance 
was evaluated using a Student’s t test. Significance was determined based on a p value 
calculation of p<0.05. 
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RESULTS 
eNOS-S1176A phospho-impaired mutant mice display exacerbated aortic lesion formation 
upon 12wk-Western Diet challenge. 
 Mice expressing an endogenous phosphomimetic (S1176D) and unphosphorylatable (SA) 
eNOS point-mutation at S1176 were crossed with Akt1-/-; ApoE-/- double knockout mice to 
generate triple allelic homozygote mice. Introduction of these mutations do not affect the levels of 
eNOS protein levels, but rather modulates eNOS activity through manipulation of the S1176 site. 
Triple allelic homozygote mice at ~8 weeks of age were fed a Western Diet for a duration of 12 
weeks, where manipulation of eNOS had no effect on total weight, irrespective of the diet type 
(Figure 1A). However, en face Oil Red O staining of aortas from eNOS S1176A mice show larger 
areas of aortic lesions when compared to eNOS S1176D mice (Figure 1B & 1C). Lesion 
quantifications show significantly increased plaque areas in eNOS S1176A mice throughout 
regions of the aortic arch (Figure 1D), thoracic aorta (Figure 1E), and abdominal aorta (Figure 
1F).  
 
Atherosclerotic mice expressing ‘gain-of-function’ eNOS mutant (S1176D) exhibit less 
plaque necrosis apoptosis and inflammation.  

Cross-sectional analyses of the aortic sinus indicate that ‘gain-of-function’ eNOS S1176D 
mice develop visibly decreased atherosclerotic lesions and lipid deposition when compared to 
eNOS S1176A mice (Figures 2A & 2B), corroborating the decreased plaque formation seen 
throughout the whole aorta. Expression of the ‘gain-of-function’ eNOS S1176D mutant also results 
in reduced fibrosis with decreased necrotic core regions, as shown by Masson’s Trichrome 
staining (Figures 2C & 2D). We additionally examined cellular apoptosis using terminal 
deoxynucelotidyl transferase dUTP end-labeling staining techniques in adjacent cross sections of 
the aortic sinus, where eNOS SA mutant mice exhibit a significant increase in overall TUNEL+ 
plaque regions (Figures 2E &2F).  Cross-sectional analyses of the brachiocephalic artery also 
indicate significantly larger plaques in the eNOS SA mice along with increased lipid deposition 
and apoptosis (Supp. Fig. 1). These results suggest that the eNOS SA ‘loss-of-function’ mice 
exhibit suboptimal levels of endothelial-derived NO prior to the onset of Western Diet feeding that 
contribute to exacerbated plaque formation.  Next, we examined the infiltration of macrophages 
and VCAM-1 levels in the two strains. The greater lesion size in eNOS S1176A mice is 
accompanied by enhanced CD68 positive cells in the plaque and VCAM-1 levels, where these 
effects are reduced in eNOS S1176D mice (Figure 3A & 3B, quantified in 3C & 3D). The increase 
in inflammatory cell and VCAM1 expression corroborates previously reported increases of 
VCAM1 in Akt1-null mice, where enhanced proinflammatory gene expression was found to be 
secondary to macrophage infiltration16. Expression of the ‘gain-of-function’ eNOS S1176D 
mutation exhibits decreased indices of inflammation despite the lack of Akt1 expression and 
chronic environmental stress of Western Diet challenge. These findings support the long-held 
notion that increasing NO bioavailability mitigates plaque formation, emphasizing the 
cardioprotective role of eNOS function.  

