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Abstract

Objective—Obstructive sleep apnea causes intermittent hypoxia (IH) and is associated with
increased cardiovascular mortality. This increased risk may be attributable to more extensive or
unstable atherosclerotic plaques in subjects with OSA. We studied the effect of chronic IH in
atherosclerosis-prone mice.

Methods and Results—Apolipoprotein E-deficient (ApoE ") mice fed a high cholesterol diet
were exposed to 4 or 12 weeks of IH and compared to intermittent air-exposed controls. At 4 weeks,
IH increased plaque size in the aortic sinus and the descending aorta. At 12 weeks, atherosclerosis
progressed in all groups, but more rapidly in the descending aorta of IH-exposed animals. Plaque
composition was similar between IH and controls. Between 4 and 12 weeks, there were progressive
increases in blood pressure, with relatively stable increases in serum lipids and arterial stiffness.

Conclusions—IH accelerates atherosclerotic plaque growth in ApoE '~ mice without affecting
plaque composition. The mechanisms may include non-additive increases in serum lipids, and
cumulative increases in blood pressure.
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INTRODUCTION

Atherosclerosis is the leading cause of death in the western world, despite advances in our
understanding of the disease and its complications. Even with lipid lowering therapies and
angiography, 38% of deaths in North America are attributable to cardiovascular diseasel: 2,
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indicating incomplete control of the evolution of atherosclerosis. Indeed, therapies for
atherosclerosis developed out of the notion that myocardial infarctions occur when vascular
lipid accumulate to the point of lumen occlusion. It is now recognized that plaque rupture is
the hallmark of myocardial infarction, and stability of lesions does not necessarily correlate
with their size2: 3. Therefore, efforts have shifted to characterizing and controlling plaque
vulnerability. In this study, we apply these current concepts to atherosclerosis in the setting of
obstructive sleep apnea (OSA).

OSA is a disease affecting 4-24% of men and 2-9% of women in the United States*. Moderate
to severe OSA significantly increases the risk of all-cause and cardiovascular mortality > 6,
Carotid intima-media thickness’, blood pressure8, cholesterol9: 10 and oxidative stress!! are
increased in OSA and are decreased by continuous positive airway pressure (CPAP) treatment.
While provocative, these studies rely on surrogate markers of atherosclerosis, leading to two
potential limitations. First, surrogates have imperfect predictive value, and are influenced by
confounding variables inherent to OSA populations. Second, these studies cannot assess the
effects of OSA on the progression and composition of advanced lesions.

To overcome the first limitation, we assessed atherosclerosis in a murine model of OSA. Upper
airway closures in OSA cause repetitive oxygen desaturations, termed intermittent hypoxia
(IH). Exposure of C57BL/6J mice on an atherogenic diet to 12 weeks of IH induced fatty streaks
in the descending aortal2. However, the burden of disease was insufficient to analyze lesion
composition. We now attempt to overcome this second limitation by using atherosclerosis-
prone apolipoprotein E-deficient (ApoE ") mice. ApoE is the principal ligand of circulating
lipoprotein remnant uptake. Its absence leads to marked hypercholesterolemia and rapid
atherosclerotic plaque development?3.

In this study, ApoE '~ mice were fed high-fat, high cholesterol diets and exposed to IH or
intermittent air (IA) control for 4 or 12 weeks, after which lesions, vascular parameters, and
lipids were assessed. Because IH-exposed mice exhibited decreased food intake and growth,
an additional 1A weight-matched control group (IA-WM) was included. We hypothesized that
IH would accelerate advanced atherosclerosis in ApoE ™~ mice, leading to larger and more
unstable lesions.

Experimental Animals

Forty-eight 10-week-old male, ApoE ™~ mice were purchased from Jackson Laboratory (Bar
Harbor, ME). At age 13 weeks, mice started a high-fat, high cholesterol diet (4 kcal/g, 15.8%
fat, and 1.25% cholesterol; TD#94059, Harlan Teklad, Madison, WI) and simultaneously
began IH or 1A exposure. In another control group, (IA-WM) food was rationed daily to
approximate the weekly growth curves for IH-exposed mice. For surgical procedures,
anesthesia was maintained with 2% isoflurane. The study was approved by the Johns Hopkins
University Animal Care and Use Committee.

