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Abstract

Large population studies have shown that living at higher altitudes, which lowers ambient oxygen 

exposure, is associated with reduced cardiovascular disease mortality. However, hypoxia has also 

been reported to promote atherosclerosis by worsening lipid metabolism and inflammation. We 

sought to address these disparate reports by reducing the ambient oxygen exposure of ApoE−/− 

mice. We observed that long term adaptation to 10% O2 (equivalent to oxygen content at ~5000 

m), compared to 21% O2 (room air at sea level), resulted in a marked decrease in aortic 

atherosclerosis in ApoE−/− mice. This effect was associated with increased expression of the anti-

inflammatory cytokine interleukin-10 (IL-10), known to be anti-atherogenic and regulated by 

hypoxia-inducible transcription factor-1α (HIF-1α). Supporting these observations, ApoE−/− 

mice that were deficient in IL-10 (IL10−/− ApoE−/− double knockout) failed to show reduced 

atherosclerosis in 10% oxygen. Our study reveals a specific mechanism that can help explain the 

decreased prevalence of ischemic heart disease in populations living at high altitudes and 

identifies ambient oxygen exposure as a potential factor that could be modulated to alter 

pathogenesis.
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Introduction

Various epidemiologic studies over the course of decades have shown that living in high 

altitude environments is associated with decreased cardiovascular disease incidence, in 

particular a lower risk of coronary artery disease (CAD) [1, 2]. The Swiss National Cohort 

study involving 14.5 million person-years of follow up showed a significant risk reduction 

in both CAD and stroke of 22% and 12% per 1000 meter elevation, respectively [2]. A 

number of reasons have been proposed for this observation, including the physiological 

changes associated with adaptation to higher altitudes, increased physical activity, better 

dietary habits, lower CAD risk factors, and environmental factors such as UV, vitamin D 

and air pollutants. A more specific delineation of the molecular mechanism(s) underlying 

the association between higher altitude and lower atherosclerotic heart disease mortality 

could provide insights for developing new strategies for maintaining cardiovascular health.

In contrast to human observational studies, hypoxia, associated with higher altitudes, has 

been reported to accelerate atherosclerosis in animal models. In one study, ApoE−/− mice 

exposed to 10% ambient oxygen for a relatively short period of time (3 wk) showed 

increased lipid levels in blood and in aortic tissue [3]. In another study that investigated the 

association between hypoxia and cardiovascular disease, blood lipid levels and aortic plaque 

growth of ApoE−/− mice were increased upon being exposed to intermittent hypoxia as a 

model of obstructive sleep apnea that consisted of cycling at 1 min intervals between room 

air and 6.5% O2 over a 4 to 12 wk period [4]. In these studies, the stress response to 

relatively acute or intermittent hypoxia could have contributed to the exacerbation of 

atherosclerosis and may not necessarily apply to physiologic adaptation to reduced ambient 

oxygen such as in humans residing at higher altitudes over a lifetime.

It is well-established that vascular inflammation involving both innate and adaptive 

immunity plays a critical role in atherosclerosis and that there is evidence of pathologic 

necrosis due to tissue ischemia in atherosclerotic plaques [5]. Although hypoxia and HIF-1α 

pathways are known to control the immune systems [6], the role of oxygen and its sensing 

mechanism in atherosclerosis is less clear. The conditional knockout of HIF-1α in myeloid 

cells showed that it is essential for the pro-inflammatory activity of macrophages which 

contributes to atherosclerotic plaque development [7]. In contrast, mice with HIF-1α 

deficient T lymphocytes display a stronger inflammatory response to bacterial sepsis, 

suggesting that HIF-1α can also have immune suppressive effects [8]. Indeed, the 

overexpression of HIF-1α in the lymphocytes of ApoE−/− mice decreased interferon γ 

(IFN-γ) expression and atherosclerosis in association with increased anti-inflammatory and 

anti-atherogenic cytokine IL-10 [9, 10]. Moreover, another body of work suggests that 

hypoxia can also suppress immune response through a HIF-activated signaling pathway 

involving adenosine receptors [11].

