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Abstract

Obstructive sleep apnea leads to chronic intermittent hypoxia (CIH) and is associated with
atherosclerosis. We have previously shown that C57BL/6J mice exposed to CIH and a high-
cholesterol diet develop dyslipidemia, atherosclerosis of the aorta, and upregulation of a hepatic
enzyme of lipoprotein secretion, stearoyl coenzyme A desaturase 1 (SCD-1). We hypothesized that
(1) SCD-1 deficiency will prevent dyslipidemia and atherosclerosis during CIH; and (2) human OSA
is associated with dyslipidemia and upregulation of hepatic SCD. C57BL/6J mice were exposed to
CIH or normoxia for 10 weeks while being treated with either SCD-1 or control antisense
oligonucleotides. Obese human subjects underwent sleep study and bariatric surgery with
intraoperative liver biopsy. In mice, hypoxia increased hepatic SCD-1 and plasma very-low-density
lipoprotein cholesterol levels and induced atherosclerosis lesions in the ascending aorta (the cross-
section area of 156514+57408 xm?), and descending aorta (7.0+1.2% of the total aortic surface). In
mice exposed to CIH and treated with SCD-1 antisense oligonucleotides, dyslipidemia and
atherosclerosis in the ascending aorta were abolished, whereas lesions in the descending aorta showed
56% reduction. None of the mice exposed to normoxia developed atherosclerosis. In human subjects,
hepatic SCD mRNA levels correlated with the degree of nocturnal hypoxemia (r=0.68, P=0.001).
Patients exhibiting oxyhemoglobin desaturations at night showed higher plasma triglyceride and low-
density lipoprotein cholesterol levels, compared to subjects without hypoxemia. In conclusion, CIH
is associated with dyslipidemia and overexpression of hepatic SCD in both humans and mice alike;
SCD-1 deficiency attenuates CIH-induced dyslipidemia and atherosclerosis in mice.
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Obstructive sleep apnea (OSA) is characterized by chronic intermittent hypoxia (CIH) during
sleep.1 OSA occurs in 9% of women and 24% of men in the United States, but the prevalence
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exceeds 30% to 50% in the obese population.273 OSA poses significant cardiovascular risk,

which has been attributed to the high prevalence of atherosclerosis in patients with 0SA4-6

OSA is associated with dyslipidemia, lipid peroxidation, and vascular inflammation, all of

which induce atherosclerosis.”~10 Recent studies have shown independent associations

between the hypoxic stress of OSA and increased carotid artery intima—media thickness11
2 that is reversed by treatment with continuous positive airway pressure.

Our group has previously explored relationships between CIH and atherosclerosis using a
mouse model of CIH that mimics the oxygen profile in patients with severe 0sA.1415we
have shown that CIH induces atherosclerosis in C57BL/6J mice on a high-cholesterol diet.
16 We have also found that the development of atherosclerosis during CIH was associated with
increases in lipoprotein secretion, plasma very-low-density lipoprotein VLDL levels, and
expression of hepatic stearoyl coenzyme A desaturase 1 (SCD—l).16‘

Four isoforms of SCD have been described in mice, of which SCD-1 is the best characterized.
19 ScD converts saturated fatty acids, 18:0 and 16:0, into monounsaturated fatty acids
(MUFAS), 18:1 and 16:1. Increased availability of MUFAs facilitates cholesterol ester and
triglyceride biosynthesis and enhances lipoprotein secretion leading to hyperlipidemia.zQ21
SCD-1 expression is regulated by sterol SREBP-1c, a key transcription factor of lipid
biosynthesis.22 SCD-1 has been imglicated in the pathogenesis of obesity, fatty liver, and
insulin resistance in rodents,19:23-26 put the role of SCD-1 in atherosclerosis has not been
explored. Two human SCD genes have been identified with high homology to the murine
scp-1.19 Expression of hepatic SCD in human subjects has not been evaluated.