Previous studies have shown that endothelial adhesion molecule expression and 
subsequent monocyte recruitment/proliferation requires at least 2 weeks of a 
hypercholesterolemic environment20. Moreover, adherent monocytes are found on the surface of 
activated endothelium in the thoracic aorta prior to the development of foam cell-rich fatty streaks 
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within 4-weeks of Western Diet challenge in ApoE mice21. We therefore shortened the Western 
Diet feed duration to a 4-week duration to reflect early endothelial activation, and comprehensively 
profiled the transcriptional changes in whole aorta samples between comparison groups to 
capture the various mechanisms of atherogenesis. Importantly, we also isolated the whole aorta 
to account for the long-range cardioprotective effects of NO as a gaseous agent on the various 
cells of the vasculature. Samples were then processed on a NanoString Immune Profile platform 
to determine how eNOS dysfunction together with a 4-week Western Diet challenge affects aortic 
gene expression, with focus on adaptive and innate immune response genes. A heatmap of 
relative expression data illustrating unsupervised hierarchical gene clustering between the 
comparison groups show an array of genetic clusters across the groups of interest (Figure 4A, 
p≤0.01, 91 genes). Gene expression counts were further analyzed using Ingenuity Pathway 
Analysis (IPA) software to identify canonical pathways and upstream regulators associated with 
the genetic changes reflective of eNOS functionality and dietary condition. Multigroup comparison 
yields a subset of genes significantly associated with ‘Cardiac Hypertrophy’, likely reflecting the 
known effects of impaired eNOS function on cardiomyocyte function22. We further identified a 
large subset of genes associated with ‘Hepatic Fibrosis Signaling’, ‘Neuroinflammation Signaling’, 
and ‘Dendritic Cell Maturation’ pathways (Figure 4B). The genetic changes associated with 
Western Diet and impaired eNOS function also yield a signature where lipopolysaccharide, TNF, 
dexamethasone, and STAT3 were identified as upstream regulators (Figure 4C). The enhanced 
lesion formation in eNOS S1176A mice upon Western Diet challenge underscores the importance 
of proper eNOS function and resultant NO levels to maintain an athero-protective environment.  
 
Gene expression profile comparison between the eNOS mutant groups on Western Diet 
reveal T cell activation. 
 Atherosclerosis is a chronic inflammatory disease of the vessel wall driven by both innate 
and adaptive immune responses23. While lesion development is largely driven by monocyte 
infiltration and subendothelial retention, plaque progression also relies on adaptive immune cells, 
as autoimmunity against ApoB involves CD4+ T-helper cells24. We further analyzed the dataset 
to identify genetic changes associated with eNOS phosphorylation state by directly comparing 
the eNOS mutant groups. A heatmap of relative expression data illustrate that most inflammatory 
genes are upregulated in the ‘loss-of-function’ eNOS S1176A mice (Figure 5A, p≤0.01, 28 
genes). Interestingly, pathway analyses identify that upon Western Diet challenge, a single point 
mutation affecting eNOS function results in preferential changes to regulate Th1/Th2 activation 
and STAT3 signaling pathways (Figure 5B). Along with previously identified regulators, IPA also 
determined IL-1b as an upstream activator. IL-1b is a well-known local and systemic contributor 
to cardiovascular inflammation, where the recent CANTOS clinical trial outcomes affirm IL-1b as 
an atherosclerosis-relevant inflammatory target. T-cell receptors (TCR) and CD28, one of the 
most effective T-cell co-stimulatory receptors, were also identified as exclusive upstream 
regulators under these comparison conditions (Figure 5C). The emergent genetic signatures 
reveal an association of NO deficiency to an early activation of T cell-associated pathways as a 
potential mechanism for atherosclerotic disease progression.  
 