Given the strength of the human epidemiologic data, we performed a reverse translational 

study investigating whether atherosclerosis progression can be altered in ApoE−/− mice 

physiologically adapted to low ambient oxygen from a young age. Here, we report that 

chronic adaptation to hypoxia protects ApoE−/− mice from atherosclerosis via increased 

anti-inflammatory activity. Using in vitro and genetic mouse models, we further show that 
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the expression of IL10 is directly regulated by HIF-1α and that this cytokine plays an 

important role in mediating the anti-atherogenic effect of low ambient oxygen.

Materials and Methods

Study approval

All mice were maintained and handled in accordance with the NHLBI Animal Care and Use 

Committee. All human samples were obtained from healthy volunteers after informed 

consent as approved by the NHLBI Institutional Review Board.

Antibodies and western blotting

Antibodies were as follows: control rabbit IgG (Santa Cruz, sc-2027); rabbit polyclonal anti-

HIF-1α (Cayman Chemical, cat. #10006421); and monoclonal anti-β-actin (Sigma, AC-15) 

antibodies. Protein samples were solubilized in loading buffer, resolved by Tris-glycine SDS 

PAGE, and transferred to Immobilon-P membrane (Millipore) for standard ECL western 

blotting.

Cell culture

Raw 264.7 murine macrophage cell line was obtained from the American Type Culture 

Collection and maintained as recommended. Mouse CD4+ T cells were isolated from 

spleens using a CD4+ isolation kit (Miltenyi) and human T cells were prepared from 

peripheral blood mononuclear cells (PBMCs). T cells were expanded by activating on 

immobilized anti-CD3 and anti-CD28 antibodies in a 21% or 5% O2 tissue culture incubator 

for 3 d as previously described [12]. RPMI medium (Invitrogen) supplemented with 10% 

FBS and 2 μM β-mercaptoethanol was used for culturing T cells. Bone marrow-derived 

macrophages (BMDM) were isolated from mouse femora and tibia, cultured using standard 

protocols, and stimulated with 10 ng/ml lipopolysaccharide (LPS, Sigma) for the indicated 

time [13]. Hypoxia mimetic deferoxamine for tissue culture experiments was obtained from 

Sigma.

Mice and hypoxia chamber

The ApoE−/− and IL10−/− mice (>10 generations backcrossed to C57BL6, ApoE−/− stock # 

002052 and IL10−/− stock # 002251) were obtained from Jackson Laboratories and 

maintained according to recommended animal care conditions. IL10−/− ApoE−/− double 

knockout mice were obtained after 3 generations of crossing the individual gene knockout 

mice. Mice were fed normal chow diet (NIH-31, Envigo). Sterilized mouse cages, food and 

water were used in experiments that involved the IL10−/− genotype as previously described 

[14]. For chronic hypoxia experiments, 5–6 wk old female mice in standard sized mouse 

cages were placed in a large hypoxia chamber (Coy Laboratory Product Inc.) set at 10% O2 

and 30–70% humidity at room temperature as previously described [15, 16]. CO2 was set at 

≤0.5% and all set parameters were continuously monitored with internal and external probes 

through a tele-alarm service (Rees Scientific). Mice were exposed to 10% O2 for 22–23 wk 

prior to aortic atherosclerotic plaque analyses. The control normoxia mice were kept long 

term in room air (Fig. 1) or in the chamber with identical settings as described above except 

that O2 was maintained at 21% (Fig. 4). For in vivo LPS stimulation studies, ApoE−/− mice 
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were exposed to hypoxia for 5 wk and then intraperitoneally injected with 0.1 μg of LPS (E. 

coli 0127:B8, Sigma) per gram of body weight.