In this study, we explored a hypothesis that SCD-1 is involved in the pathogenesis of
dyslipidemia and atherosclerosis during CIH. We examined our hypothesis by administering
antisense SCD-1 oligonucleotides (ASOs) or control ASOs to C57BL/6J mice fed a high-
cholesterol diet and exposed to CIH and measuring plasma lipid levels and aortic
atherosclerotic lesions. We also tested the relevance of our findings for human OSA by
examining hepatic SCD and plasma lipid levels in obese patients who underwent bariatric
surgery and correlating these measurements with anthropometric and polysomnographic
parameters.

Materials and Methods

A total of 24 wild-type, 8 week-old male C57BL/6J mice were purchased from The Jackson
Laboratory (Bar Harbor, Me). The study was approved by the Johns Hopkins University
Animal Care and Use Committee. Mice were fed a high-cholesterol diet and subjected either
to CIH during the 12-hour light phase with an FiO, nadir of 5%, 60 times per hour, or
intermittent air (1A) for 10 weeks. Animals from each exposure group were treated either with
SCD-1 ASOs or control ASOs.

Nineteen consecutive patients (18 women and 1 man) without history of diabetes,
cardiovascular or liver disease, or dyslipidemia were recruited from the Johns Hopkins
Bayview Medical Center Bariatric Surgery Clinic. The protocol was approved by the Western
Institutional Review Board and the subjects gave informed consent. A detailed description of
the experimental methods is available in the online data supplement at
http://circres.ahajournals.org.
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Results

Effects of SCD-1 ASOs and CIH on Hepatic SCD-1 Levels and Activity in Mice

SCD-1 ASOs induced marked decreases in liver SCD-1 mRNA levels in both normoxic mice
(AACt=2.9) and hypoxic mice (AA Ct=3.1) (Figure 1A). Given efficiencies of real-time PCR
for SCD-1 and 18S (see the online data supplement), SCD-1 ASOs led to 84% to 87% depletion
of SCD-1 mRNA in the liver (Figure 1A). SCD-1 ASOs decreased hepatic SCD-1 protein
levels (Figure 1B and 1C), as well as 16:1/16:0 and 18:1/18:0 plasma fatty acid ratios (Figure
I in the online data supplement), which indicated reduced enzymatic activity.

CIH led to a 71.6% elevation in SCD-1 mRNA and greater than a 2-fold increase in SCD-1
protein levels in the liver of mice receiving control ASOs (Figure 1). CIH also raised plasma
16:1/16:0 and 18:1/18:0 fatty acid ratios by 17% and 22%, respectively (supplemental Figure
). In contrast, animals injected with SCD-1 ASOs did not exhibit significant changes in SCD-1
mRNA, protein levels, or activity in response to CIH (Figure 1 and supplemental Figure 1).

Effects of SCD-1 ASOs and CIH on Body Weight and Plasma Lipids in Mice

CIH caused significant weight loss by day 30 (Table), which was consistent with our previous
observations.1/ Mice treated with control ASOs from day 30 to day 70 of CIH regained weight
by day 70, whereas SCD-1 ASO-treated mice did not. As a result, 10 weeks of CIH caused
weight loss only in the SCD-1 ASO-treated mice but not in mice receiving control ASOs.
SCD-1 ASOs did not affect liver weight, fasting blood glucose, or insulin levels but induced
a significant loss of epididymal fat and declines in hepatic cholesterol, triglyceride, and free
fatty acid content (Table). CIH had no impact on any of these parameters.