Gene expression analyses identify a unique set of differentially regulated genes in eNOS 
S1176A on a Western Diet. 
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  Our analyses indicate that inadequate NO production together with high-fat/high-
cholesterol diet leads to inflammatory vascular signatures engaging the adaptive immune 
response. The eNOS S1176A mutant mice exhibit a subset of genes that are differentially 
upregulated and unique to the combined effect of both ‘loss-of-function’ eNOS SA mutation and 
a Western Diet feeding period of 4 weeks (Figure 4A). We therefore preferentially queried for 
genes differentially upregulated only in the eNOS S1176A mice fed a WD compared to all other 
comparison groups to better understand the combinatorial effects of NO deficiency and Western 
Diet (p≤0.05, 59 genes Figure 6A). Further analyses of the identified 59 genes using IPA yielded 
several upregulated pathways, including ‘Role of PKR in Interferon induction and Antiviral 
Response’, ‘Regulation of the EMT by Growth Factors, and ‘Coronavirus Pathogenesis’ (Figure 
6B). The cluster of enriched genes is predicted to be the result of several key inflammatory 
regulators, namely through activation of IFNγ and TNF pathways (Figure 6C). Pathways analyses 
also implicate NFkB/RelA activation in the eNOS S1176A + WD group, and is likely engaged for 
downstream transcriptional effects of heightened IFNγ and TNF25. Additional upstream regulators 
identified in this analyses include IL-2, where the major source of IL-2 is derived from CD4+ and 
CD8+ T-cells26. The lack of bioavailable NO levels may therefore promote atherogenesis through 
coordinated activation of inflammatory pathways selective for T cells and adaptive immunity. 
These themes may also be implicated in the emerging vascular-related pathogenic mechanisms 
of coronaviruses. 
 
Tumor Necrosis Factor (TNF) and Interferon-gamma (IFNγ) cytokines are likely elevated in 
atherosclerotic mice expressing the ‘loss-of-function’ eNOS mutation (S1176A). 
Pathway analyses repeatedly identify TNF and IFNγ as two inflammatory and immune-activation 
related cytokines as upstream activators of the differentially expressed gene signature unique to 
the combinatorial effects of diminished NO (eNOS S1176A) and Western Diet challenge (Figures 
4B, 5B, and 6B). We therefore generated the predicted pathways via IPA and superimposed our 
gene expression data onto the molecular pathway components (Figure 7). As shown, many of 
the genes in the pathway that are upregulated in eNOS S1176A mice fed a WD are predicted to 
be regulated by an activated TNF or IFNγ, suggesting that these two cytokines are likely 
responsible for the increased atherogenesis. More importantly, this study clarifies the existing 
discrepancy in the field surrounding eNOS, where our results affirm that eNOS expression and 
proper function is necessary to maintain an atheroprotective environment.  
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DISCUSSION 
The present study provides conclusive evidence through genetic epistasis approaches the 

importance of the Akt-eNOS kinase-substrate relationship for proper eNOS enzymatic function 
and cardiovascular benefit. Analysis at anatomical regions predisposed for atherosclerotic plaque 
formation indicate that mice harboring an unphosphorylatable (SA) eNOS point-mutation at the 
S1176 site results in increased lipid deposition, cellular apoptosis, and indices of inflammation, 
where pathway analyses identify preferential engagement of T cell activation pathways. These 
deleterious effects are drastically reduced in the phospho-mimetic eNOS S1176D mice, 
suggesting a direct and significant correlation between NO bioavailability and atherogenic 
capacity. Through genetic modification of the eNOS S1176 activation site, we show that Akt1-
mediated eNOS phosphorylation is critical for potentiating the vasculoprotective effects of 
endothelial Akt-eNOS signaling when challenged with dietary conditions that promote 
atherosclerosis.  

Published studies show that both diabetes mellites and hypercholesterolemia 
synergistically promote the formation of complex atherosclerotic lesions that are associated with 
attenuated vascular Akt signaling27. Additionally, hypercholesterolemia promotes impaired 
endothelial-dependent vasorelaxation, where decreased NO bioavailability is an early 
characteristic of atherosclerosis28. While supplementation with eNOS substrates and cofactors 
enhance eNOS-derived NO production, an imbalance in eNOS enzymatic activity and cofactor 
levels can lead to eNOS uncoupling and detrimental effects29,30. Furthermore, mice 
overexpressing eNOS paradoxically show increased atherosclerotic lesion formation, 
emphasizing the complexity of eNOS regulation8. We therefore addressed the importance of Akt-
mediated eNOS S1176 phosphorylation in atherogenesis through site-specific modulation of 
enzymatic activity rather than eNOS protein levels, where ‘loss-of-function’ eNOS S1176A indeed 
display worsened atherosclerosis. Recent studies also show increased atherosclerosis in eNOS 
SA mice when on an ApoE background, similar to eNOS/ApoE DKO mice31. However, these 
studies were performed in the presence of intact Akt expression and does not directly compare 
outcomes to the phospho-mimetic eNOS S1176D mutation. Our genetic comparison therefore 
definitively shows that eNOS S1176 phosphorylation-dependent NO generation is sufficient to 
decrease atherosclerotic lesion progression, even in the absence of Akt1 expression. The delayed 
atherosclerotic plaque formation observed in eNOS S1176D mice reinforces eNOS S1176 
phosphorylation as a therapeutic target for ameliorating vascular pathologies associated with 
endothelial dysfunction.  

