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Intermittent Hypoxia Induces Hyperlipidemia in Lean Mice
Jianguo Li, Laura N. Thorne, Naresh M. Punjabi, Cheuk-Kwan Sun, Alan R. Schwartz,
Philip L. Smith, Rafael L. Marino, Annabelle Rodriguez, Walter C. Hubbard,
Christopher P. O’Donnell, Vsevolod Y. Polotsky
Abstract—Obstructive sleep apnea, a syndrome leading to recurrent intermittent hypoxia (IH), has been associated
previously with hypercholesterolemia, independent of underlying obesity. We examined the effects of experimentally
induced IH on serum lipid levels and pathways of lipid metabolism in the absence and presence of obesity. Lean
C57BL/6J mice and leptin-deficient obese C57BL/6J-Lepob mice were exposed to IH for five days to determine changes
in serum lipid profile, liver lipid content, and expression of key hepatic genes of lipid metabolism. In lean mice,
exposure to IH increased fasting serum levels of total cholesterol, high-density lipoprotein (HDL) cholesterol,
phospholipids (PLs), and triglycerides (TGs), as well as liver TG content. These changes were not observed in obese
mice, which had hyperlipidemia and fatty liver at baseline. In lean mice, IH increased sterol regulatory element binding
protein 1 (SREBP-1) levels in the liver, increased mRNA and protein levels of stearoyl– coenzyme A desaturase 1
(SCD-1), an important gene of TG and PL biosynthesis controlled by SREBP-1, and increased monounsaturated fatty
acid content in serum, which indicated augmented SCD-1 activity. In addition, in lean mice, IH decreased protein levels
of scavenger receptor B1, regulating uptake of cholesterol esters and HDL by the liver. We conclude that exposure to
IH for five days increases serum cholesterol and PL levels, upregulates pathways of TG and PL biosynthesis, and
inhibits pathways of cholesterol uptake in the liver in the lean state but does not exacerbate the pre-existing
hyperlipidemia and metabolic disturbances in leptin-deficient obesity. (Circ Res. 2005;97:698-706.)
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O

bstructive sleep apnea (SA) is the most common form of
sleep-disordered breathing and is characterized by recurrent collapse of the upper airway during sleep, leading to
periods of intermittent hypoxia (IH) and sleep fragmentation.1
SA is present in 2% of women and 4% of men in the general
US population, but it is more common in obese individuals.2,3
SA is an independent risk factor for increased cardiovascular
morbidity and mortality.4 –7 It has been postulated that metabolic dysfunction in SA may provide an intermediate step
linking IH and sleep disturbances to cardiovascular disease.
Although several recent studies have focused on the effects of
SA on dysregulating glucose and insulin metabolism,2,8 –10
little information is available about the impact of SA on lipid
metabolism. Abnormalities in lipid regulation that occur in
response to SA may act to increase the cardiovascular risk in
an already susceptible population. Although obesity is one of
the risk factors for elevations in total cholesterol (TC) and
low-density lipoprotein (LDL) cholesterol levels,11 recent
clinical studies indicate that SA may also contribute to
hypercholesterolemia.12–15 Thus, obesity and IH may interact
to alter lipid metabolism in SA.

Key steps of lipid metabolism, including lipid biosynthesis,
lipoprotein secretion, and reverse cholesterol transport, occur
in the liver. Hypercholesterolemia may develop during IH as
a consequence of accelerated lipid biosynthesis. Lipid biosynthesis in the liver is regulated by a family of transcription
factors: sterol regulatory element binding proteins (SREBPs),
which include SREBP-1a, SREBP-1c, and SREBP-2.16 –18
SREBP-1a and SREBP-1c preferentially regulate enzymes of
fatty acid synthesis, including acetyl coenzyme A (CoA)
carboxylase,19 fatty acid synthase (FAS),20 and stearoyl-CoA
desaturase 1 (SCD-1).21 SREBP-2 regulates cholesterol biosynthesis and uptake, in particular, 3-hydroxy-3methylglutaryl (HMG)–CoA reductase and LDL receptor
(LDLR).16 –18,22,23 Although no previous studies have addressed whether SA can affect SREBP pathways, it is
possible that IH may directly activate SREBP transcription
factors in the liver to produce hyperlipidemia.
IH may also affect lipoprotein secretion and cholesterol
clearance in the liver. Lipid transport into circulation is
mediated mainly by apolipoprotein B (apoB).24,25 In turn,
apoB traffic is facilitated by microsomal triglyceride (TG)
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TABLE 1. Body Weight, Daily Food Intake, Fasting Bilirubin, Leptin, Insulin, and
Blood Glucose in Lean (C57BL/6J) and Obese (C57BL/6J-Lepob) Mice After
Exposure to IH or IA for Five Days
Lean Mice
IA
n