SCD-1 ASO administration resulted in a significant decrease in fasting plasma total cholesterol
levels, especially during exposure to CIH (Table). High-performance liquid chromatography
(HPLC) revealed that cholesterol-lowering effect of SCD-1 ASOs occurred in the VLDL
cholesterol (VLDL-C) fraction (Figure 2). SCD-1 ASOs induced a 38% decrease in VLDL-C
at normoxic conditions, from 116.8+3.6 mg/dL in mice receiving control ASOs to 71.9+7.1
mg/dL (P=0.001), and a 36% decrease in VLDL-C at hypoxic conditions, from 135.4+3.6 mg/
dL to 86.5+7.7 mg/dL (P=0.001), which was consistent with the previously described role of
SCD-1 in secretion of VLDL particles by the liver.19:21 SCD-1 ASOs also increased plasma
levels of high-density lipoprotein cholesterol (HDL-C), especially at normoxic conditions,
from 62.0+£2.0 mg/dL in mice receiving control ASOs to 74.7+2.1 mg/dL (P<0.01) (Figure 2).
CIH resulted in a significant increase in fasting plasma total cholesterol levels in mice treated
with control ASOs (Table) with the majority of the increase occurring in the VLDL fraction
(Figure 2). In mice receiving control ASOs, CIH reduced HDL-C levels. SCD-1 ASO
deficiency essentially abolished detrimental effects of CIH on the cholesterol profile (Figure
2). Neither SCD-1 ASOs nor CIH impacted plasma triglycerides and free fatty acid levels.

Effects of SCD-1 ASOs and CIH on the Aorta in Mice

In the absence of the hypoxic stimulus, male C56BL/6J mice did not exhibit any evidence of
atherosclerosis in the aortic origin, regardless of the type of ASO treatment (Figure 3A and
3C). In contrast, all mice exposed to CIH and treated with control ASOs developed extensive
atherosclerosis in the aortic origin. The aortic lesions had the appearance of mature
atherosclerotic plaques, with extensive lipid depositions in the intima and media, thickening
of the aortic wall, mononuclear infiltration, and a necrotic acellular core (Figure 3B). The
plagques varied in size from 26 726 to 560 836 xm2, with an average cross-section area of 156
514457 408 um2. Interestingly, none of the mice exposed to CIH and SCD-1 ASOs exhibited
atherosclerotic plaques in the aortic origin, suggesting that SCD-1 ASOs opposed atherogenic
effects of CIH. Two of 6 animals in this group revealed a small amount of oil red O—positive
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subintimal lipid deposits (Figure 3D), whereas in 4 others, the proximal aorta was intact and
similar in appearance to mice exposed to IA.

The en face preparation showed no lipid accumulation in the thoracic and abdominal aorta of
mice exposed to IA (Figure 4A and 4C). In contrast, all mice exposed to CIH exhibited bright
red Sudan I\VV—positive areas in the intima. Consistent with findings in the aortic origin, hypoxic
mice treated with SCD-1 ASOs exhibited a 56% decrease in the size of atherosclerotic lesions,
compared to hypoxic animals treated with control ASOs (Figure 4B, 4D, and 4E).

Dihydroethidium staining revealed that CIH approximately doubled superoxide production in
the aortic wall (supplement Figure 11). SCD-1 deficiency did not have a significant effect on
ROS generation in the vasculature.

Metabolic and Sleep Characteristics and Hepatic SCD Expression in Patients With Severe

Obesity

The patients were divided in 2 groups according to the median values for body mass index
(BMI) and the severity of obstructive sleep apnea, which was measured during routine
polysomnography as the apnea—hypopnea index (AHI) and the magnitude of oxygen
desaturation (ASaO,; supplemental Table I). BMI, AHI, and indices of nocturnal hypoxemia
were not associated with free fatty acid levels. The AHI and nocturnal oxyhemoglobin
desaturation were similar in individuals with higher and lower BMI (supplemental Table I),
whereas more severe obesity was associated with a trend to higher SCD gene expression
(P=0.053). Nonetheless, a correlation between BMI and SCD mRNA levels was not significant.
The AHI had no relationship with SCD levels. In contrast, patients showing severe intermittent
hypoxemia (ASaO,, >5%) exhibited significantly greater levels of hepatic SCD gene
expression than patients experiencing mild intermittent hypoxemia (ASaO, <5%; supplemental
Table I). Furthermore, there was a strong positive correlation between the magnitude of
nocturnal oxygen desaturation and SCD mRNA levels in the liver (r=0.68, P<0.001, Figure
5A). Consequently, individuals with severe nocturnal oxygen desaturation showed higher SCD
protein levels in the liver (Figure 5 B). The patients with severe nocturnal hypoxemia also
exhibited a 17% increase in total plasma cholesterol and an 89% increase in plasma triglyceride
levels compared to the nonhypoxemic patients (supplemental Table I). The increase in plasma
triglycerides occurred predominantly in the VLDL fraction and to a lesser extent in the LDL
fraction, whereas the increase in plasma cholesterol levels was entirely attributable to LDL-C
(Figure 6).