Cytokine and lipid measurements

Cytokine levels in plasma and media were measured using the following immunoassay kits: 

multiplex immunoassay kit (Meso Scale Discovery); IL-10 ELISA kit (Thermo Scientific); 

IL-4, IL-17, TGF-β and IFN-γ ELISA kit (eBioscience). Plasma lipids were measured using 

an enzymatic assay (Wako Chemicals USA, Inc.) on a ChemWell 2910 analyzer (Awareness 

Technology, Inc). Oxidized LDL cholesterol was measured using the OxLDL ELISA kit 

(CUSABIO Life Science).

Flow cytometry analysis

Blood, spleen and bone marrow cells were incubated with ACK to lyse the red blood cells, 

stained with conjugated CD11b antibody (Clone M1/70, BD-Biosciences), and analyzed 

using a Canto II flow cytometer (BD).

Lentiviral transduction and shRNA knockdown

Plasmids containing the sequences of non-specific shRNA and mouse HIF-1α shRNA 

(Open Biosystems) were used to prepare lentivirus according to manufacturer’s protocol 

(Sigma-Aldrich). CD4+ T cells were activated on immobilized anti-CD3 and anti-CD28 

antibodies for 18 h prior to transduction with lentivirus as follows. The lentivirus and 

polybrene (6 μg/ml) were added to the T cell culture and centrifuged at 1000 × g at 30 °C for 

1 h. The transduced cells were grown for 2 d followed by puromycin (2.5 μg/ml) selection.

mRNA quantification by real-time reverse transcriptase PCR (RT-PCR)

Total RNA from tissue was isolated using the RNeasy Kit (QIAGEN). mRNA from total 

RNA or cultured cell lysate was purified by binding to poly(dT) magnetic beads 

(Invitrogen), reverse transcribed using Superscript III (Invitrogen), and quantified by real-

time PCR using SYBR green fluorescence on the 7900HT Sequence Detection System 

(Applied Biosystems) as previously described [17]. Cycle threshold (Ct) values were 

normalized to the housekeeping gene eukaryotic translation initiation factor EIF3F (TIF). 

Primer sequences are provided in the list of PCR primers (Online Methods).

Chromatin immunoprecipitation (ChIP) analysis

Hypoxia response elements (HRE consensus sequence, Pu(A/G)CGTG) were searched using 

the mouse IL10 gene sequence (NM_010548) from the promoter region (defined as −2000 

bp upstream of the transcription start site) to the 3′ end of the gene (+702 bp from the stop 

codon) [18]. ChIP assay was carried out using ChIP-IT Express kit (Active Motif) according 

to the manufacturer’s protocol. Briefly, mouse CD4+ cells (5 × 106 cells) were cultured in 

5% O2 incubator for 4 d and fixed in 1% formaldehyde for 10 min at room temperature, 

after which the nuclei were isolated, sonicated, immunoprecipitated (4 μg control rabbit IgG 

or anti-HIF1α antibody), and bound-DNA quantified by real-time PCR. The primer 

sequences of APOE (nonspecific genomic control) and IL10 HREs are provided in the list of 

PCR primers (Online Methods).
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Telemetry and body mass composition analysis

Body composition (fat and muscle) of non-anesthetized mice was measured using the 

Bruker Minispec NMR analyzer (Bruker Optics). For activity and blood pressure 

measurements using telemetry, transmitters were implanted in 14 wk old mice and allowed 

to recover from the surgery for 2 wk. Blood pressure and physical activity were measured 

every 5 sec for 10 min (120 data points) at 3 a.m. (dark cycle) and 3 p.m. (light cycle), 3 

d/wk for 5 wk.

Atherosclerotic plaque quantification and histology

For atherosclerotic plaque quantification, the whole aorta or aortic root at the base of the 

heart was dissected and stained with Sudan IV or Oil Red O solution, respectively, as 

previously described [13, 19]. The base of the heart was fixed in 10% formalin, frozen in 

OCT Compound (Tissue Teck), cross sections cut at the level of the aortic valves, and 

stained with either hematoxylin and eosin (H&E) for histology or Oil Red O for plaque area 

measurements. Paraffin-embedded aortic root cross sections were also used for H&E and 

Masson trichrome collagen staining. Plaque quantification was performed using the Image-J 

software (NIH) and confirmed by a second investigator blinded to the sample identities. The 

measurements were expressed as a fraction of the aortic wall surface area.