Obese Mice
IH

IA

IH

24

24

8

8

13⫾1

13⫾1

14⫾0

14⫾0

Day 0

28.1⫾0.4

28.0⫾0.3

56.8⫾1.5

57.9⫾1.2

Day 5

25.8⫾0.3*

25.8⫾0.3*

56.2⫾1.2

55.5⫾1.2*

Day 0

3.6⫾0.1

3.6⫾0.1

4.8⫾0.1

4.6⫾0.1

Day 5

2.6⫾0.1*

2.7⫾0.1*

3.3⫾0.2*

3.2⫾0.1*

Serum bilirubin, mg/dL

0.48⫾0.07

0.34⫾0.12

0.39⫾0.11

0.42⫾0.08

Serum leptin, ng/mL

0.69⫾0.11

1.9⫾0.3†

NA

NA

Serum insulin, ng/mL

0.46⫾0.05

0.45⫾0.04

11.6⫾3.6

11.2⫾2.8

Blood glucose, mg/dL

158⫾11

172⫾11

233⫾21

290⫾28

Age, weeks
Body weight, g
Daily food intake, g

Results presented show the mean⫾SEM. Statistical significance of the difference between day 0
and day 5 within each group of animals or between groups of animals exposed to IH and IA was
determined by paired or unpaired t test, respectively. NA indicates not applicable.
*P⬍0.01 for difference between day 0 and day 5 in the same group; †P⬍0.001 for difference
between IH and IA.

transfer protein (MTP).26,27 Cholesterol clearance from circulation occurs via lipoprotein receptors. A key molecule of
cholesterol uptake is the scavenger receptor B1 (SR-B1),
which is an high-density lipoprotein (HDL) cholesterol receptor.28 The effects of IH on lipoprotein secretion and
cholesterol clearance pathways are unknown.
The purpose of the current study was to examine the effects
of IH on lipid metabolism in the absence and presence of
obesity. We hypothesized that IH would increase serum lipid
levels, and that pre-existent hyperlipidemia in obesity may
modify the response. We used a previously validated mouse
model of IH and examined: (1) IH-induced changes in fasting
serum lipid levels in lean and genetically obese mice; (2)

changes in liver lipid content in lean and obese mice exposed
to IH; and (3) changes in lipid biosynthesis and lipoprotein
secretion pathways and lipoprotein receptor expression in the
livers of lean and obese mice exposed to IH.

Materials and Methods
A total of 80 wild-type, male, lean C57BL/6J mice (lean) and 16 male
obese C57BL/6J-Lepob (obese) mice from Jackson Laboratory (Bar
Harbor, Maine) were used in the study. The study was approved by the
Johns Hopkins University animal use and care committee and complied
with the American Physiological Society Guidelines for Animal Studies.
A detailed description of the experimental methods is available in the
online data supplement at http://circres.ahajournals.org.

Figure 1. The effect of five days of IH or
IA on fasting serum TC, LDL-C and
HDL-C, PL, TG, and FFA levels in
C57BL/6J (lean mice) and C57BL/6JLepob (obese mice). Results presented
show the mean⫾SEM. Statistical significance of the difference between lean and
obese mice was determined by general
linear model ANOVA. Statistical significance of the difference between animals
exposed to IH or IA was derived with
unpaired t test. *P⬍0.05 and †P⬍0.01
denote the difference between IH and IA
within a strain.