Mice lacking both eNOS and ApoE also display increased blood pressure when compared 
to ApoE-null mice32, suggesting that accelerated atherosclerosis may instead be due to systemic 
hypertension. However, treatment of eNOS/ApoE DKO with hydralazine, an ACE-independent 
vasodilator, resulted in lowered blood pressure with no effect on atherosclerotic lesion areas33. 
Furthermore, ApoE KO mice treated with levels of L-NAME low enough to maintain normotension 
also exhibit endothelial dysfunction and increased atherosclerotic lesions34. These studies 
suggest that NO deficiency may promote atherosclerosis through mechanisms independent of 
blood pressure regulation. Whereas endothelial targeted deletion of Akt1 results in spontaneous 
hypertension, global deletion of Akt1 does not affect blood pressure, likely due to the loss of Akt1 
in other major cell types necessary for vascular tone (i.e smooth muscle cells). The use of a global 
Akt1-null background together with the endogenous mutation of eNOS S1176 serves as a unique 
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model, where we herein identify a genetic signature that may elucidate the blood pressure-
independent consequences of eNOS deficiency. 
 Atherosclerosis is often regarded as a chronic response to arterial tissue inflammation 
engaging both innate and adaptive immunity23. Evidence implicating the adaptive immune system 
has grown considerably in the last couple decades, as hypercholesterolemia can elicit a heighted 
activation state of T-cells. Moreover, atherosclerotic plaques are primarily associated with CD4+ 
T-cells characterized by heightened IFNy production23. Hence, immune responses mediated by 
the adaptive immune system may be the dominant force to promote inflammation in mature 
atherosclerotic lesions. Our pathways analyses indicate that the eNOS activation state modulates 
T-cell activity, as NO deficiency together with a Western Diet challenge leads to a combinatorial 
increase in select genes that are predicted to be a result of increased TNF and IFNγ levels. Our 
gene expression data also identify ‘Regulation of the EMT Transition by Growth Factor Pathways’ 
as a top canonical pathway implicated under conditions of decreased NO bioavailability and 
Western Diet feeding. Elegant lineage-tracing studies have recently demonstrated that 
endothelial-to-mesenchymal (endoMT) transitioning occurs during atherosclerosis, where 
inflammatory conditions (i.e TNF + IFNy) were shown to further promote endoMT processes35,36. 
Suboptimal levels of endothelial-derived NO predispose the large vasculature to an inflammatory 
state where exposure to a high-fat/high-cholesterol diet promotes the preferential activation of 
TNF and interferon-related pathways that may contribute to the recently described occurrences 
of endoMT in atherogenesis. This will, however, require further investigation. 

eNOS activation has been shown to also occur through modification of alternative sites. 
Previous studies have shown potential mechanisms of eNOS activation independent of S1176 
phosphorylation31. Recent studies show that insulin may promote endothelin receptor B (EDNRB) 
expression and NO production in ECs for alternate eNOS-S1176 independent mechanisms. 
These studies, however, utilized overexpression systems for endothelial overexpression (~2-3 
fold) of IRS1 to achieve enhanced insulin signaling. Moreover, while their studies demonstrate a 
potential for eNOS-S1176 independent NO generation mechanisms, the proposed mechanism 
for increased endothelial EDNRB expression is entirely reliant on intact PI3K/Akt signaling. Our 
model system herein investigates the effect of eNOS S1176 point-mutation on an atherogenic 
Akt1-null global deletion background, where the genetic loss of Akt1 expression therefore 
prevents the potential for any protective effect mediated through Akt signaling. While eNOS 
S1176-independent mechanisms of NO production exist, our results suggest that Akt-mediated 
eNOS S1176 phosphorylation remains to be the most physiologically relevant method of eNOS 
activation and subsequent NO production. This study therefore shows not only the importance of 
eNOS S1176 phosphorylation and subsequent NO production, but the relevance of intact Akt 
signaling, further reinforcing the physiological importance of the Akt1-eNOS kinase-substrate 
relationship for endothelial and vascular health. 
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FIGURE LEGENDS:  