Discussion

We have previously shown that CIH induces atherosclerosis in the aorta of C57BL/6J mice on
a high-cholesterol diet in association with hypercholesterolemia, increased lipoprotein
secretion, and upregulation of a key hepatic enzyme of lipoprotein secretion, SCD-1.16 The
purpose of this study was to explore the role of SCD-1 in CIH-induced dyslipidemia and
atherosclerosis. Several novel findings resulted from the study. Our main finding was that CIH-
induced atherosclerosis was completely abolished by SCD-1 ASOs in the ascending aorta and
decreased by 56% in the descending aorta. Secondly, SCD-1 ASQs abolished CIH-induced
increases in hepatic SCD-1 mRNA and protein levels, as well as an increase in plasma 16:1
and 18:1 MUFAs. Third, SCD-1 ASOs reversed a CIH-induced increase in plasma VLDL-C.
Finally, we demonstrated that patients with OSA exhibit an increase in hepatic SCD expression
in direct proportion to the severity of nocturnal intermittent hypoxemia and that SCD
overexpression in human subjects with OSA was associated with marked increases in plasma
triglyceride and LDL-C levels. In the discussion below, we explore relationships between CIH,
SCD-1, and atherosclerosis and elaborate on the clinical implications of our work.

Circ Res. Author manuscript; available in PMC 2009 May 7.
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CIH Increases SCD Expression in the Liver

We have demonstrated that, in mice, CIH Uéaregulated hepatic SCD-1 mRNA and protein levels,
consistent with our earlier reports.16_18' 7 Other investigators found that hypoxia augments
SCD expression in cell culture of human macrophages in association with increased
intracellular lipid droplets.28 A novel finding of the present study was that SCD expression in
the liver significantly correlated with the depth of oxyhemoglobin desaturation in human
subjects with OSA, suggesting that SCD is upregulated by intermittent hypoxia (IH) in humans.
We have previously reported that IH enhances expression of SREBP-1c and SREBP cleavage—
activating protein (SCAP),18’27’29 which mediates posttranscriptional modifications of
SREBP from the immature form to the active nuclear form.30-31 Because SREBP-1c¢ regulates
SCD-1 expression,22 it is conceivable that IH affects SCD-1 through the SREBP-1 pathway,
either directly or through hypoxia inducible factors (HIFs).32_36 HIF-1, HIF-2, and HIF-3
consist of O,-regulated HIF-1a, HIF-2a, or HIF-3a subunits and a constitutively e>g3ressed
HIF-14 subunit. 3,35,37-40 | up-regulates HIF-1a both in vitro and in vivo,33v3 41,42
whereas effects of IH on HIF-2a and HIF-3 « are unknown. HIF-1¢ activation has a direct
proinflammatory effect and may promote atherogenesis by increasing macrophagal infiltration,
angiogenesis, and lipid content in the atherosclerotic plaque.4 % Transgenic mice with partial
deficiency of HIF-1a exhibit significantly attenuated increases in serum lipids, hepatic
SREBP-1, SCAP, and SCD-1 during IH. 6 Based on these findings, we have previously
formulated a hypothesis that IH can induce hepatic SCD-1 and dyslipidemia via sequential
upregulation of HIF-1 and SREBP-1 (see Figure 7 in the report by Li et al36).