Downloaded from circres.ahajournals.org by on October 12, 2010

700

Circulation Research

September 30, 2005

Figure 2. Characterization of serum
lipoproteins in C57BL/6J (lean) mice after
exposure to five days of IH or IA.
Lipoproteins were examined by FPLC
using AKTA prime (Amersham Bioscience), followed by cholesterol measurement by gas chromatography in
each fraction. Each profile represents
pooled serum from eight mice.

Results
Serum Lipid Levels in Lean and Obese Mice
Exposed to IH
Exposure to IH led to weight loss and a decrease in food
intake in lean and obese mice (Table 1). In lean mice, IH
resulted in increases in fasting serum TC, HDL cholesterol
(HDL-C), phospholipid (PL), and TG levels compared
with weight-matched control animals exposed to intermittent air (IA); whereas changes in fasting levels of LDL
cholesterol (LDL-C) and free fatty acids (FFAs) did not
reach statistical significance (Figure 1). In obese leptindeficient mice, fasting serum TC, LDL-C, HDL-C, PL,
TG, and FFA levels were significantly higher than in lean

mice but were not affected by IH (Figure 1). IH did not
increase serum total bilirubin levels, indicating that cholestasis did not play a role in the rise in serum cholesterol
and PLs (Table 1). The fast protein liquid chromatography
(FPLC) profile in pooled serum (Figure 2) confirmed that
IH caused an increase in serum HDL-C, as determined by
enzymatic assay (Figure 1), in lean mice. In IA control
animals, LDL-C levels were determined by enzymatic
assay and FPLC (Figures 1 and 2). In contrast, exposure to
IH led to detection of a very small LDL-C peak by FPLC,
which was right shifted, consistent with the hypoxia/reoxygenation of IH oxidizing LDL-C and masking its detection by FPLC29 (Figure 2). IH also induced a 3-fold

Figure 3. Liver TGs, cholesterol (CL), and PL content were normalized per protein concentration in the liver extract from C57BL/6J
(lean) and C57BL/6J-Lepob (obese) mice exposed to either IH or IA for five days. Results presented show the mean⫾SEM. Statistical
significance was determined as in Figure 1.

Downloaded from circres.ahajournals.org by on October 12, 2010

Li et al

Intermittent Hypoxia and Hyperlipidemia

701

Figure 4. SREBP-1 (A and B) and SREBP-2 (C and D) in the whole cell lysate of the livers of lean and obese mice exposed to IH or IA
for 5 days by Western blot. A and C, A representative sample from a control lean mouse (IA; lane 1) is compared with a representative
sample from a lean mouse exposed to IH (lane 2). A representative sample from a control obese mouse (IA; lane 3) is compared with a
representative sample from an obese mouse exposed to IH (lane 4). B and D, The ratios of optical density (OD) of 68-kDa bands of
SREBP-1 (B) and SREBP-2 (D) per the same amount of total protein (70 g) were calculated between IH and pair-fed and weightmatched control mice as follows: SREBP (IH/control; %)⫽100䡠ODhypoxic mouse/ODweight⫺matched control mouse. Results presented show the
mean⫾SEM. Statistical significance of the difference between animals exposed to IH or IA within a group was derived with unpaired t
test. *P⬍0.05 for the difference between mice exposed to IH and IA within a strain.

increase in serum leptin levels in lean mice, whereas
fasting serum insulin and glucose levels were unchanged in
both strains (Table 1).

Liver Lipid Content in Lean and Obese Mice
Exposed to IH
In lean mice, TG content of the liver was significantly
elevated in response to hypoxia (18.8⫾3.3 mg/g of protein
versus 9.6⫾0.7 mg/g of protein in control group; P⬍0.05;
Figure 3A), whereas cholesterol and PL content were not
affected (Figure 3B and 3C). In obese mice, TG and PL
content of the liver at baseline were significantly higher than
in lean mice, whereas cholesterol content at baseline was
similar to the level observed in lean mice (Figure 3). IH had
no effect on lipid content in the livers of the obese animals
(Figure 3).