Figure 1. eNOS-S1176A phospho-impaired mutant mice display exacerbated aortic 
lesion formation upon 12wk-Western Diet challenge. (A) No obvious weight 
differences were seen between the compared genotypes in either pre- or post-Western 
Diet. (B) En face staining for Oil Red O in aortas from eNOS mutant mice indicate 
significant lesion formation throughout the aorta in the S1176A compared to S1176D 
mutant mice. Quantified in (C-E).  (*** p<0.005; ** p<0.01, n=6+) 

 

Figure2. Increased lipid deposition, necrotic core formation, and cellular apoptosis 
in phospho-impaired eNOS-S1176A mutant mice. (A) Oil Red O staining of the aortic 
root 12 weeks post-Western Diet challenge. Quantified in (B).  Trichrome staining of the 
aortic root 12 weeks post-Western Diet, quantified in (D). TUNEL staining of the aortic 
root 12-weeks post-Western Diet, quantified in (F). ****p < 0.0001, n = 3+ 

 

Figure3. Increased CD68 and VCAM1 expression in phospho-deficient eNOS-
S1176A mutant mice. (A) Immunostaining of the aortic root shows enhanced expression 
of (A) CD68 and (B) VCAM1 within atherosclerotic lesions. Quantified in (C) and (D).  

 

Figure 4. Gene expression analyses of whole aorta before and after 4-week Western 
Diet feeding. Gene expression profiles were obtained using the NanoString Immune 
Profile platform on whole aorta samples. (A) Heatmap of relative expression data 
illustrating unsupervised hierarchical gene clustering between comparison groups. 
Horizontal Columns: individual genes; Vertical Columns: individual mouse aorta samples. 
WD: Western Diet (p<0.01, 91 genes) (B) Pathway analyses identified several canonical 
pathways and (C) upstream regulators. 

 

Figure 5. Gene expression profiles of Western Diet fed eNOS mutants. Gene 
expression profiles were obtained using the NanoString Immune Profile platform on whole 
aorta samples. (A) Heatmap of relative expression data with preferential focus on post-
Western Diet feeding. Horizontal Columns: individual genes; Vertical Columns: individual 
mouse aorta samples. WD: Western Diet (p< 0.01, 28 genes). (B) Pathway analyses 
identifies several canonical pathways and (C) predicted upstream activated regulators. 

 

Figure 6. A ‘loss-of-function’ mutation together with 4-week Western Diet feeding 
leads to a combinatorial increase in a select cohort of interferon-associated genes. 
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Gene expression profiles were obtained using the NanoString Immune Profile platform 
on whole aorta samples. (A) Heatmap of relative expression data with preferential focus 
on genes differentially upregulated in the ‘SA + WD’ group. Horizontal Columns: individual 
genes; Vertical Columns: individual mouse aorta samples. WD: Western Diet (p< 0.05, 
59 genes). (B) Pathway analyses identifies several canonical pathways and predicted 
upstream activated regulators.  

 

Figure 7: TNF & IFNγ promote atherogenesis in the absence of bioavailable NO.  
Predicted upstream regulator pathways derived from IPA were studied to derive the 
networks shown above. The gene expression dataset specific to this study was super-
imposed on these canonical pathways to look for agreement between real data and 
prediction. Most of the upregulated genes in our list was also predicted by IPA to be under 
the regulation of either an activated TNF or IFNγ.  