Statistical analysis

Data are reported as mean ± SEM and were analyzed by the two-tailed unpaired Student’s t 

test. One-way ANOVA with Tukey posttest analysis was performed for data containing 

more than two experimental groups.

Results

Lowering ambient oxygen reduces atherosclerosis in ApoE−/− mice

To examine the effect of lowering ambient oxygen on atherosclerosis, 5 wk old female ApoE

−/− mice were housed in a large temperature- and humidity-controlled chamber in which 

the oxygen concentration was set at 10%, a level equivalent to that at ~5000 meters above 

sea level and compatible with long-term adaptation [15, 20]. Acclimation to this degree of 

hypoxia was reflected by the resumption of normal activity level, normalization of body 

weight, and increased blood hematocrit after a period of ~3–5 wk (Supplemental Fig. 1). 

Female mice were used because they have been reported to develop larger and more 

advanced atherosclerotic lesion when fed a normal chow diet over an extended period of 

time [21, 22]. Remarkably, exposure of the ApoE−/− mice to 10% O2 over a significant 

fraction of their lives reduced the aortic plaque area by approximately 40–50% of the control 

mice in 21% O2 (equivalent to room air at sea level) (Fig. 1a,b). Qualitative examination of 

stained aortic root cross sections showed decreased neointima formation and fibrotic 

collagen deposition in 10% O2 that was consistent with the decrease in lipid staining plaques 

(Supplemental Fig. 2).

Given the established role of inflammation in atherosclerosis, a plasma cytokine screen was 

performed, and it revealed significant changes in the levels of IFN-γ, IL-12 and IL-10 in 

ApoE−/− mice chronically exposed to 10% O2 for 22 wk (Fig. 1c,d). The pro-inflammatory 
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cytokines IFN-γ and IL-12, which are associated with type 1 T helper (Th1) cells, were 

significantly lower in hypoxia. In contrast, the anti-inflammatory cytokine IL-10, known to 

be regulated by hypoxia and to inhibit Th1 cells and atherosclerosis [9, 23–25], was 

significantly higher in 10% O2. No significant difference was detected in the plasma levels 

of TGF-β and IL-17, which can serve as Treg and Th17 markers, respectively (Fig. 1d). To 

confirm the reciprocal response of IFN-γ and IL-10 in mice adapted to hypoxia, ApoE−/− 

mice were acclimated to 10% O2 for 5 wk and then challenged with lipopolysaccharide 

(LPS) which can elicit both Th1 and Th2 responses (Fig. 1e) [26]. Even with the shorter 

exposure time, the IFN-γ level was decreased while IL-10 level was increased either before 

or after LPS treatment, confirming the cytokine screen data of chronically (22 wk) adapted 

mice (Fig. 1c–e). Additionally, VEGF and IL10 mRNA expression in aortic tissue were 

significantly increased suggesting relative tissue hypoxia and suppression of localized 

inflammatory activity at the disease site (Fig. 1f).

Effect of lowering ambient oxygen on cardiometabolic factors in ApoE−/− mice

Given this marked effect on aortic plaque development, we examined whether some of the 

known cardiac risk factors associated with human atherosclerosis may be altered in ApoE−/

− mice by low ambient oxygen. There was no significant change in body weight, fat 

content, systemic blood pressure (both in dark and light cycles), or basal activity that could 

contribute to the decrease in atherosclerosis (Table 1 and Supplemental Fig. 1a). Notably, 

despite the decrease in atherosclerosis, cholesterol (total and LDL/VLDL fractions) and 

triglyceride levels were significantly increased in 10% O2 while the level of pro-atherogenic 

oxidized LDL was unchanged (Table 1). This pattern of increased total serum lipid under 

hypoxia has been reported in mice exposed to hypoxia and may be consistent with the 

expected decrease in fatty acid oxidation under oxygen limiting conditions [3, 4]. The 

apparent lack of a positive relationship between atherosclerosis and serum lipid levels or the 

relative fraction of myeloid cells (Supplemental Fig. 3), suggested that other factors may be 

involved in mediating the anti-atherogenic effect of low ambient oxygen.