Lipid Biosynthesis Pathways in the Liver of Lean
and Obese Mice Exposed to IH
IH resulted in a significant increase of the 68-kDa active
isoform of SREBP-1 in the livers of lean mice (Figure 4A).
Compared with the control levels in lean mice, IH raised
SREBP-1 levels by 26.7⫾4.0% (P⬍0.001; Figure 4B). In
obese mice, IH did not affect SREBP-1 protein levels.
Exposure to IH for 5 days led to a small but statistically
significant decrease in the levels of the active isoform of
SREBP-2 in the livers of lean mice (9.6⫾2.6% decrease;
P⬍0.01) and obese mice (9.3⫾1.4% decrease; P⬍0.001;
Figure 4C and 4D). The 125-kDa SREBP precursors were
present at low levels in both strains of mice and were not
affected by IH.
Expression analysis in the liver tissue revealed that a
number of enzymes of lipid biosynthesis were upregulated in
obese mice compared with lean mice under hypoxic and
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TABLE 2 The Effect of IH on the Expression of Genes of Lipid Metabolism by Real-Time PCR
in the Livers of Lean (C57BL/6J) and Obese (C57BL/6J-Lepob) Mice After Exposure to IH or
IA for Five Days
Gene of Interest/18S Ratio
Lean Mice
Gene

Obese Mice

IA

IH

P

IA

IH

P

SREBP-1

0.49⫾0.09

0.58⫾0.05

⬎0.05

0.39⫾0.08

0.31⫾0.02

⬎0.05

FAS

0.09⫾0.02

0.11⫾0.02

⬎0.05

1.7⫾0.4*

2.0⫾0.3*

⬎0.05

Acetyl CoA synthetase

0.16⫾0.01

0.22⫾0.05

⬎0.05

0.91⫾0.10*

1.1⫾0.2*

⬎0.05

Malic enzyme

0.11⫾0.02

0.11⫾0.02

⬎0.05

0.72⫾0.13*

0.67⫾0.16*

⬎0.05

SCD-1

18.1⫾3.6

38.5⫾7.8

⬍0.05

54.1⫾3.5*

52.4⫾3.7

⬎0.05

GPAT

0.77⫾0.06

1.23⫾0.14

⬍0.01

0.79⫾0.09

1.62⫾0.17

⬍0.001

SR-B1

0.37⫾0.02

0.50⫾0.06

⬎0.05

0.14⫾0.02*

0.18⫾0.01*

⬎0.05

LDLR

0.14⫾0.01

0.17⫾0.01

⬎0.05

0.19⫾0.02

0.25⫾0.03

⬎0.05

SREBP-2

0.07⫾0.01

0.08⫾0.01

⬎0.05

0.09⫾0.02

0.10⫾0.01

⬎0.05

HMG-CoA reductase

0.18⫾0.04

0.20⫾0.04

⬎0.05

0.45⫾0.12*

0.44⫾0.08*

⬎0.05

ApoB

51.5⫾3.4

75.6⫾6.3

⬍0.01

67.1⫾8.2

76.3⫾9.2

⬎0.05

MTP

10.6⫾1.0

21.6⫾2.2

⬍0.001

20.9⫾1.9*

20.5⫾2.7

⬎0.05

Results presented show the mean⫾SEM. Statistical significance of the difference between day 0 and day 5 within
each group of animals or between animals exposed to hypoxia and control conditions was derived with paired or
unpaired t test, respectively.
*P⬍0.05 for difference between obese and lean mice at the same conditions.