 

Supp. Fig. 1. Increased lipid deposition and cellular apoptosis in phospho-impaired 
eNOS-S1176A mutant mice. (A) Oil Red O staining of the brachiocephalic artery 12 
weeks post-Western Diet challenge. Lesion size and ORO quantified in (B) and (C). (D) 
TUNEL staining of the aortic root 12-weeks post-Western Diet, quantified in (E). **p < 
0.01, *p < 0.05, n = 3+ 

 

Supp. Fig. 2. PCA plots of aorta samples. 3-dimensional PCA plot showing the samples 
clustering according to their groups. The PCA is based on 91 genes that are most variable 
between the groups in a multi-group comparison, for which the p-value is ≤ 0.01.  
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Figure 1

Figure 1. eNOS‐S1176A phospho‐impaired mutant mice display exacerbated aortic lesion formation upon
12wk‐Western Diet challenge. (A) No obvious weight differences were seen between the compared
genotypes in either pre‐ or post‐Western Diet. (B) En face staining for Oil Red O in aortas from eNOS
mutant mice indicate significant lesion formation throughout the aorta in the S1176A compared to S1176D
mutant mice. Quantified in (C‐E).
(*** p<0.005; ** p<0.01, n=6+)
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Figure 2
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Figure2. Increased lipid deposition, necrotic core formation, and cellular apoptosis in phospho‐impaired
eNOS‐S1176A mutant mice. (A) Oil Red O staining of the aortic root 12 weeks post‐Western Diet
challenge. Quantified in (B). Trichrome staining of the aortic root 12 weeks post‐Western Diet, quantified
in (D). TUNEL staining of the aortic root 12‐weeks post‐Western Diet, quantified in (F). ****p < 0.0001, n = 3+
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Figure 3
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Figure3. Increased CD68 and VCAM1 expression in phospho‐deficient eNOS‐S1176A mutant mice.
(A) Immunostaining of the aortic root shows enhanced expression of (A) CD68 and (B) VCAM1 within
atherosclerotic lesions. Quantified in (C) and (D).
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Figure 4. Gene expression analyses of whole aorta before and after 4‐week Western Diet feeding.
Gene expression profiles were obtained using the NanoString Immune Profile platform on whole aorta
samples. (A) Heatmap of relative expression data illustrating unsupervised hierarchical gene clustering
between comparison groups. Horizontal Columns: individual genes; Vertical Columns: individual mouse
aorta samples. WD: Western Diet (p<0.01, 91 genes) (B) Pathway analyses identified several canonical
pathways and (C) upstream regulators.
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Figure 5. Gene expression profiles of Western Diet fed eNOS mutants. Gene expression profiles were
obtained using the NanoString Immune Profile platform on whole aorta samples. (A) Heatmap of relative
expression data with preferential focus on post‐Western Diet feeding. Horizontal Columns: individual genes;
Vertical Columns: individual mouse aorta samples. WD: Western Diet (p< 0.01, 28 genes). (B) Pathway
analyses identifies several canonical pathways and (C) predicted upstream activated regulators.
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Figure 6. A ‘loss‐of‐function’ mutation together with 4‐week Western Diet feeding leads to a combinatorial
increase in a select cohort of interferon‐associated genes. Gene expression profiles were obtained using the
NanoString Immune Profile platform on whole aorta samples. (A) Heatmap of relative expression data with
preferential focus on genes differentially upregulated in the ‘SA + WD’ group. Horizontal Columns: individual
genes; Vertical Columns: individual mouse aorta samples. WD: Western Diet (p< 0.05, 59 genes). (B) Pathway
analyses identifies several canonical pathways and predicted upstream activated regulators.
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Figure 7: TNF & IFNγ promote atherogenesis in the absence of bioavailable NO.
Predicted upstream regulator pathways derived from IPA were studied to derive the networks shown
above. The gene expression dataset specific to this study was super‐imposed on these canonical
pathways to look for agreement between real data and prediction. Most of the upregulated genes in
our list was also predicted by IPA to be under the regulation of either an activated TNF or IFNγ.
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