Intermittent Hypoxia

A gas control delivery system was designed to regulate the flow of air, nitrogen, and oxygen
into cages housing mice. During each period of IH, the fractional inspired O, (FiO;) was
reduced from 20.9% to ~6.5% over 30 seconds and re-oxygenated to 20.9% in the subsequent
30 second period. Exposures lasted from 09:00 to 21:00 daily to coincide with mouse sleep
cycles. Intermittent air (1A) control was delivered at identical flow rates with a constant
FiO, of 20.9%. Oxygen level was measured with a ProOx 110 analyzer (Biospherix, Redfield,
NY) and pulse oximetry with a neck cuff (Starr Life Sciences Corp, Oakmont, PA).
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Blood Pressure and Pulse Wave Velocity (PWV)

Blood pressure was obtained by tail cuff (CODAZ2, Kent Scientific, Torrington, CT). PWV was
determined as described by Hartley et al.14. Mice were anesthetized with 1.5% isoflurane and
placed supine. An EKG-triggered, 2-mm, 10-MHz Doppler probe was used to measure blood
flow at the thoracic and abdominal aorta. PWV was calculated by the thoracic-abdominal
distance divided by the time difference between pulse arrivals.

Atherosclerosis Analysis

Aortas spanning the aortic arch to the iliac bifurcation were cleaned of adventitia, fixed in
formalin, cut longitudinally, stained with Sudan IV, pinned on a wax surface and examined at
low power as described by Tangiralal®. For cross-sectional analysis, the heart was removed
and ventricles transected perpendicular to the aortic outflow tract. The upper heart was fixed
in 10% formalin for 12 hours and embedded in paraffin. Serial sections, 7 um thick, were cut
for a distance of ~500 um spanning the aortic cusps to the proximal ascending aorta. Every 5
sections was stained with hematoxylin & eosin (H&E), and photographed on an Olympus BX41
microscope. Area from 5 serial sections was averaged using Image-J software (NIH, Bethesda,
MD).

Plague Composition

Five sections per aorta were used for each type of stain. Necrotic regions were delineated by
unstained H&E regions. Fibrosis was estimated by %area of plaque positive for Masson’s
trichrome stain. Macrophages were identified with A1A-31240 Ab at 1:1500 dilution (Accurate
Chemical and Scientific, Westbury, NY). Smooth muscle was detected with anti-actin 1A4
Ab, 1:20 dilution (Sigma-Aldrich, St Louis, MO). Endothelium was stained with anti-CD34
Ab, 1:100 dilution, (Abcam, Cambridge, MA) and anti-Von-Willebrand Factor Ab A-0082,
1:100 dilution, (DAKO, Denmark). Nitrotyrosine was detected with ab5411 Ab (Millipore,
Billerica, MA), with peroxynitrite incubation as a positive control prior to staining. Primary
antibodies were followed by incubation with biotinylated goat anti-rabbit IgG Ab or goat anti-
rat IgG Ab. Primary Ab was omitted for negative controls. Secondary Ab was detected with
horseradish peroxidase-conjugated biotin-streptavidin complexes and developed with
diaminobenzidine tetrahydrochloride. All files were analyzed in blinded fashion using encoded
filenames with Photoshop (Adobe Systems, San Jose, CA) software. Some regions of
indeterminate composition (<5%) were not scored.

Serum Lipids and Oxidative Stress

Total cholesterol (TC), LDL cholesterol (LDL-C), HDL cholesterol (HDL-C), free fatty acids
(FFA), and triglycerides (TG) were measured by colorimetric assays (Wako Diagnostics,
Richmond, VA). For oxidized LDL (oxLDL), lipids were precipitated from serum with
manganese citrate-heparinl. Thiobarbituric acid reactive substances were assayed in the
solubilized pellet (Zeptometrix, Buffalo, NY).

Statistical Analysis

All values are reported as means + SEM. Statistical significance for all comparisons was
determined by two-way ANOVA with Bonferroni posttests. A P value of <0.05 was considered
significant. All analyses were performed blinded to the IA or IH status of the mice by using
ear tag numbers or encoded filenames as identifiers.
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RESULTS

Oxygen profiles, weight, food intake, glucose, hematocrit

Mice exposed to IH had a peak SaO- of 98.7+£0.3% which fell to 67+2.1% and exhibited a
mean SaO, of 89.5 + 0.4% and a median of 95.4% (See supplemental data, Figure 1). Control
IA and IA-WM mice maintained a mean SaO» of 97.9+£0.5%. Weight of mice is shown in
supplemental data, Figure 2. IH attenuated weight gain versus 1A at both the 4 week (gain of
0.3% versus 8.6% initial weight, p<0.05) and 12 week (gain of 2.7% versus 11.0% initial
weight, p<0.01) time point. IA-WM mice achieved similar weight as IH mice at each weekly
time point. Growth trends paralleled food consumption, which was lower in IH (3.18 g/day)
and IA-WM (3.07 g/day) mice than IA controls (3.69 g/day) throughout the exposure period.
Fasting blood glucose was similar in all groups, and values were within 80-120 mg/dL. IH
caused an increase in hematocrit at both 4 weeks (IH: 44.7+£1.2% vs. control: 38.6+£1.0%
p<0.005) and 12 weeks (IH: 40.6+£0.9% vs. control: 37.6£1.0%, p<0.01).