Lowering oxygen exposure increases anti-inflammatory IL-10 expression

The increased plasma level of IL-10 in 10% O2 caught our attention because the IL10 gene 

has been reported to have HIF-1α binding sequences and its expression is induced by 

HIF-1α [10, 24]. IL-10 plays diverse immune regulatory roles and is expressed by various 

cell types, but its release by CD4+ Th2 cells, which suppresses inflammatory Th1 cells, 

appeared pertinent to our current observation [23, 25]. In fact, a comprehensive survey of 

mouse atherosclerosis studies concluded that IL-10 was the most consistently anti-

atherogenic cytokine [9]. We therefore isolated CD4+ T cells from the spleen of mice 

adapted to 21% or 10% O2 and measured the gene expression of the respective T helper cell 

markers. Consistent with elevated IL-10 in mouse plasma, the mRNA levels of Th2 

cytokines IL-4 and IL-10 were significantly increased under the low ambient oxygen 

condition (Fig. 2a). The Th17 and Treg markers represented by IL-17 and FOXP3, 

respectively, were unchanged and consistent with the plasma cytokine levels in hypoxia 

adapted mice (Fig. 2a). The unchanged levels of FOXP3 mRNA and plasma TGF-β levels 

make it less likely that the IL-10 increase originates from the Treg population under 

hypoxia.
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To replicate the in vivo observation in a more defined system, mouse CD4+ T cells were 

cultured in 5% O2, which is considered to be more physiologic, and relative hypoxia was 

confirmed by the increase in HIF-1α protein and its target gene VEGF mRNA expression 

(Fig. 2b) [27]. As observed in vivo, culturing T cells in 5% O2 increased IL10 expression by 

mRNA as well as protein release into culture media (Fig. 2b, Supplemental Fig. 4). 

Hypoxia-induced IL10 expression was also confirmed in ApoE−/− mouse bone marrow 

derived macrophages (BMDM) and in human T cells (Fig. 2c,d). As ApoE itself has been 

reported to have effects on immune function, we used ApoE+/+ mice to show further that 

hypoxia-inducible IL-10 expression was not limited to the mouse atherosclerosis model both 

in vivo and in vitro (Supplemental Fig. 5) [28].

IL10 expression is regulated by HIF-1α in CD4+ T cells

IL10 gene expression is known to be regulated by various transcription factors including 

HIF-1α [10, 24, 29]. Accordingly, in primary mouse splenic CD4+ T cells, the HIF-1α 

stabilizing agent deferoxamine (DFO) dose-dependently increased the mRNA levels of IL10 

as well as VEGF, a marker of HIF-1α activity (Fig. 3a). Conversely, knockdown of HIF-1α 

in both mouse CD4+ T cells and Raw 264.7 macrophages attenuated the expression of IL10, 

indicating that HIF-1α is a general mediator of IL10 transcription under hypoxia (Fig. 3b,c).

Genomic sequence analysis revealed four putative HIF-1α-interacting hypoxia response 

elements (HRE consensus sequence, Pu(A/G)CGTG) in the promoter and intron regions of 

the mouse IL10 gene, one of which had been reported (HRE3) (Fig. 3d) [24]. Chromatin 

immunoprecipitation (ChIP) analysis of mouse CD4+ cells cultured in 5% O2 showed that 

HIF-1α interacts with HRE1 and HRE2 but less strongly with HRE3 sequence (Fig. 3d). 

HRE4 in intron 4 did not interact with HIF-1α, although another HRE located 3′ of the last 

IL10 exon has been reported to interact with both HIF-1α and HIF-1β in mouse C2C12 

myocytes subjected to cyclic hypoxia-reoxygenation for modeling remote ischemic 

preconditioning (Fig. 3d) [24]. This suggests that the HRE elements of IL10 may be 

differentially utilized depending on the type of cell and hypoxic stimulus. Taken together, 

the current results indicate that the protection against atherosclerosis under reduced ambient 

oxygen may be mediated in part by the anti-inflammatory activities of IL10 transactivated 

by HIF-1α.