SCD-1 ASOs Reverse Dyslipidemia During CIH

SCD-1 ASOs prevented hypoxia-induced increases in 16:1/16:0 and 18:1/18:0 fatty acid ratios
(supplemental Figure I). Given that all experimental animals consumed diet with the same
MUFA content and that SCD-1 is the main mechanism of MUFA biosynthesis in the liver,
1945 our data provide solid evidence that CIH raises palmitoleate and oleate levels via the
SCD-1. Relative abundance of palmitoleate and oleate induces biosynthesis of triglyceride and
cholesterol esters in the liver, augmenting lipoprotein secretion and leading to
hypercholesterolemia and hypertriglyceridemia.20’23’46 SCD-1 deficiency results in low
plasma levels of cholesterol and triglycerides in Asebia mice and SCD-17/~ transgenic mice
fed regular chow.26,47:48 Our murine data showed that the CIH-induced increase in plasma
total cholesterol levels occurred exclusively in the VLDL fraction and was entirely abolished
by SCD-1 ASOs. This increase in VLDL cholesterol is likely attributable to cholesterol esters,
the synthesis of which is regulated by scp.2148 ciH slightly decreased HDL-C levels and
SCD-1 ASOs abolished this decrease (Figure 2). The latter is consistent with the reports that
SCD-1 inhibits reverse cholesterol transport, destabilizing ATP-binding cassette transporter
Al,49 and that SCD-1 deficiency increases plasma HDL-C.45 Surprisingly, in our study,
neither CIH nor SCD-1 ASOs affected plasma triglyceride levels in mice that could be ascribed
to low baseline levels after a prolonged fast. In contrast, SCD-1 ASOs significantly decreased
hepatic lipid content and the amount of epididymal fat, which is consistent with the previous
observations in SCD-1~deficient mice?450 and attributable to downregulation of lipid
biosynthesis and upregulation of fatty acid oxidation.19:51 Human studies showed that hypoxic
upregulation of SCD in the liver was associated with a 2-fold increase in plasma triglycerides,
predominantly in the VLDL fraction, implying that intermittent hypoxemia could augment
lipoprotein secretion via the SCD mechanism as it occurs in mice. Summarizing all of the
above, our data demonstrate that CIH causes dyslipidemia with elevation of VLDL, which was
attenuated by SCD-1 ASOs.

Circ Res. Author manuscript; available in PMC 2009 May 7.
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SCD-1 ASOs Attenuate Atherosclerosis During CIH

We have reproduced our recently reported results16 and have again shown that a combination
of CIH with a high-cholesterol diet leads to atherosclerosis in C57BL/6J mice, whereas mice
exposed to the dietary fat alone did not exhibit atherosclerotic lesions. The main finding of the
present study is that atherosclerosis in the mouse aorta was associated with upregulation of
hepatic SCD-1 and was attenuated by SCD-1 ASOs. Thus, our data clearly demonstrate that
SCD-1 inhibition has a therapeutic effect for atherosclerotic lesions induced by CIH.

SCD-1 upregulation in CIH may be proatherogenic. What are the mechanisms by which SCD-1
can lead to atherosclerosis? The most obvious pathway would be dyslipidemia resulting from
ugregulation of VLDL secretion and down-regulation of reverse cholesterol transport. 0,21,
23,40,49 However, CIH led only to modest changes in VLDL-C and HDL-C levels (Figure 2),
which are not likely to cause such a dramatic effect on atherosclerotic lesions, unless other
pathways are involved. One of the potential mechanisms is SCD-1 upregulation in
macrophages of the aortic intima, which may result in accelerated foam cell formation, similar
to that previously described in human macrophages exposed to hypoxiain vitro.28 Accelerated
lipid accumulation in the vascular wall may also activate the nuclear factor kB pathway and
induce local production of proinflammatory cytokines, leading to vascular inflammation,
necrosis, and fibrosis.>2 Finally, CIH leads to systemic oxidative stress with serum lipid
peroxidation and high levels of oxidized LDL.10,16 Lipid peroxidation may exacerbate
proatherogenic effects of SCD-1-induced dyslipidemia.53 We hypothesize that CIH-induced
upregulation of SCD-1 may accelerate atherogenesis by a number of mechanisms, including
dyslipidemia, oxidative stress, and vascular inflammation.

