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Abstract

The intricacy of multiple feedback loops in the pathways downstream of Akt allows Akt to control

multiple cellular processes in the cardiovascular system and precludes inferring consequences of

its activation in specific pathological conditions. Akt1, the major Akt isoform in heart and

vasculature, has a protective role in the endothelium during atherosclerosis. However, Akt1

activation has been proposed to have detrimental consequences in the cardiovascular system. Mice

lacking the apolipoprotein E (ApoE), which promotes clearance of remnant lipoproteins, and the

high-density lipoprotein receptor SR-BI are a model of spontaneous myocardial infarction and

severe dyslipidemia. Akt1 was activated in these mice, and this activation correlated with cardiac

dysfunction, hypertrophy, and fibrosis; increased infarct area; macrophage cholesterol

accumulation and atherosclerosis; and reduced lifespan. Akt1 activation was associated with

inflammation, oxidative stress, accumulation of oxidized lipids and increased abundance of CD36,

a major sensor of oxidative stress, which created a positive feedback loop that exacerbated the

consequences of oxidative stress. Thus, interference with Akt1 signaling in vivo could be

protective and improve survival in dyslipidemia in the absence of SR-BI by reducing oxidative

stress and responses to oxidized lipids.
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Introduction

There is increasing interest in identifying signaling pathways that extend life span or

contribute to survival in human pathologies. However, many studies focus on promoting

longevity in healthy, lean models with effects similar to caloric restriction (1, 2).

Conversely, the main conditions contributing to human mortality are associated with

perturbed lipid metabolism and chronic inflammation resulting in atherothrombosis

(thrombosis induced by atherosclerotic plaque rupture or erosion) and myocardial infarction

(3, 4). The only murine model that recapitulates this process of atherothrombosis leading to

death from myocardial infarction is the ApoE−/−SR-BI−/− (DKO) mouse. ApoE directs

triglyceride-rich lipoproteins to the liver, while SR-BI plays a key role in the reverse

cholesterol transport process; thus, DKO mice have disturbed lipoprotein and cholesterol

metabolism. DKO mice develop occlusive coronary arterial lesions resulting in frequent

myocardial infarctions and premature death at 5–8 weeks of age (5–7). We used this model

to address the role of Akt1, a kinase that regulates multiple cellular processes in the

cardiovascular system, in the series of spontaneous pathological processes ending in death

from myocardial infarction.

Akt1 represents 50% of the Akt activity in hearts and 70% in endothelial cells and also is the

main isoform in other cells involved in atherothrombosis, including smooth muscle cells,

monocytes (8) and platelets (9). Akt activation is triggered by conditions often causative for

atherothrombosis, such as oxidized LDL (oxLDL) uptake (10–12). In patients, Akt is

overactivated in heart failure (13, 14), after myocardial infarction (14), and in atherosclerotic

plaques (11). At the cellular level, although Akt1 is a key kinase in pro-survival pathways in

multiple cell types, including the endothelium (15–18), it is also involved in

proinflammatory signaling in smooth muscle cells and macrophages (8). Animal models

have demonstrated that although Akt1 activation is protective in some processes underlying

the pathophysiology of atherothrombosis, such as endothelial dysfunction (8), it can be

damaging in others, such as cardiac hypertrophy (19). In particular, Akt1 deficiency on the

ApoE−/− background leads to increased endothelial damage and exacerbated atherosclerotic

lesion development resulting from a Western diet (8). At the same time, in heart failure

models, reduced Akt1 activation diminishes systolic dysfunction upon pressure overload

(20). Intriguingly, although the Akt-dependent pathways are traditionally linked to cell

survival, their inhibition has been reported to be protective in several animal models (21–

23). In fact, rapamycin-mediated inhibition of mTOR (mammalian target of rapamycin),

which operates both upstream and downstream of Akt, increases lifespan in various species

including C. elegans and mice (1, 2, 15, 24). In addition, lack of Akt1 itself protects against

oxidation-dependent cell senescence (25). Further, endothelial cell-specific deletion of

FOXO isoforms, transcription factors that are normally degraded in response to Akt

activation, is atheroprotective and causes a paradoxical reduction in Akt activation (23).

Thus, due to the presence of multiple feedback mechanisms, either interference with Akt-

dependent pathways or over-activation of Akt often leads to conflicting conclusions (26).

Although several studies have highlighted the importance of Akt signaling in cellular

processes contributing to atherothrombosis, it is unclear whether this Akt activation plays a

detrimental or protective role. Moreover, extrapolation of results from these studies leads to

contradictory predictions of the role of Akt1 activation in myocardial infarction associated

death and underscores the importance of studying Akt signaling in different pathological

settings.

We hypothesized that Akt signaling might contribute to several aspects of the pathogenesis

of cardiovascular disease. Thus, we examined the role of Akt signaling in atherothrombosis

and cardiac dysfunction by comparing the ApoE−/−SR-BI−/−(DKO) mice model of

dyslipidemia and spontaneous myocardial infarction to ApoE−/−SR-BI−/−Akt1−/− (TKO)
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mice. Consistent with human studies, we found that Akt activation is substantially increased

under conditions of dyslipidemia caused by lack of ApoE and SR-BI. We then show that

Akt1 activation contributes to myocardial infarction and mortality in this model. Akt1

activation was associated with reactive oxygen species (ROS) production, accumulation of

oxidized lipids and their recognition by increasing the abundance of the scavenger receptor

CD36, the major receptor for oxidized phospholipids that is involved in proinflammatory

signaling and macrophage foam cell formation. Blockade or deletion of CD36 on DKO

macrophages led to reduced foam cell formation to the amount observed in TKO mice.

Thus, under conditions of severe dyslipidemia in the absence of SR-BI, Akt signaling

contributes to atherothrombosis and promotes mortality from myocardial infarction.

Results

Akt1 activation is increased in DKO mice with dyslipidemia and spontaneous myocardial
infarction

To assess the consequences of Akt signaling, we utilized ApoE−/−SR-BI−/− (DKO) mice

which develop dyslipidemia, spontaneous atherosclerosis and heart disease (5–7). In

agreement with human studies (13, 14), phosphorylation of Akt at Ser473 in hearts of DKO

mice was increased by 2.5-fold compared to wild-type mice (Fig. 1A). At the same time,

phosphorylation of Akt at Thr308 in DKO hearts was also higher. Pan-Akt immunoblotting

demonstrated that the total abundance of Akt was decreased in ApoE−/−SR-BI−/−Akt1−/−

(TKO) mice compared with DKO mice. As a result of Akt1 deletion in TKO mice, the

phosphorylation of Akt was reduced by 2.6-fold at Ser473 and 5.6-fold at Thr308 compared

to DKO mice, reaching a value of 67% of the phosphorylation of Akt at Ser473 in wild-type

mice (Fig. 1A). Although the abundance of Akt2, but not that of Akt3, was increased in

hearts after Akt1 deletion (Fig. S1A), there was no compensation in Akt phosphorylation

since Ser473 phosphorylation was not increased in TKO compared to wild-type (Fig.1A).