IL-10 is necessary for preventing atherosclerosis in low ambient oxygen

To examine the role of IL-10 in atherosclerosis under low ambient oxygen, we generated 

IL10−/− mice in an ApoE−/− genetic background (IL10−/− APOE−/− double knockout 

(DKO) mouse). Littermates of these DKO mice were maintained in 10% or 21% O2 for 

approximately 22 wk. Unlike in ApoE−/− mice, the reduction in aortic plaque development 

associated with chronic hypoxia was no longer evident in DKO mice, indicating that IL-10 

is necessary for mediating this decrease in atherosclerosis (Fig. 4a,b). It should be noted here 

that the level of atherosclerosis in relatively young female ApoE−/− mice has been reported 

to be increased in the absence of IL-10 but that this effect was not evident in older mice as 

also observed here in the current study (Fig. 4a) [30]. The measurement of plasma IFN-γ as 

a marker of systemic inflammatory activity also showed loss of its suppression by hypoxia 

in the absence of IL-10 (Fig. 4c). Decreased IFN-γ in hypoxia likely contributes to the 
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reduction in atherosclerosis, but it is unlikely to be the only factor as IL-10 can regulate 

various immune cell types and activities [14, 25, 31].

Discussion

In the current study, we have demonstrated protection from aortic plaque development in a 

mouse model of atherosclerosis by long-term adaptation to a low ambient oxygen 

environment. This observation parallels human epidemiologic data showing decreased 

coronary artery disease at high altitudes for which the molecular basis is unclear. ApoE−/− 

mice adapted to 10% oxygen displayed evidence of increased anti-inflammatory activity as 

measured by higher IL-10 levels, at both the systemic and localized levels. Mechanistically, 

we have identified multiple HIF-1α binding motifs in the IL10 gene and showed that its 

transactivation under hypoxia is dependent on HIF-1α in both mouse and human immune 

cells, complementing previous studies [10, 24, 29]. As genetic evidence that IL-10 mediates 

the anti-atherogenic effect of low ambient oxygen, ApoE−/− mice that are deficient in IL-10 

are not protected against atherosclerosis by chronic hypoxia.

Although oxygen deprivation sufficient to cause cellular injury is clearly pro-inflammatory, 

physiologically adaptable low ambient oxygen appears to have markedly different outcomes 

likely depending on various factors including the degree and duration of hypoxia. Mountain 

sickness has often been cited as evidence of hypoxia promoting inflammation, but it is a 

phenomenon that occurs relatively acutely with altitude change and only in a subset of 

exposed individuals [32]. In the absence of such an overt pro-inflammatory clinical 

syndrome or acute fluctuations in tissue oxygenation, the long term consequences on the 

immune state of individuals who are chronically adapted to a less severe degree of hypoxia 

may be quite different.

Our current observation also differs from a report of increased plaque formation in ApoE−/− 

mice exposed to 10% O2, but it should be noted that the mice were followed for only 3 wk 

(age 6 to 9 wk) which is the minimum time required for physiological acclimation as 

indicated by activity level and growth (Supplemental Fig. 1a,b) [3]. Analysis of our mice on 

a normal (non-high fat) chow diet after 3 wk of hypoxia exposure did not reveal significant 

difference in plaque formation while the longer exposure (22 wk) ameliorated 

atherosclerosis progression (Supplemental Fig. 6). On the other hand, supraphysiologic 

levels of oxygen (95%) have been reported to decrease necrotic core size, but this 

phenomenon likely involves mechanisms different from those in our current study [33]. 