control conditions (Table 2). These genes included FAS,
acetyl-CoA synthetase, malic enzyme, and HMG-CoA reductase. The increase in active SREBP-1 in the livers of lean
mice exposed to IH was associated with upregulation of the
important genes of TG and PL biosynthesis such as mitochondrial glycerol-3-phosphate acyltransferase (GPAT) and
SCD-1 (Table 2). A ⬎2-fold increase in SCD-1 mRNA in
lean mice exposed to IH was particularly striking, given that
IH did not affect SCD-1 expression in obese mice (Table 2).
Furthermore, in lean mice, IH led to a 2-fold increase in
SCD-1 protein levels (Figure 5A and 5E), whereas, in obese
mice, SCD-1 protein levels were unchanged. In contrast to
SCD-1, IH increased mitochondrial GPAT mRNA levels not
only in lean but also in obese mice (Table 2). However,
protein levels of GPAT in the mitochondrial fraction of the
liver (Figure 5B and 5E) and GPAT activity were not affected
by IH (supplemental Figure S2, available online at http://
circres.ahajournals.org). IH did not affect expression of the
key genes of the SREBP-2 pathway, SREBP-2, and HMGCoA reductase in either lean or obese mice (Table 2).

Fatty Acid Biosynthesis and Composition
In a separate series of experiments, we examined fatty acid
biosynthesis in vivo in lean mice after administration of D2O.
Gas chromatography–mass spectrometry (GC-MS) detected
incorporation of deuterium (D) in serum fatty acids (Figure
6A). There was no difference in serum levels of deuterated
fatty acids 16:0D2, 18:0 D2, and 18:0D3 between IH and IA
groups, suggesting that IH did not affect fatty acid biosynthesis de novo. In lean mice, IH changed the composition of
circulating fatty acids increasing serum levels of monounsaturated species 16:1 and 18:1 (Figure 6B and 6C). In obese
mice, IH did not affect serum levels of 16:1 fatty acid (Figure

6B); 18:1 levels were not determined because of technical
limitations of the study.

Lipoprotein Receptors and Pathways of
Lipoprotein Secretion in the Livers of Mice
Exposed to IH
In lean mice, IH augmented expression of genes controlling
lipoprotein secretion, MTP, and apoB (Table 2). MTP mRNA
levels in the liver were increased 2-fold, and apoB mRNA
levels were increased 1.5-fold. However, IH did not have a
significant effect on lipid secretion, as had been demonstrated
by Triton WR-1339 administration25 (supplemental Figure
S3). In obese mice, expression of MTP was significantly
higher than in lean mice, and MTP and apoB were not altered
by IH (Table 2).
In obese mice, baseline levels of SR-B1 mRNA were lower
than in lean mice (Table 2). IH did not have a significant
effect on expression of SR-B1 and LDLR mRNA in either
strain of mice. IH induced a small but significant decrease in
SR-B1 protein levels in the livers of lean mice (by
17.5⫾2.7%; P⬍0.001; Figure 5C and 5F) and did not affect
SR-B1 protein levels in obese mice. IH increased LDLR
protein levels in obese mice but not in lean mice (Figure 5D
and 5F).

Discussion
SA is emerging as a major cardiovascular risk factor,4 –7,30 but
the mechanisms of increased cardiovascular morbidity and
mortality in patients with SA are still unknown. The purpose
of this study was to assess the impact of IH, a key clinical
manifestation of SA, on serum lipid levels and the pathways
of lipid metabolism in the presence and absence of obesity.
Several new findings resulted from the study. First, exposure
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Figure 5. SCD-1 was determined in the microsomal fraction of the liver; mitochondrial GPAT was determined in the mitochondrial fraction of the liver (SR-B1); and LDLR was determined in the whole cell liver lysate. Western blot (see online supplement for the details). A
through D, A representative sample from a control mouse (IA; lane 1) is compared with a representative sample from a mouse exposed
to IH (lane 2). E and F, The ratios of optical density (OD) of the SCD-1 and GPAT bands (E), SR-B1, and LDLR per the same amount of
total protein (70 g) were calculated between IH and pair-fed and weight-matched control mice as described for Figure 5.

to IH led to increases in fasting serum TC, HDL-C, PL, and
TG levels in lean mice but not in leptin-deficient obese mice
with hyperlipidemia at baseline. Second, exposure to IH led
to increases in the liver TG content in lean mice but not in
obese leptin-deficient mice. Third, in lean mice, but not in
obese mice, IH increased protein levels of a key transcription
factor of lipid biosynthesis in the liver: SREBP-1. Furthermore, in lean but not in obese mice, IH increased mRNA and
protein levels as well as activity of SCD-1, an SREBP-1–
regulated enzyme of lipid biosynthesis. Fourth, in lean but not
in obese mice, IH decreased protein levels of the HDL
receptor SR-B1, which is a regulator of cholesterol uptake by
the liver. In this discussion, we explore the relationships and
putative pathways linking lipid metabolism and IH and
discuss the clinical implications of our work.