Consequently, Akt activity, as determined by the phosphorylation of the downstream target

glycogen synthase kinase (GSK)-3, was also reduced 4.2-fold in TKO mice compared to

DKO mice (Fig. 1A). Total GSK-3 did not appear to be substantially different between

groups. Correspondingly, phosphorylation of Akt at both Thr308 and Ser473 appeared higher

in the aorta and livers of DKO mice than in those of wild-type mice, although the change

was insignificant (Fig. S1B). Similarly, phosphorylation of GSK-3 was higher in the aortas

of DKO mice compared with those of TKO mice, but the increase was insignificant in the

livers (Fig. S1B). Kinase assays indicated that Akt activity was higher in DKO hearts and

macrophages compared with wild-type and TKO mice (Fig. S1C).

Akt1 deficiency improves the survival of DKO mice

The severe dyslipidemia, atherosclerosis, and spontaneous myocardial infarctions in DKO

mice results in shortened lifespan, with most of the mice dying between 5 and 8 weeks of

age (5, 6). To assess the effect of Akt1 ablation on longevity, we examined the lifespan of

DKO and TKO mice (Fig. 1B,C). Indeed, survival of TKO mice was improved compared to

DKO mice, especially at later stages (from 50 to 60 days of age) (Fig. 1C). Substantial

differences in survival between DKO and TKO mice were observed from day 45 (Fig. 1B),

with DKO mice dying at a faster rate (hazard ratio=4.19). The median survival time (45 days

for DKO, 50 days for TKO) was also significantly increased upon Akt1 deletion (Fig. 1C),

resulting in an increased survival of 11% in TKO mice compared with DKO mice, which is

similar to the increase seen with rapamycin treatment (1). Thus Akt1 deletion promotes

longevity in the DKO mouse, a finding that is consistent with previous studies of Akt1

interference in various organisms and diseases (15, 16, 24). Deletion of Akt1 was associated

not only with prolonged lifespan in this model, but also with improved reproductive

characteristics of DKO breeder mice (Table S1). The breeders of both genotypes were

Kerr et al. Page 3

Sci Signal. Author manuscript; available in PMC 2014 April 01.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



heterozygous for SR-BI and the frequency of KO births was below the expected ratio. The

KO frequency was higher for DKO breeders, indicating no change in embryonic death in

DKO mice compared with TKO mice. In contrast, there were more litters per female and

pups per litter for TKO breeders compared with DKO breeders (Table S1). In addition to

improved survival, TKO breeders were fertile for almost 4 months longer than DKO

breeders (Table S1) and Akt1 deletion also resulted in diminished body size of the mice

(Fig. S2), as previously reported (27). These data demonstrate that Akt1 deletion is

associated with improved survival of mice on the DKO background.

Akt1 deficiency improves cardiac function and diminishes cardiac hypertrophy

Because Akt activation is increased in humans and mice with atherosclerosis and cardiac

dysfunction, we hypothesized that deletion of at least one Akt isoform, Akt1, might alleviate

the severe cardiac dysfunction leading to premature death observed in DKO mice (6).

Indeed, based on results of echocardiography (Fig. 1D), TKO mice displayed improved

cardiac function compared with DKO mice, although cardiac function was not returned to

wild-type values. We analyzed left ventricular function in mice between 4 and 7 weeks of

age, the time during which the most adverse cardiac events occur in DKO mice. Using

echocardiography we calculated the ejection fraction which measures the volumetric

fraction of blood pumped out of the left ventricle and which decreases with deleterious

cardiac remodeling. Reductions in the ejection fraction due to loss in contraction accounts

for cardiac dysfunction. Fraction of shortening was used as a measure of ventricular function

and quantifies the changes in ventricular luminal dimensions in diastole and systole.

Ventricular dimensions increase with mechanical demand and thus increased fraction of

shortening represents ventricles which are not able to efficiently contract resulting in cardiac

dysfunction. Until 6 weeks of age, the ejection fraction and fraction of shortening were not

significantly different between TKO and DKO mice (Fig. 1E,F). However, during the 7th

week of age, when peak mortality occurred (Fig. 1B), TKO mice had significantly increased

ejection fraction and fraction of shortening compared with DKO mice (Fig. 1E,F). Thus,

Akt1 deletion led to delayed development of cardiac dysfunction. Correspondingly, in a

coronary ligation model, Akt1 deletion resulted in reduced damage by myocardial infarction

(Fig. S3), although this does not indicate a direct protective effect on cardiomyocytes due to

possible changes in remodeling, infiltration and inflammation. Thus, inhibition of Akt

activation appears to be cardioprotective. The main consequence of cardiac dysfunction is

hypertrophy of the heart. DKO mice exhibited a significantly increased (1.8-fold) heart

weight to body weight ratio compared with wild-type mice (Fig. 1G,H). The heart weight to

body weight ratio of TKO mice was higher than wild-type mice, but was significantly

decreased (1.2-fold) compared with DKO mice (Fig. 1G,H). Thus, in this model of

spontaneous cardiac dysfunction, activation of Akt1 signaling contributes to cardiac

hypertrophy.

Cardiac fibrosis and necrosis are diminished in TKO mice

Because Akt1 deletion improved cardiac function in DKO mice, we next determined size of

myocardial infarction lesions. Sites of myocardial infarctions were visible on both DKO and

TKO hearts (Fig. 1G, arrows); however, the infarctions on TKO hearts appeared smaller. To

quantify lesions, heart sections were stained with Masson’s trichrome to differentiate

healthy heart tissue (red) from fibrotic tissue (blue) (Fig. 2A). The percentage of fibrotic

area in TKO hearts was 20.1-fold lower than in DKO hearts (Fig. 2B). In addition, H&E

staining of serial tissue sections (Fig. 2C) revealed that necrotic area in TKO hearts was

decreased 5.8-fold compared with DKO hearts (Fig. 2D). Thus, Akt1 deletion was

associated with decreased development of cardiac pathologies associated with cardiac

dysfunction. This is consistent with previous reports demonstrating that increased Akt

activation promotes fibrosis especially in the heart (28, 29).
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Myocardial apoptosis plays a critical role in heart failure and ischemic heart disease. We

used TUNEL staining to visualize cardiomyocyte apoptosis (Fig. 2E) and found that

apoptosis was diminished 1.5-fold in TKO hearts compared with DKO hearts (Fig. 2F).

However, both DKO (4.1-fold) and TKO (2.6-fold) hearts exhibited higher rates of

apoptosis compared with wild-type hearts (Fig. 2F).