Blood pressure and vascular function

Blood pressure and PWV were significantly affected by IH at both time points (Table 1). At 4
weeks, IH caused a rise in systolic blood pressure and PWV. At 12 weeks, IH caused a rise in
diastolic blood pressure, increasing mean arterial blood pressure. PWV remained elevated but
did not increase further at 12 weeks. Blood pressures obtained under anesthesia were not
different between groups during assessment of PWV. To account for potential hypertension
effects, p-index was calculated for each animal by the formula: (2.11 x PWV?2/non-
anesthestized diastolic blood pressure) without significantly affecting the comparative results
(data not shown). IA-WM controls did not differ from 1A controls in terms of blood pressure
(Mean arterial BP at 4 wk: 77.1+£2.9; 12 wk: 75+3.1 mmHg), or PWV (4 wk: 3.1+0.1, 12 wk:
3.0+£0.1 m/s).

Cholesterol profiles

IH increased TC, LDL-C, TG, and FFA as compared to either 1A or IA-WM controls (Figure
1). Interestingly, the effect of IH was slightly stronger at 4 weeks than at 12 weeks in the LDL
fraction. Oxidized LDL (oxLDL) was increased by IH at 4 weeks. However, when normalized
to total LDL-C, IH did not alter the proportion of circulating oxLDL at either time point.

Atherosclerosis

As expected, the size of atherosclerotic plagues increased with time in all groups (Figs 2, 3;
p<0.001). As shown in figure 2, after 4 weeks, IH increased plaque area in the proximal aorta
by twofold. However, after 12 weeks, there was no difference in lesion size between IA and
IH groups. In the descending aorta (Figure 3), IH increased lesion area at both time points,
compared to 1A and IA-WM controls. Lesion area was slightly smaller in the IA-WM mice
compared to 1A mice (p<0.05). Lesion composition was compared at 12 weeks, when they
were large enough for accurate analysis. At this point, plagues exhibited characteristics of
mature atheroma with fibrotic caps and collagen deposition. Lesions in IA, IA-WM, and IH
groups were similar in terms of necrosis, fibrosis, fiboromuscular cap thickness, foam cell area,
smooth muscle content, and nitrotyrosine staining (Figure 4). No intra-plaque neo-vessels were
evident in any group using both anti-vWF and anti CD34 antibodies (data not shown)

DISCUSSION

We showed previously that IH mimicking the oxygen profile of subjects with OSA in a non-
atherogenic host induced early atheroscleratic lesions. In this study, we show that IH
accelerates the growth of advanced atherosclerotic plagues in ApoE~~ mice, without altering
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their composition, suggesting that IH had no effect on stability of the plaques. In the discussion
below, we will explore the connections between IH and atherosclerosis and the clinical
implications of our work.

Intermittent Hypoxia and Atherosclerosis

The atherogenic effect of IH was most notable in the descending aorta, whereas in the ascending
aorta, a difference was only apparent at 4 weeks. One interpretation of this finding is that
atherogenesis in this region slowed after 4 weeks during IH. Alternatively, a maximal rate of
atherogenesis in the aortic sinus may have been reached with no apparent effect of IH. We
found no obvious differences in plaque composition between IH and controls. IH thus promoted
the development of larger but structurally similar lesions. The effects occurred independently
of the weight loss incurred by IH; IA-WM mice consumed, on average, 83% the amount food
as ad libitum control mice and exhibited less atherosclerosis. Similarly, Guo et al 17 induced
60% calorie restriction in apoE ™~ mice and found even more dramatic attenuation of lesions.
Thus, weight loss induced by our model of IH is accompanied by detrimental cardiovascular
consequences, as opposed to the beneficial effects of weight loss induced by food restriction.

Intermittent Hypoxia and Dyslipidemia

Serum cholesterol was clearly affected by IH, with LDL-C increasing by ~44% at 4 weeks,
and ~23% at 12 weeks. In prior studies of C57BL/6J mice exposed to IH, HDL-C and TG
increased in 5 days 18, and shifted towards LDL-C predominance after 4 weeks!®. The fact that
IH-induced lipid increases were stable rather than additive over time is an important finding,
suggesting either early attainment of higher steady-state levels, or transient hyperlipidemia
during IH that normalizes during normoxia. The mechanism of these increases is not entirely
clear, but lipid mobilization, as evidenced by increased FFA, is likely to play a role. A rise in
hepatic FFA substrate would be expected to result in TG synthesis and enhanced secretion of
VLDL lipoproteins 2. In addition, we have previously shown that chronic IH up-regulates
transcriptional pathways of hepatic lipid biosynthesis??.