IH and Pathways of Lipid Biosynthesis
The enzymes that control lipid synthesis in the liver are
coordinated by a family of SREBP transcription factors that
act as master regulators.16 –18,22 However, an increase in
SREBP-1 levels in lean mice was not associated with increases in expression of FAS (Table 2) nor with an increase
in fatty acid biosynthesis de novo (Figure 6A). Increases in
GPAT mRNA (Table 2) induced by IH were not accompanied by increases in protein levels (Figure 5B and 5E) nor

enzymatic activity (supplemental Figure S2) and therefore
did not carry physiological significance. On the other hand,
upregulation of SREBP-1 in lean mice, a phenomenon not
observed in obese mice, was coupled with increases in SCD-1
mRNA and protein levels (Table 2; Figure 5A and 5E).
Furthermore, IH increased the proportion of monounsaturated
fatty acids (MUFAs) in murine serum in lean but not in obese
mice (Figure 6B and 6C), consistent with an increase in
SCD-1 activity.31,32 MUFA is a biological substrate for
synthesis of TG and PL31–33; therefore, it is conceivable that
increases in the liver TG and serum PL levels in lean mice
exposed to IH are related to upregulation of SCD-1. Indeed,
hepatic steatosis in ob/ob mice has been linked to increased
SCD-1 expression and activity,34 which is confirmed by our
current data (Figure 6B; Table 2). On the other hand, the
SCD⫺/⫺ mutation leads to low liver TG, despite normal
activity of other enzymes of lipid biosynthesis.33 Thus, IH
may upregulate lipid biosynthesis in the livers of lean mice
via SCD-1. The pre-existing hepatosteatosis and high SCD-1
levels in ob/ob mice may offset any effects of IH.
The mechanisms of SREBP-1 and SCD-1 activation by IH
are unclear. One possible mechanism of SREBP-1 activation
is through insulin.35 In the current study, serum insulin levels
were unchanged, a finding that does not support the role of
insulin in upregulation of SREBP-1 and SCD-1 in response to
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TG biosynthesis in the liver of lean mice via an SREBP-1–
mediated increase in SCD-1 expression.
In contrast to TG biosynthesis, our data do not support a
role for IH in increasing cholesterol biosynthesis. Hepatic
cholesterol synthesis is predominantly regulated by the
SREBP-2 transcription factor.16 –18,22,23 However, hypercholesterolemia in lean mice exposed to IH was not accompanied
by increases in SREBP-2 or HMG-CoA reductase levels in
the liver. Therefore, it is likely that IH leads to hypercholesterolemia via mechanisms other than biosynthesis de novo.

IH and Pathways of Cholesterol Uptake and
Lipoprotein Secretion

Figure 6. Fatty acid molecular species were identified via combined GC-MS analysis. A, GC-MS was performed in serum of
lean C57BL/6J mice exposed to IH or IA control conditions for 5
days. Deuterated water (1 mL) was administered intraperitoneally to the mice, which were then fasted and water deprived for
5 hours. Incorporation of deuterium (D) in fatty acids was calculated as the ratio of deuterated higher molecular weight (MW)
species of fatty acids to the native isoforms. Results presented
show the mean⫾SEM. Statistical significance of the difference
between animals exposed to IH or IA was examined by a twoway ANOVA. B and C, GS-MS was performed in serum of
fasted lean C57BL/6J mice and obese C57BL/6J-Lepob exposed
to IH or IA control conditions for 5 days. B, The 16:1/16:0 ratio
of fatty acids was calculated for each strain and each condition.
C, The18:1/18:0 ratio was calculated in lean mice only. Results
presented show the mean⫾SEM. Statistical significance of the
difference between animals exposed to IH or IA within a group
was derived by an unpaired t test.