Atherosclerotic lesions progression but not blood cholesterol amounts are diminished in
TKO mice

To determine if improved cardiac function in TKO mice was due to reduced atherosclerosis,

we quantified lipid accumulation in the aortic root. Oil red O staining of aortic root sections

indicated that lesions were 2.5-fold smaller in TKO mice than those in DKO mice (Fig.

3A,B). Analysis of entire aortas (Fig. 3C) revealed that the percentage of aortic area

containing plaques was decreased 2.7-fold in TKO mice compared with DKO mice (Fig.

3D). Likewise, lipid accumulation by macrophages resulting in the formation of foam cells

in vitro was 1.6-fold higher in DKO macrophages compared with TKO macrophages (Fig.

4A,B). Akt1 deletion on the ApoE background alone did not result in changes in aortic

plaque area but did lead to significantly decreased foam cell formation (Fig. S4A–D). DKO

mice had large atherosclerotic coronary lesions, whereas TKO mice had a 17.0-fold decrease

in the number of lesions per heart (Fig. 4C,D). ApoE−/− and ApoE−/−Akt1−/− mice also

displayed an average of less than one coronary lesion per heart (Fig. S4E). ApoE−/− mice

have similar Akt activity as wild-type mice when fed chow diet and show a small, but

insignificant increase in Akt activity only after being placed on a Western diet (Fig. S1C).

Thus, these results suggest that Akt1 activity is substantially increased only in mice

experiencing hyperlipidemic conditions, such as a Western-style diet or because of

combined ApoE and SR-BI deletion. These data suggest that lack of Akt1 in DKO mice

retards the progression of atherosclerosis.

Another characteristic feature of DKO mice is altered liver function and hypertrophy. As

with hearts, DKO mice displayed larger livers compared with wild-type and TKO mice (Fig.

S5A). The liver weight to body weight ratio for DKO mice was significantly higher than

both wild-type and TKO mice (Fig. S5B).

Because Akt1 deficiency reduced atherosclerotic plaque formation, we used en face staining

of aortas to assess the abundance of VCAM-1, which predisposes aortic endothelium to

atherosclerosis (30–32). Endothelial cells were visualized using CD31 staining (Fig. 4E). As

anticipated, VCAM-1 staining was increased in atherosclerotic DKO aortas by 7.7-fold

compared with wild-type aortas (Fig. 4F). VCAM-1 abundance was diminished 2.8-fold in

TKO mice compared with DKO mice (Fig. 4F). Therefore, Akt deficiency is associated with

decreased VCAM-1 abundance, suggesting a reduction in proinflammatory processes and

susceptibility to atherosclerosis.

To determine the effects of Akt1 deletion on the proinflammatory signature of endothelial

cells, we examined atherosclerotic gene expression in isolated endothelial cells (Table S2).

Akt1 deletion resulted in the increased expression of several genes encoding growth factors,

such as platelet derived growth factor, osteopontin, vascular endothelial growth factor, and

transforming growth factor β2. In addition, several pro-apoptotic and inflammatory genes

showed decreased expression in TKO endothelial cells compared with DKO endothelial

cells (Table S2). Thus, deletion of Akt1 in a model of dyslipidemia and cardiac dysfunction

results in a pro-survival gene expression pattern.

Multiple pathological aspects of cardiac problems in DKO mice, as described above, are

caused by severe dyslipidemia in the absence of SR-BI. Therefore, we addressed whether

Akt1 deletion alters lipid production and cholesterol concentrations in DKO mice.
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Surprisingly, cholesterol concentrations in the blood were similar between DKO and TKO

mice (Fig. S5C). DKO mice produce abnormal high-density lipoprotein particles which are

found in the very low-density lipoprotein, intermediate-density lipoprotein, and low-density

lipoprotein fractions, a phenomenon that was also seen in the blood of TKO mice (Fig.

S5D). Thus, the protective effect of Akt1 deletion is not mediated by changes in the

cholesterol concentration.

Reactive oxygen species generation and lipid oxidation are diminished in the absence of
Akt1

Oxidative stress in general and the presence of oxidized lipids promote atherogenesis and

Akt activation promotes both ROS production and its degradation (25). The plasma

concentration of hydrogen peroxide (H2O2) was more than 2.0-fold higher in DKO mice

compared to wild-type mice and Akt1 deficiency in TKO mice produced a 1.6-fold decrease

in H2O2, resulting in concentrations similar to those in wild-type mice (Fig. 5A). In addition,

dihydroethidium staining of heart tissue sections indicated that superoxide anion production

was also increased in DKO mice compared to wild-type mice and that the lack of Akt1 in

TKO mice was associated with ROS production similar to that in wild-type mice (Fig.

5B,C). At the same time, there were no differences between wild-type, DKO, and TKO mice

in the plasma concentrations of the antioxidants superoxide dismutase and catalase (Fig.

S6A,B). In addition, the plasma concentrations of peroxynitrite did not differ significantly

between wild-type, DKO, and TKO mice (Fig. S6C) suggesting that nitric oxide acting as a

scavenger of the superoxide anion did not contribute substantially to the observed phenotype

(33). Thus, Akt1 deficiency may reduce the amount of ROS by decreasing their generation.

To assess the consequences of increased oxidative stress, we stained heart tissues for end

products of polyunsaturated fatty acid oxidation (34): CEP (ω-(2–carboxyethyl pyrrole))

(Fig. 5D) and CPP (2–(ω-carboxypropyl) pyrrole) (Fig. S6D). Lipid oxidation in heart

tissues appeared to result from the DKO genotype because little CEP or CPP was detected in

wild-type hearts (Fig. 5D,E and S6D,E). Consistent with the ROS measurements, the

amount of lipid oxidation as judged by CEP abundance was 4.3-fold lower in TKO hearts

compared with DKO hearts (Fig. 5E). CPP abundance demonstrated similar tendencies,

although the differences between DKO and TKO hearts were not statistically significant

(Fig. S6E). We have previously demonstrated that inflammation and oxidative stress

promotes the accumulation of these pyrroles in various tissues (34). Indeed, staining for the

neutrophil marker Gr-1 (lymphocyte antigen 6C/G) in wild-type, DKO, and TKO hearts

overlapped with CEP staining (Fig. 5D,E). Likewise, co-staining with the macrophage

marker CD68 revealed increased macrophage infiltration into damaged heart tissue in DKO

mice (87–fold) compared with wild-type mice (Fig. 5E). TKO hearts contained 1.6-fold

fewer macrophages and 11.9-fold fewer neutrophils compared with DKO hearts (Fig. 5E).