Intermittent Hypoxia, Hypertension, and Endothelial Function

IH led to increases in blood pressure and a stable increase in vascular stiffness as measured by
PWV. Blood pressure increases have been reported in similar IH experiments arising from
sympathetic activation?? and oxidative stress23. An increase in PWV could also be a
consequence of hypertension, but blood pressure under isoflurane at the time of PWV
assessment was similar in all groups. PWV increases might also be a consequence of advanced
atherosclerosis, but an increase in PWV occurred relatively early in this study. In addition,
other groups observed similar increases in PWV during IH in the absence of
atherosclerosis?4. Our experimental findings illustrate the potentially interacting yet
independent effects of hypertension, arterial stiffness, and OSA. OSA in the absence of
hypertension is associated with increased arterial stiffness’, while OSA and concurrent
hypertension is associated with additive increases in carotid-femoral PWV?25 and carotid
atherosclerosisZ®.

Intermittent Hypoxia and Oxidative Stress

Oxidative stress, another factor in the development of atherosclerosis, has been reported in
OSA and IH27. The increase in oxLDL with a preserved oxLDL/LDL ratio does not support
an effect of IH on lipid peroxidation apart from an overall increase in LDL cholesterol. Plaque
nitrotyrosine levels were not different between IH and controls, suggesting that IH exposure
did not induce significant levels of peroxynitrite in these regions. Thus, although we do not
discount the potential role of ROS in IH-induced increases in blood pressure and PWV, we did
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not find evidence for an intra-lesion role of ROS on IH-induced atherogenesis. Similarly, 4
weeks of IH did not alter several aortic oxidative stress parameters in C57BL/6J mice?8,

A few important caveats apply to this investigation. First, IH has limitations as a model of
OSA, lacking features of airway closure, thoracic pressure variation, complete synchrony with
sleep, and hypercapnea?®. Second, aortic lesions of ApoE ™'~ mice are relatively resistant to
plaque rupture - the litmus test of their stability. Nevertheless, the parameters we assessed are
established features of vulnerable lesions2. Third, we identified not one but several possible
mechanisms, and this list may be incomplete. On the other hand, we have identified which
effects of IH are cumulative (hypertension), persistent (PWV, TG, FFA) or attenuated (LDL-
C) by exposure time. Finally, mice exposed to IH lost weight and ate less food than controls,
aknown consequence of chronic hypoxia®0. Food restriction was athero-protective, supporting
arole of IH on atherogenesis independent from its growth-suppressing effects.

Conclusion and Significance

In a murine model of advanced atherosclerosis, we have shown that exposure to chronic IH
accelerates the growth of aortic lesions. Atherosclerotic lesions generally progressed more
rapidly, but were not rendered more structurally vulnerable. Dyslipidemia, hypertension, and
arterial stiffness are potential therapeutic targets for intervention during IH to attenuate lesion
growth.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Serum cholesterol levels in ApoE '~ mice exposed to intermittent air control (1A, open bars),
IA with weight matching (IA-WM, shaded bars), or intermittent hypoxia (IH, solid bars).
Fasting levels of (A) total cholesterol, (B) low-density lipoprotein cholesterol, (C) high-density
lipoprotein cholesterol, (D) triglycerides, (E) free fatty acids, and (F) oxidized LDL are shown.
*P<0.001, TP<0.05 for IH vs. (IA or IA-WM); £P<0.05 for IH at 4 vs. 12 weeks. n=8 per
group. Data represent mean + SEM.
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Figure 2.
Images and quantification of lesions in the aortic root of ApoE 7~ mice exposed to intermittent
air control (1A), 1A with weight matching (IA-WM), or intermittent hypoxia (IH). *P<0.01 for
4 weeks: IH vs. (IA or IA-WM). Each replicate and the mean for the group are shown.
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Figure 3.

12 weeks

En face lesions of the descending aorta in ApoE ™~ mice exposed to intermittent air control
(1A), 1A with weight matching (IA-WM) or intermittent hypoxia (IH). Lesions are stained with
Sudan IV and shown at 10X magnification. *P<0.05 for 4 weeks: IH vs.(IA or IA-WM);
1P<0.001 for 12 weeks: IH vs (1A or IA-WM). Weight-matching reduced plaque area (p<0.05).

All replicates and the mean for each group are shown.
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Figure 4.

Composition of plagues in ApoE '~ mice exposed to 12 weeks of intermittent air control (1A)
or intermittent hypoxia (IH). Representative images were obtained at the level of the aortic
sinus above the valve cusps. Plagues in the 1A, IA-WM (not shown) and IH group exhibited
similar necrotic area (H&E), fibrosis (trichrome), macrophage area (m®), and smooth muscle
actin content (SM-Actin). Levels of nitrotyrosine (3-NT) staining were also not different
between IH and 1A groups (A.U.= arbitrary units).
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