Conclusions, Clinical Implications, and Limitations of the Study

Our study has shown that, in C57BL/6J mice, CIH upregulates a key hepatic enzyme of
lipoprotein secretion, SCD-1, and induces dyslipidemia and atherosclerosis, which are
markedly attenuated by SCD-1 depletion. The major limitation of the study is that ASOs
inhibited SCD-1 expression in CIH-exposed mice to the levels, which were significantly lower
than in control animals. Thus, our study has shown that SCD-1 depletion has an antiatherogenic
effect during CIH but does not necessarily suggest that SCD-1 is responsible for CIH-induced
atherosclerosis. We have also shown that, in human OSA, oxyhemoglobin desaturation is
associated with upregulation of hepatic SCD and dyslipidemia, consistent with augmented
lipoprotein secretion. Our data imply that SCD-1 ASOs could be a potential candidate for
therapeutic use in patients with OSA, dyslipidemia, and atherosclerosis.

Supplementary Material

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

Analysis of SCD-1 in the livers of C57BL/6J mice receiving SCD-1 or control ASOs and
exposed to CIH or 1A for 10 weeks (n=6 per group). A, Hepatic SCD-1 mRNA levels by real-
time RT-PCR; Ct indicates the critical threshold cycle; ACt is the difference between 18S and
SCD Ctvalues. B and C, SCD-1 protein levels by immunoblot with total liver lysate. B, SCD-1
and a-actin bands in representative samples. C, Mean optical density of SCD-1 bands
normalized to a-actin. Solid bars indicate CIH; open bars, 1A. *P<0.05 for the difference
between CIH and IA.
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Figure 2.

The HPLC profile of plasma cholesterol in C57BL/6J mice on a high-cholesterol diet after
exposure to CIH or 1A while receiving SCD-1 or control ASOs. 1P<0.01, 1P<0.001 for the
effect of CIH; *P<0.05, **P<0.01, ***P<0.001 for the effect of SCD-1 ASOs.
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Figure 3.

Representative cross-sections of the ascending aorta (sinus of Valsalva) in C57BL/6J mice
exposed to 1A and control ASOs injections (A), CIH and control ASOs (B), IA and SCD-1
ASOs (C), or CIH and SCD-1 ASOs (D). Transverse frozen sections of the aorta were stained
with oil red O and hematoxylin. Original magnification, x100. The thick arrow points to the
distinct atherosclerotic plaque in a mouse exposed to CIH and control ASOs. The thin arrow
points to the small amount of lipids in the aorta stained in red in a mouse exposed to CIH and
SCD-1 ASOs.
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Figure 4.

Representative images of the thoracic (aortic arch and descending aorta) and abdominal aorta
by the en face method in C57BL/6J mice exposed to IA and control ASO injections (A), CIH
and control ASOs (B), 1A and SCD-1 ASOs (C), or CIH and SCD-1 ASOs (D); Sudan 1V
staining; original magnification, x10, water immersion. E, Mean area of the total aortic surface
covered by atherosclerotic lesions. *P<0.05 for the difference between control ASOs and
SCD-1 ASOs.
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Figure 5.

Relationships between nocturnal oxyhemoglobin desaturation (ASaO,) and hepatic levels of
SCD in patients undergoing bariatric surgery; ASaO- is a difference between baseline SaO,
and an average nocturnal SaO, nadir during disordered breathing events (average low Sa05).
A, mRNA levels measured by real-time RT-PCR; Ct indicates the critical threshold cycle;
ACt, is the difference between 18S and SCD Ct values. Each data point represents 1 patient.
B, SCD protein by immunoblot. Left, SCD and a-actin bands in representative samples of
patients with mild (<5%) and severe (>5%) oxyhemoglobin desaturation. Right, Mean optical
density of SCD-1 bands normalized to a-actin. Solid bars indicate ASaO, >5%; open bars,
ASa0; <5%.
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Figure 6.

The HPLC profile of serum triglycerides (A) and cholesterol (B) in patients undergoing
bariatric surgery separated in 2 groups based on the median value of ASaO,, which is a
difference between baseline nocturnal SaO, and average low SaO», during disordered breathing
events. *P<0.05 and tP<0.01 for the difference between the groups.
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