This decrease in inflammatory cell recruitment and oxidative stress upon Akt1 deletion may

account for the reduction in atherogenesis and consequent myocardial damage in TKO

hearts. Corresponding to the increased oxidative stress in DKO hearts, plasma

concentrations of CEP were 1.9-fold increased in DKO mice compared with TKO mice (Fig.

5F).

A key prerequisite of the inflammatory response is activation of the NF-κB pathway (35),

which, in turn, is directly affected by Akt signaling (36). We stained hearts for

phosphorylated IKKα/β, which stimulates NF-κB activity (Fig. 5G). Indeed, the amount of

phosphorylated IKKα/β was ~8-fold higher in DKO mice compared to wild-type mice (Fig.

5G), which is consistent with the high amount of inflammation in these mice (Fig.5D). The

lack of Akt1 resulted in 1.9-fold decrease in phosphorylated IKKα/β in the hearts of TKO

mice compared with DKO mice (Fig. 5H). Thus, Akt1 deletion is associated with attenuated
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NF-κB activation in hearts of DKO mice providing a possible mechanism for Akt1’s effects

on inflammation and ROS accumulation.

Akt1 decreases ROS generation in endothelial cells and macrophages

To determine the contribution of various cell types in the phenotype of TKO mice, we

measured the ROS production by isolated endothelial cells. The basal concentration of ROS

production by unstimulated cells was highest in DKO endothelial cells compared with wild-

type (1.5-fold) and TKO (1.3-fold) endothelial cells (Fig. 6A). When treated with oxLDL to

mimic dyslipidemia, ROS production was increased over basal for all groups, although

DKO endothelial cells were the highest producers of ROS (Fig. 6A). A similar trend was

observed in isolated macrophages. Under basal conditions, wild-type and DKO

macrophages produced similar amounts of ROS, whereas TKO macrophages produced 1.3-

fold and 1.5-fold less ROS (Fig. 6B). Treatment of DKO macrophages with oxLDL

triggered a small, but significant, increase in ROS (Fig. 6B).

Likewise, Akt1 deletion led to decreased formation of reactive nitrogen species produced by

DKO endothelial cells. Consistent with our previous results, nitrotyrosine concentration was

increased in DKO endothelial cells 5.5-fold over wild-type cells (Fig. 6C). TKO endothelial

cells contained 3.3-fold less nitrotyrosine than DKO cells (Fig. 6C). Thus, Akt1 deletion was

associated with reductions in the reactive oxygen and nitrogen species generated by

endothelial cells and macrophages.

Akt1 deficiency correlates with improved survival after oxidation challenge in endothelial
cells and macrophages

Because Akt has been reported to promote not only ROS generation but also sensitivity to

oxidative stress (25), we assessed survival of cells exposed to oxidized LDL, a main factor

that promotes atherogenesis. Under these conditions, the rate of cell death was more than

50% higher in DKO cells than in TKO or wild-type endothelial cells (Fig. 6D). For oxLDL-

treated macrophages, the rate of cell death for DKO cells was 2.7-fold higher than in wild-

type or TKO macrophages (Fig. 6E). Thus, DKO macrophages and endothelial cells were

susceptible to cell death in the presence of oxLDL and deletion of Akt1 is associated with

rescue of these cells to the survival percentages observed in wild-type cells.

Akt1 activity is associated with increased CD36 abundance, which contributes to foam cell
formation

In ApoE−/−SR-BI−/− DKO cells, the main scavenger receptor responsible for the recognition

and sequestration of oxLDL is CD36 (37). This suggests that the lack of Akt1 might lead to

reduced abundance of the proatherogenic receptor CD36, which, in turn, might account for

the overall reduced atherogenesis and sensitivity to oxidative stress in TKO mice. Indeed,

CD36 protein abundance in hearts of DKO mice was 2.4-fold higher than wild-type hearts

and the lack of Akt1 was associated with a reduction in CD36 abundance in TKO hearts to

an amount similar to that in wild-type hearts (Fig. 7A,B). This effect of Akt1 deletion on

CD36 was more prominent for macrophages than for endothelial cells. FACS analysis

indicated that CD36 cell surface abundance was 1.9-fold higher on DKO macrophages

compared with wild-type macrophages and that the surface abundance of CD36 was similar

in TKO and wild-type macrophages (Fig. 7C). In endothelial cells, the difference between

DKO and TKO cell CD36 surface abundance was not statistically significant (Fig. 7D). The

increased in CD36 protein abundance in DKO macrophages was confirmed by

immunoblotting (Fig. S7). Deletion of Akt1 on the ApoE background had no effect on CD36

abundance on macrophages (Fig. S8), likely due to the absence of dyslipidemia which

occurs only upon SR-BI deletion.
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Together, the results suggested that Akt1 controls atherogenesis and foam cell formation

both in vitro and in vivo by regulation of CD36 surface abundance on macrophages.

Therefore, we assessed whether the blockade of CD36 on DKO macrophages might

diminish foam cell formation to numbers similar to wild-type or TKO macrophages (Fig.

7E). Macrophages from DKO mice generated 1.8-fold more foam cells compared with wild-

type macrophages (Fig. 7F). Treatment with a previously characterized CD36 blocking

peptide (38) diminished foam cell generation by DKO macrophages in a concentration-

dependent manner (Fig. 7F). Thus, the numbers of foam cells generated from DKO

macrophages upon CD36 blockade were similar to those generated by TKO macrophages or

wild-type macrophages and 1.5-fold higher without treatment (Fig. 7F). Treatment with

CD36 blocking peptides also diminished wild-type and TKO foam cell formation because

CD36 is also present on these macrophages (Fig. S9). To confirm the importance of CD36 in

DKO foam cell formation and coronary atherosclerosis, we generated SR-

BI−/−ApoE−/−CD36−/− mice. Plasma concentrations of CEP were significantly higher in

SR-BI−/−ApoE−/−CD36−/− compared with TKO and wild-type mice (Fig. 8A), indicating

that systemic oxidative stress is not mediated by CD36 in DKO mice. In contrast,

macrophages isolated from these SR-BI−/−ApoE−/−CD36−/− mice generated foam cells

when exposed to oxLDL at rates similar to wild-type and TKO macrophages (Fig. 8B,C),

suggesting that the Akt1-CD36 cross-talk is required for foam cell formation in DKO mice.

In addition, coronary artery plaque formation was similar in SR-BI−/−ApoE−/−CD36−/− and

TKO mice, whereas wild-type mice had no identifiable lesions (Fig. 8D,E). These data

suggest that increased CD36 abundance in DKO mice may be responsible for the enhanced

foam cell formation and coronary atherosclerosis, but does not affect the oxidative stress

accumulation in tissues. Thus, conditions of dyslipidemia and oxidative stress led to

increased CD36 abundance and foam cell formation in DKO mice and deletion of Akt1

provided protection, potentially by decreasing the surface abundance of CD36 on

macrophages.