Because atherosclerosis in different arterial trees such as the innominate artery can be more 

under the influence of the immune system and model the human coronary arteries, it will be 

useful to confirm the effects of long-term reduced ambient oxygen exposure in this model 

[34]. Furthermore, here we have identified HIF-1α-inducible IL-10 as a mediator of the 

phenomenon in ApoE−/− mouse, but the effect of other factors that may also contribute to 

the immune suppressive effects of high altitude adaptation such as hypoxia-adenosine 

signaling and even erythropoietin cannot be ruled out [35–37].

It is also tempting to speculate that some of the counterintuitive, clinical observations 

regarding the benefits of reduced oxygen exposure may be related to our study. Patients with 
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asthma, an inflammatory airway disease, have been reported to benefit from high altitude 

exposure beyond the effect of allergen avoidance and to show trends of increased anti-

inflammatory markers including IL-10 [38]. In both acute myocardial infarction and heart 

failure where insufficient oxygenation and inflammation play critical roles in their 

pathogenesis, there are reports of the benefits of limiting oxygen supplementation in these 

conditions [39, 40]. Recently published work in the immunology field further confirms the 

profound importance of hypoxia regulated IL-10 in the immune suppression of T cells [41, 

42]. Taken together, our study suggests that physiologically adaptable hypoxia may have 

beneficial effects by promoting an anti-inflammatory effect via IL-10 with potential clinical 

implications for preventing or delaying atherosclerosis and other inflammatory diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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KEY MESSAGES

1. Chronic low ambient oxygen exposure decreases atherosclerosis in mice.

2. Anti-inflammatory cytokine IL-10 levels are increased by low ambient O2.

3. This is consistent with the established role of HIF-1α in IL-10 transactivation.

4. Absence of IL-10 results in the loss of the anti-atherosclerosis effect of low O2.

5. This mechanism may contribute to decreased atherosclerosis at high altitudes.
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Fig. 1. 
Low ambient oxygen reduces atherosclerosis and inflammation in ApoE−/− mice. ApoE−/− 

mice (5–6 wk old) were maintained in room air (21% O2) or placed in a hypoxia chamber 

(10% O2) for 22 wk prior to analyses (except for 1e). a The aortas were longitudinally 

dissected and atherosclerotic plaque areas (red) were quantified after staining with Sudan 

IV. Shown are representative images of the aortic arch where most of the plaques develop 

(n=11). Scale bars: 1 mm. b Aortic root cross sections were stained with Oil Red O and the 

stained plaque areas were measured (n=10–11). Representative aortic root sections are 

shown. Scale bars: 200 μm. c ApoE−/− mice were exposed to the indicated ambient oxygen 

for 22 wk and the proinflammatory cytokine level in plasma were measured by multiplex 
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immunoassay kit (Meso Scale Discovery) (n=5). Cytokines that can serve as Th1 markers 

are indicated in brackets. d Levels of plasma cytokines that can serve as markers of other Th 

subtypes (indicated in brackets) were measured by individual immunoassay kits (Thermo 

and eBioscience) (n=5). e Effect of hypoxia on both basal and LPS-stimulated plasma 

cytokine levels in ApoE−/− mice. These mice were exposed to the indicated ambient 

oxygen for 5 wk prior to i.p. injection of LPS (n=5–11). f Hypoxia responsive VEGF and 

anti-inflammatory cytokine IL10 gene expression in aortic tissue were measured by real-

time RT-PCR (n=6). Values shown as mean ± SEM, *p < 0.05.
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Fig. 2. 
Hypoxia increases anti-inflammatory cytokine IL-10 expression in vivo and in vitro. a 
Mouse CD4+ T cells were isolated from spleens of ApoE−/− mice chronically adapted to 

the indicated ambient oxygen condition and the mRNA levels of the following genes were 

measured as markers of the respective T cell subtypes: INF-γ (Th1); IL-4 (Th2); IL-10 (Th2 

and Treg); IL-17 (Th17); and FOXP3 (Treg) (n=6). b Effect of hypoxia (5% O2, 1 to 3 d 

exposure) on IL-10 mRNA levels in cultured ApoE−/− mouse CD4+ T cells. Relative 

hypoxia was confirmed by the increase in HIF-1α protein and the expression of its target 