Discussion

Although several studies have demonstrated increased activation of the Akt pathway in

hyperlipidemia and heart failure in humans (13, 14), it remained unclear whether this

phenomenon promotes heart disease and atherothrombosis or contributes to a protective

response. Further, it appears that not only activation of Akt, but also the duration of its

activation is of key importance with short-term Akt activation being beneficial for cardiac

tissue and prolonged activation of Akt being detrimental (26, 39). In this study, we utilized

the ApoE−/−SR-BI−/− DKO mouse, which models the severe cardiac dysfunction of human

coronary heart disease resulting in spontaneous myocardial infarction and premature death

(6), to examine the role of Akt1 in atherothrombosis. Global deletion of Akt1 on the DKO

background led to diminished Akt activity and resulted in substantial alleviation of many

pathological features of heart disease in DKO mice. Lack of Akt1 was associated with

improved survival in DKO mice, especially at the later stage of the disease when mice

experience myocardial infarctions. Multiple complications leading to death in this model,

such as cardiac dysfunction, hypertrophy, and cardiac fibrosis, were substantially reduced.

These changes may reflect reduced inflammation, foam cell formation and diminished

atherosclerotic lesions in TKO mice in vivo. ROS production is a main systemic contributing

factor to atherosclerosis especially under conditions of dyslipidemia and was reduced in

hearts, plasma, endothelial cells, and macrophages after Akt1 deletion. Lack of Akt1

correlated with decreased surface abundance of CD36, a key oxidized lipid receptor that

contributes to atherogenesis in hearts, on endothelial cells, and on macrophages. Thus,

during dyslipidemia and cardiac dysfunction, chronic Akt1 activation is associated with

increased oxidative stress and proatherogenic lipid oxidation product generation and their
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recognition, resulting in enhanced atherosclerosis and spontaneous myocardial infarction

and global deletion of Akt1 substantially diminishes these responses.

Our results suggest that excessive Akt1 activation is detrimental under the conditions of

dyslipidemia and inflammation endemic in the DKO mouse, which is seemingly different to

the protective role of Akt1 in ApoE−/− single KO mice (8). In contrast to the ApoE−/− mice,

DKO mice show diet-independent changes in lipid profiles with high cholesterol

concentrations in the blood due to blocked cholesterol accumulation by liver, leading to

accelerated detrimental changes in the vessel wall, lipid accumulation and many of the

attributes of not only atherosclerosis but the complete atherothrombosis process. We show

that lipid abnormalities in DKO mice were accompanied by high oxidative stress

concentrations, which exacerbated pathological changes. In our TKO mouse model we did

not observe a reduction in endothelial cell survival due to lack of Akt1, which is similar to

the FOXO triple knockout model (23). The SR-BI receptor mediates the main protective

signaling pathway for endothelium, especially in hyperlipidemia, which involves activation

of Akt-eNOS pathway (8, 40), which can inhibit the activation of NF-κB signaling induced

by VCAM-1 on endothelial cells (32, 41). Indeed, lack of Akt1 on the ApoE−/− background

disrupts this protective eNOS-regulated mechanism, leading to increased endothelial

apoptosis, which, in turn, results in exacerbated atherosclerosis in ApoE−/−Akt1−/− mice (8).

Despite reduced oxLDL sequestration and foam cell formation from macrophages upon

Akt1 deletion, endothelial damage is a predominant feature in this ApoE−/−Akt1−/− mouse

model that largely accounts for the overall phenotype (8). In ApoE−/−SR-BI−/− DKO mice,

however, this Akt-eNOS dependent atheroprotective signaling on the endothelium is not

operational due to the lack of SR-BI receptor. Deletion of Akt1 in ApoE−/−SR-BI−/− DKO

mice resulted in anti-inflammatory effects on the endothelium due to reduced NF-κB

signaling as has been previously reported in another model (42) and evidenced by decreased

expression of genes encoding proinflammatory factors in endothelial cells in TKO mice

compared with DKO mice. Instead, Akt deficiency on the DKO background was associated

with reduced ROS generation and systemic oxidative stress and diminished lipid oxidation,

binding, and accumulation due to low CD36 surface abundance on macrophages. In

addition, Akt1-null mice display mild deficiencies in platelet activation (43, 44), which

might influence the final events of atherothrombosis in DKO mice, which die from

thrombotic events. However, the subtle nature of the platelet phenotype in Akt1-null mice

makes it unlikely that decreased platelet aggregation plays a leading role in TKO mice,

which survived longer but eventually died from causes similar to those of their DKO

counterparts. Further, although the ApoE−/− mouse primarily models only the process of

atherogenesis, the DKO mouse has a cardiac phenotype characterized by heart enlargement,

fibrosis, cardiac dysfunction, and myocardial infarction leading to shortened lifespan (6, 7).

Previous studies have linked Akt activity to hypertrophy, in which overexpression of Akt1

stimulates cardiac hypertrophy (45), and inactivation of Akt1 diminishes cardiac

hypertrophy resulting in heart weight to body weight ratios similar to controls (46).

Corroborating our data that Akt1 over-activation in DKO mice resulted in diminished

survival, cardiac-specific Akt1 overexpression results in early mortality, likely due to heart

failure. Hearts from these mice are hypertrophic and fibrotic, and show cardiac dysfunction

(46). Correspondingly, Akt1 inactivation in DKO mice was associated with reduced

hypertrophy, fibrosis and necrosis, and improved cardiac function. Together, the combined

pathological conditions in DKO mice resultrd in increased activation of Akt in heart, which

is reminiscent of related human pathologies.

The main feature of TKO mice that appeared to account for the overall phenotype was

reduced oxidative stress and its consequences, such as lipid oxidation and accumulation in

foam cells, although the concentrations of cholesterol and lipids in DKO and TKO mice

were similar. Indeed, previous studies show that Akt1 signaling promotes oxygen
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consumption and ROS production, thereby providing a mechanism for the reduced

senescence in Akt1 null mice (25). Other studies show that Akt signaling elevates ROS

concentrations by multiple mechanisms, including inhibition of intracellular and

extracellular ROS scavenging (25, 47–51). Thus, multiple pathways leading to ROS

accumulation might be affected by global Akt1 deletion. Knockout of three FOXO genes in

endothelial cells results in decreased Akt activity and an anti-atherogenic phenotype (23),

consistent with the results of our Akt1 deletion model.

Combined deletion of ApoE and SR-BI resulted in enhanced CD36 abundance, an effect that

was reversed by Akt1 deletion. In the absence of SR-BI, CD36 is the main scavenger

receptor that binds to and sequesters oxLDL to promote foam cell formation (52). We

demonstrated that there was a correlation between Akt1 activation and CD36 abundance

under conditions of dyslipidemia and oxidative stress. CD36 is required for oxLDL uptake,

foam cell formation, macrophage survival after oxLDL treatment and macrophage

recruitment into inflamed tissues. CD36 deficient ApoE−/− macrophages accumulate less

oxLDL resulting in diminished foam cell formation in vitro and in vivo (52) which has been

confirmed in human macrophages deficient in CD36 (53). Accordingly, because of reduced

CD36 abundance, TKO macrophages accumulate less oxLDL. This is consistent with the

results of multiple studies that implicate Akt signaling in oxLDL uptake (11, 54–56). We

showed that blockade or deletion of CD36 in DKO mice resulted in diminished foam cell

formation and mimicked the phenotype caused by inactivation of Akt1. Thus, Akt1-

dependent regulation of CD36 may be the main mechanism responsible for increased foam

cell formation and atherogenesis in DKO mice. Thus, in DKO mice which show

dyslipidemia, oxidation and cardiac dysfunction, increased Akt1 activation stimulated both

ROS-mediated lipid oxidation and their recognition by CD36, resulting in enhanced oxLDL

generation, accumulation and foam cell formation. Together, this creates a vicious cycle of

oxidative imbalance promoting further tissue damage and even more ROS production (57)

thereby resulting in atherothrombosis and death. Although the use of systemic inhibitors of

all Akt isoforms in metabolic pathologies seems unlikely due to a number of possible

complications (58), in this model, lack of the Akt1 isoform was associated with improved

survival and alleviation of multiple complications of heart disease and spontaneous

myocardial infarction caused by ApoE and SR-BI deletion. Our findings reveal that CD36

abundance and signaling in combination with Akt1 activation promotes atherothrombosis

and this signaling axis needs to be further explored. Thus, targeted stabilization or

prevention the increase in Akt activation during atherogenesis might be beneficial for the

treatment of atherothrombosis and its complications.

Materials and Methods

Animals

C57BL/6, ApoE−/− (C57BL/6 background), and SR-BI+/−ApoE−/− (mixed C57BL/6×S129

background) mice were purchased from Jackson Laboratories. SR-BI+/−ApoE−/− mice were

backcrossed to C57BL/6 background for 10 generations. Akt1−/− mice were generated as

previously described (9) and backcrossed to the C57BL/6 background for 10 generations.

SR-BI−/−ApoE−/− (DKO) mice were generated by intercrossing SR-BI+/−ApoE−/− mice. SR-

BI−/−ApoE−/−Akt1−/− (TKO) mice were generated by first crossing Akt1−/− mice with SR-

BI+/−ApoE−/− mice. The offspring SR-BI+/−ApoE+/−Akt1+/− females were then crossed

with sibling SR-BI+/−ApoE+/−Akt1+/− to generate SR-BI+/−ApoE−/−Akt1−/− which were

intercrossed with siblings to generate TKO mice. DKO and TKO breeder mice were

heterozygous for SR-BI because the SR-BI knockout results in infertility (7). SR-

BI−/−ApoE−/−CD36−/− (on a C57BL/6 background) were generated using a similar

breeding scheme. Animals were fed a standard chow diet. Mice were sacrificed at 42 days of
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age for most experiments. All animal procedures were performed in accordance the

Institutional Animal Care and Use Committee of the Cleveland Clinic guidelines.

Immunoblotting

Hearts were homogenized in RIPA buffer (Cell Signaling). 40µg of protein per sample was

separated by electrophoreses and transferred to a PVDF membrane. Proteins were detected

with anti-Akt1, anti-phospho-Akt, anti-phospho-GSK-3α/β or anti-GSK-3β (Cell Signaling)

antibodies. Murine lung endothelial cells (MLECs) or macrophages were treated with 12µg/

mL oxLDL for 10 min and then lysed in buffer containing 1% Triton, 150mM NaCl, 50mM

Tris pH7.4 and protease inhibitor cocktail. Whole cell lysates were separated, transferred to

PVDF membrane, and analyzed by immunoblotting using the anti-CD36 antibody (Cayman

Chemicals) and the anti-GAPDH antibody (Santa Cruz Biotechnology) as a loading control.

Echocardiography

Cardiac function was evaluated weekly using a 14MHz linear array transducer interfaced

with a Sequoia C256 (Acuson) when mice were between 4 and 7 weeks of age. Once clear

views of the long axis and the short axis were achieved, M mode analysis was performed to

measure ejection fraction (EF) and fraction of shortening (FS), which were calculated using

the Vevo cardiac measurements software package. FS is calculated as percent change in the

loss of contraction (ED-ES/ED × 100%), where ED is the ventricular luminal dimension in

diastole and ES is the dimension in systole.

Cardiac fibrosis and necrosis quantification

Mice were sacrificed at 6 weeks of age when cardiac dysfunction was just becoming

apparent to assess the role of Akt1 deletion in cardiac pathogenesis. Mice were euthanized

and perfused through the left ventricle with PBS. Hearts were immersion-fixed in buffered

10% formalin. Hearts were cut at the mid level transversely, as described previously (19,

59), and embedded in paraffin. Serial sections (8µm) were cut and stained with H&E or

Masson’s trichrome. To quantify fibrosis, five images were taken of four sections per

Masson’s trichrome stained heart on an Olympus BX51 microscope. Cardiac fibrosis was

quantified by measuring the total stained area the total area of the heart using the Image Pro

software. To quantify necrosis, five images were taken of four sections per H&E stained

heart on an Olympus BX51 microscope. The necrotic area was measured and normalized to

the total area of the heart using the Image Pro software.

Atherosclerotic Lesion Measurements

Atherosclerotic lesions were quantified by en face aortic coverage measured by computer-

assisted planimetry and analysis of lesion area at the aortic root was performed as previously

described (60). Briefly, the hearts were perfused with PBS and then 4% paraformaldehyde

(PFA) overnight. The entire aortic tree, including the heart, was dissected free of fat and

other tissue. Aortae were cut open longitudinally, stained with Oil red O, and digitally

scanned. Lesion area was assessed using Adobe Photoshop software. Hearts were infiltrated

with 30% sucrose, frozen in OCT, and cut into serial cryosections of 10µm thickness.

Sections were cut from the region of the proximal aorta through the aortic sinuses and

stained with Oil red O and fast green. Morphometric evaluations of lesion size were made

using Image-Pro software.

Peritoneal Macrophage Isolation

Peritoneal macrophages were elicited from mice 3 days after intraperitoneal injection of 3%

Brewer thioglycollate medium. Macrophages were harvested by lavage, centrifuged, and

cultured in RPMI1640 medium containing 10% FBS, 100U/mL penicillin, and 100μg/mL
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streptomycin for 2 hr. Non adherent cells were removed by gentle washing with RPMI1640

medium. Adherent cells were maintained in culture until used for experiments.