gene VEGF (n=3). c Effect of hypoxia on the time course of IL-10 expression in cultured 

mouse bone marrow-derived macrophages (BMDM) after lipopolysaccharide (LPS) 

stimulation (n=3). d IL-10 expression in human peripheral blood T cells cultured for 3 d 

under the indicated oxygen conditions (n=3). Values shown as mean ± SEM, *p < 0.05.
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Fig. 3. 
IL10 gene is regulated by HIF-1α. a HIF-1α protein was stabilized by deferoxamine (DFO) 

in mouse CD4+ T cells in a dose-dependent manner and IL-10 mRNA levels quantified by 

real-time RT-PCR (n=3). b Hypoxia (5% O2) induced HIF-1α protein was knocked down in 

mouse CD4+ T cells using shRNA and IL-10 mRNA levels were measured. Nonspecific 

shRNA (NS) was used as control (n=3). c Hypoxia (5% O2) induced HIF-1α protein was 

knocked down in the Raw 264.7 macrophage cells using shRNA and IL-10 mRNA levels 

were measured. Nonspecific shRNA (NS) was used as control (n=3). d The sites of 

candidate hypoxia response elements (HRE, consensus sequence Pu(A/G)CGTG) in the 

promoter and intron 4 sequences of the mouse IL10 gene are numbered in shaded boxes. 

HIF-1α interaction with the putative HRE sites was examined by chromatin 

immunoprecipitation and quantified using real-time PCR in mouse CD4+ cells cultured in a 

5% O2 incubator. Values shown as mean ± SEM, *p < 0.05.
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Fig. 4. 
IL-10 is necessary for the decrease in atherosclerosis in low ambient oxygen. a Effect of 

IL-10 on aortic atherosclerotic plaque development in ApoE−/− mice chronically adapted to 

hypoxia. Mice of the indicated genotypes were maintained in either 21% O2 or 10% O2 for 

22 wk. Atherosclerosis was quantified by staining whole aorta with Sudan IV (red, 

representative images). Scale bars: 1 mm. b Representative cross sections of the aortic root 

at the valve leaflet level were stained with H&E to show differences in the arterial wall 

(neointima and smooth muscle layers) depending on ambient oxygen exposure and IL-10 

genotype. Scale bars: 200 μm. c Plasma IFN-γ levels were measured as marker of 

inflammatory activity in mice exposed to 10% or 21% O2 for 22 wk (n=5–7). **p< 0.01, 

one-way ANOVA with a Tukey posttest.
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Table 1

Effect of ambient oxygen on cardiometabolic factors in ApoE−/− mice

Parameters 21% O2 10% O2 P-value

Body weight (g) 24.2 ± 0.3 24.0 ± 0.4 0.7

Fat Mass (%) 10.2 ± 0.8 9.0 ± 0.2 0.4

Systolic blood pressure (mmHg)

 Dark 131.9 ± 10.3 131.9 ± 4.8 1

 Light 110.3 ± 3.6 118.9 ± 4.7 0.2

Diastolic blood pressure (mmHg)

 Dark 99.6 ± 7.0 105.4 ± 4.0 0.5

 Light 79.4 ± 5.5 91.5 ± 3.3 0.1

Total cholesterol (mg/dL) 384.4 ± 19.1 536.5 ± 35.4 0.009

HDL (mg/dL) 166.9 ± 9.6 178.5 ± 12.5 0.5

LDL/VLDL (mg/dL) 247.2 ± 15.0 351.7 ± 38.0 0.049

Triglycerides (mg/dL) 55 ± 10.7 157 ± 33.9 0.001

OxLDL (μmole/ml) 6.2 ± 0.1 6.3 ± 0.2 0.6

Female ApoE−/− mice were exposed to the indicated oxygen concentration for 22 wk after which plasma lipids, body weight and composition were 
determined (n = 5–22). Blood pressure was monitored by telemetry during 12-h dark and light cycles after a 5-wk acclimation period to 10% O2 (n 

= 4).
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