Foam Cell Formation

Macrophages were cultured in 25µg/mL oxidized LDL (oxLDL; generated as previously

described (61)) and 2µM CD36 or scrambled peptides (which were previously described

(38)) for 24 hr. Cells were fixed and stained with hematoxylin and Oil Red O according to

standard protocols. Images were acquired (Leica TCS-SP) and quantification of Oil Red O

positive cells was performed using the Image Pro Plus software.

En Face Immunostaining

VCAM-1 expression (Santa Cruz) was assessed in endothelial cells, as demonstrated by

CD31 (Abbiotec) staining, in the aortic arch and descending thoracic aorta by en face

staining, followed by laser-scanning confocal microscopy (Leica TCS-SP) as previously

described (62).

In situ TUNEL Staining

Hearts were embedded in optimal cutting temperature (OCT) freezing medium and

sectioned at 7µm. Sections were then fixed in 4% PFA and analyzed for TUNEL staining

using the In Situ Cell Death Detection Kit, TMR Red (Roche) according to the

manufacturer’s protocol. Slides were mounted and imaged using a Nikon ZMZ1000

fluorescent microscope. The fluorescence intensity was quantitatively determined using

MetaMorph software.

In situ detection of superoxide

Dihydroethidium (DHE, Invitrogen) staining for superoxide was carried out as previously

described (63). Briefly, hearts were harvested, embedded in OCT, and cryosectioned at 8µm.

DHE (10µM) was applied to each tissue section and slides were incubated for 30 min at

37°C. Slides were imaged using a fluorescence microscope (Nikon ZMZ1000). The

fluorescence intensity was quantitatively determined using MetaMorph software.

Immunofluorescent Staining

Hearts were embedded in OCT freezing medium and sectioned at 7µm. Sections were then

fixed in 4% PFA and incubated with primary antibodies: rabbit anti-CEP (64), rat anti-CD68

(AbD Serotec), rat anti-Ly-6G/Gr-1 (BD Pharmigen), and rabbit anti-phospho IKKα/β (Cell

Signaling). Tissues were then washed in PBS and exposed to a fluorescently labeled

secondary antibody: goat anti-rabbit Alexa Fluor488, anti-rabbit Alexa Flour568, or anti-rat

Alexa Fluor568 (Invitrogen). Slides were mounted and images were taken using either a

TCS-SP (Leica) or a ZMZ1000 (Nikon) microscope. The images were quantified using

ImagePro software (Media Cybernetics).

Murine Lung Endothelial Cell Isolation

Lungs were isolated and digested in 3mg/mL collagenase-dispase mixture for 4 hr. Digested

tissues were strained and recovered murine lung endothelial cells (MLECs) were plated on

fibronectin coated flasks in DMEM supplemented with 10% FBS, 90µg/mL heparin sulfate,

and 50ng/mL endothelial cell growth supplement. MLECs were used in subsequent

experiments before passage 3.
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Assays for CEP, hydrogen peroxide, nitrotyrosine, and ROS production

Blood was collected through the vena cava into 0.1M EDTA. Plasma was separated from

whole blood by centrifugation. Plasma concentrations of CEP were analyzed by ELISA. 96-

well plates (Costar) were precoated with CEP-BSA (220 nM) overnight at 4 °C. Samples

were pre-incubated with anti-CEP polyclonal antibody at 37 °C for 1 hour. The supernatant

of antibody-antigen complex was then added to the 96-well and incubate at room

temperature for 1 hour followed by goat-anti rabbit IgG-HRP secondary antibody

(Invitrogen). The reaction was stopped by the addition of 2,2;-azino-bis(3–

ethylbenzothiazoline-6-suphonic acid) (ABTS) (Invitrogen) and the data were collected at

405 nm with microplate reader. Plasma concentrations of H2O2 were determined using a

Bioxytech H2O2-560 Quantitative Hydrogen Peroxide Assay kit (Oxis International)

according to the manufacturer’s protocol. MLECs were lysed with lysis buffer (20mM Tris,

150mM NaCl, 1mM EDTA, 1mM EGTA, 500mM BHT, 2M DPTA, 0.1% Triton X-100,

protease and phosphatase inhibitors). Plasma and MLEC lysates were analyzed for

nitrotyrosine concentration using an Amsbio NWLSS Nitrotyrosine ELISA kit according to

the manufacturer’s protocol. Nitrotyrosine concentrations were normalized to the protein

concentration for each sample. Protein concentrations were measured using the Coomassie

Plus assay (Thermo scientific). MLECs and macrophages were plated (1×104 cells). Cells

were treated with 12µg/mL oxLDL for 2 hr and assayed using commercially available kits

for ROS production (Invitrogen CM-H2DCFDA Oxidative Stress Indicator) and DNA

content (Invitrogen CyQuant NF Cell Proliferation Kit) according to the manufacturer’s

protocols.

Oxidized LDL survival

Isolated MLECs and macrophages were treated with oxLDL for 24 hr. Samples were stained

in 0.2% trypan blue for 2 minutes, washed in saline, and fixed in 10% formalin for 15 min.

Trypan blue stained cells were visualized and counted per field using a Leica DMIL

microscope.

Flow Cytometry

MLECs and macrophages (1×105 cells) were blocked with whole molecule murine IgG

(1:100) for 15 min. Cells were then incubated with rabbit anti-CD36 antibody (1:20, Abcam)

for 1 hr, followed by anti-rabbit-Alexa488 secondary antibody (Molecular Probes) for 30

min. Secondary antibody only stained cells were used as a control for non-specific staining.

Samples were washed and fluorescence was measured using a BD FACS CantoII running

the BD FACS Diva software. FCS files were exported and analyzed with FlowJo software.

Statistical Analysis

Student’s t test analysis, one-way ANOVA analysis with Newman-Keuls post-test, or two-

way ANOVA with Boferroni post-test were used to determine statistical significance using

GraphPad Prism 4.03 software. Kaplan-Meyer survival curves and a logrank test used to

determine statistical significance were prepared using GraphPad Prism. * represents p<0.05,

** represents p<0.01, and *** represents p<0.005.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Akt1 deficiency is associated with extended lifespan, improved cardiac function, and

decreased cardiac hypertrophy. (A), Representative immunoblot of phosphorylated (p-) Akt

at Thr308 (p-Akt Thr308), p-Akt at Ser473 (p-Akt Ser473), pan-Akt, p-GSK-3α/β at Ser9 and

Ser21 (p-GSK-3 Ser9/21), pan-GSK-3α/β, and β -actin protein abundance in heart lysates.

Densitometry of p-Akt Thr308 (top), p-Akt Ser473 (middle), and p-GSK-3 Ser9/21 (bottom) in

heart lysates presented as mean fold change±SEM from TKO mice (top) or wild-type mice

(middle and bottom) normalized to actin. (n=3–4 mice). (B), Percent survival of mice

presented as mean±SEM (n=56 mice). (C), Kaplan-Meyer curve depicting the percent

survival (n=56 mice). (D), Representative echocardiography from wild-type, DKO, and

TKO mice. Scale bar represents 0.2 cm. (E), (F), Ejection fraction and fraction of shortening

calculated from DKO and TKO heart echocardiography presented as mean percentage±SEM

(n=11 mice). (G), Representative hearts from mice sacrificed at 42 days of age. Arrows

indicate sites of previous infarctions. (H), Ratio of heart weight to body weight presented as

mean±SEM (n=3 mice). * represents p<0.05, ** represents p<0.01, and *** represents

p<0.005 by Student’s t test compared to DKO (A, C, E, and F), by logrank test compared to

DKO (D), or by one-way ANOVA with Newman-Keuls post-test (A and H).
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Fig. 2.
Akt1 deficiency is associated with decreased development of cardiac fibrosis and necrosis.

(A), Representative micrographs of trichrome stained heart serial sections from mice at 42

days of age. (B), Percentage of fibrotic area was calculated using the blue stained collagen

and presented as mean±SEM (n=5 hearts). (C), Representative micrographs of H&E stained

heart serial sections from 42-day-old mice. (D), Percentage of necrotic area calculated from

H&E stained sections and presented as mean±SEM (n=6 hearts). (E), Representative

micrographs of apoptotic cells in hearts stained with TUNEL (red) and DAPI (blue) from

42-day-old mice. (F), Cardiomyocyte apoptosis presented as percent of TUNEL positive

Kerr et al. Page 19

Sci Signal. Author manuscript; available in PMC 2014 April 01.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



cells±SEM (n=3 hearts). * represents p<0.05, ** represents p<0.01, and *** represents

p<0.005 by Student’s t test compared to DKO (B and D) or one-way ANOVA with

Newman-Keuls post-test (F).
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Fig. 3.
Loss of Akt1 attenuates spontaneous atherosclerosis. (A), Representative micrographs of Oil

Red O stained aortic roots from mice at 42 days of age. (B), Aortic root lesion size presented

as mean±SEM (n=4 mice). (C), Representative scans of Oil Red O stained aorta from mice

at 42 days of age. (D), Plaque area presented as mean percent area±SEM (n=4 mice). *

represents p<0.05 and *** represents p<0.005 by Student’s t test compared to DKO.
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Fig. 4.
Akt1 deletion is associated with improved oxidative stress responses. (A), Representative

micrographs of Oil Red O stained peritoneal macrophages. (B), Percentage of foam cells per

field was calculated and presented as mean±SEM (n=9 wells). (C), Representative

micrographs of Oil Red O stained coronary arteries. (D), Numbers of stained vessels per

field presented as mean±SEM (n=4 hearts). (E), Representative micrographs of en face

aortic sections stained for endothelial cells (CD31, red), VCAM-1 (green) and DAPI (blue).

(F), The number of VCAM-1 positive cells were counted and presented as mean±SEM (n=3
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mice). ** represents p<0.01, and *** represents p<0.005 by Student’s t test compared to

DKO (B and D) or one-way ANOVA with Newman-Keuls post-test (F).
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Fig. 5.
Akt1 deficiency is associated with decreased ROS generation and inflammation. (A),
Hydrogen peroxide was measured in plasma and presented as mean±SEM (n=3–6 mice).

(B), DHE fluorescence intensity was measured and presented as mean±SEM (n=3 hearts).

(C), Representative micrographs of heart sections stained for superoxide production (DHE,

red) and DAPI (blue). (D), Representative micrographs of heart sections stained for

oxidation products (CEP, green) and either macrophages (CD68, red, top panels) or

neutrophils (Gr-1, red, bottom panels). (E), Stained area was calculated for CEP (top left),

CD68 (top right) and Gr-1 (bottom left) and presented as mean±SEM (n=5 hearts). (F),
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Plasma concentrations of CEP presented as mean±SEM (n=4 mice). (G), Representative

micrographs of heart sections stained for phosphorylated IKKα/β (p-IKK, red) as an

indicator of NF-κB signaling. (H), Fluorescence intensity of p-IKK staining was quantified

and presented as mean±SEM (n=3 hearts). * represents p<0.05, ** represents p<0.01, and

*** represents p<0.005 by one-way ANOVA with Newman-Keuls post-test.
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Fig. 6.
Loss of Akt1 is associated with decreased ROS production and improved survival after ROS

challenge in endothelial cells and macrophages. (A), (B), ROS production in MLEC and

peritoneal macrophages treated with oxidized LDL (oxLDL) presented as mean±SEM

normalized by DNA content (n=8 wells). C, Nitrotyrosine concentration in MLEC presented

as mean±SEM (n=3 mice). (D), (E), Survival of MLECs and peritoneal macrophages treated

overnight with oxLDL, presented as mean trypan blue stained cells per field±SEM (n=8

wells). * represents p<0.05, ** represents p<0.01, and *** represents p<0.005 by two-way

(A, B, D and E) with Bonferroni post-test or one-way ANOVA with Newman-Keuls post-

test (C).
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Fig. 7.
Alterations in CD36 abundance occur in response to Akt1 activation and can partially rescue

Akt1 induced atherosclerosis. (A), Representative immunoblot of CD36 and GAPDH

abundance in heart lysates. (B), Densitometry of CD36 abundance in heart lysates presented

as fold change over wild-type corrected by GAPDH (n=3 mice). (C), (D), CD36 surface

abundance on macrophages and MLECs presented as mean fold change over wild-type

±SEM (n=4 mice) measured by flow cytometry. (E), Macrophages were treated with

scrambled peptides (Scr) or CD36 blocking peptides (CD36) in combination with oxLDL

and stained with Oil Red O. (F), Percentage of foam cells per field was calculated and

presented as mean±SEM (n=9 wells). ** represents p<0.01 and *** represents p<0.005 by

one-way ANOVA with Newman-Keuls post-test.
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Fig 8.
CD36 deletion on the DKO background reduces atherosclerosis, but not oxidative stress.

(A), Plasma concentrations of CEP represented as mean±SEM (n=4 mice). (B),
Macrophages were treated with oxLDL and stained with Oil Red O. (C), Percentage of foam

cells per field presented as mean fold change from wild-type±SEM (n=9–10 wells). (D),
Representative micrographs of Oil Red O stained coronary arteries. (E), Numbers of stained

vessels per field presented as mean±SEM (n=4 hearts). ** represents p<0.01 by one-way

ANOVA with Newman-Keuls post-test.
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