IH. SREBP-1c can also be induced by elevated glucose
levels, independent of insulin,36 but our data did not show
significant changes in blood glucose after IH (Table 1).
Another potential mechanism of SREBP-1 and SCD-1
induction by IH would be a decrease in leptin because
SREBP-1c overexpression is associated with low leptin
levels.37 High levels of SCD-1 expression in leptin-deficient
ob/ob mice are suppressed by leptin administration.34 However, our current and previously published findings38 indicate
that IH increases serum leptin levels, which may be ascribed
to the direct stimulating effects of hypoxia during the hypoxic
phase39 or to the relative hyperoxia during the reoxygenation
phase.40
Finally, SREBP-1 may be directly activated by hypoxia as
it has been shown recently for SREBP homologs in yeast.41
Summarizing all of the above, we propose that IH enhances

We have shown that IH led to significant increases in serum
TC and HDL-C levels. The elevation in circulating HDL-C
was demonstrated by enzymatic assays and FPLC (Figures 1
and 2). IH did not affect serum LDL-C according to the
enzymatic assay results (Figure 1), whereas FPLC was unable
to detect a relevant peak for LDL-C in mice exposed to IH
(Figure 2). The inability to detect significant LDL-C may be
related to the presence of a largely oxidized form of LDL-C
in mice exposed to IH,42– 44 which would alter the FPLC
profile for LDL-C.29 One possible explanation for the increase in HDL-C is that the clearance of cholesterol from the
circulation was impaired by IH. A major pathway of cholesterol clearance from the bloodstream is the SR-B1, originally
described as an HDL receptor.28 SR-B1 affinity for HDL is
mediated via cholesterol esters28 and apoA-I45 in HDL
particles. The SR-B1– deficient mouse has an elevation of
HDL-C levels.46 In the current study, we observed that IH
induced a decline in SR-B1 protein levels in the livers of lean
mice without any change in LDL-R levels (Figure 5C, 5D,
and 5F). Notably, SR-B1 can also mediate reuptake of PLs,47
which may contribute to an increase in circulating PLs in an
analogous manner to cholesterol. Thus, a decrease in SR-B1
levels in response to IH would be consistent with our
observed increase in circulating levels of HDL-C.
In ob/ob mice, IH induced an increase in LDLR protein
levels without any change in SR-B1. Upregulation of LDLR
did not induce any decrease in circulating cholesterol, probably because of low baseline expression of SR-B1 (Table
2).48 The low expression of SR-B1 in leptin-deficient mice
results in a phenotype of elevated HDL and LDL-C,48,49
which was confirmed by our data (Figure 1). Thus, preexisting downregulation of SR-B1 in ob/ob mice may offset
any suppressive effects of IH on cholesterol reuptake by the
liver.
IH also increased the expression of key genes of lipoprotein secretion: apoB and MTP (Table 2). However, IH did not
affect the rate of lipid secretion into the bloodstream (supplemental Figure S3), indicating that upregulation of genes of
lipoprotein secretion did not have physiological significance.
Our data are consistent with the previous observations that
lipoprotein secretion could be regulated at the posttranscriptional level.50 Thus, hypercholesterolemia that we
observed in lean mice exposed to IH may be related to
perturbations in the mechanisms of cholesterol clearance
rather than lipoprotein secretion.
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Clinical Implications
Our data suggest that the stimulus of IH that characterizes SA
may contribute to the development of hypercholesterolemia.
Consequently, the increases in cardiovascular morbidity and
mortality in SA may be related, in part, to elevation in serum
cholesterol levels. Unlike clinical studies, suggesting that SA
is associated with decreases in HDL-C,12,13,15 we found that
IH can lead to elevations in HDL cholesterol in mice, which
may be related to physiological differences in cholesterol
processing between species. However, IH may change properties of lipoprotein and convert HDL from antiinflammatory antiatherogenic to proinflammatory proatherogenic factors.43,51 Hypercholesterolemia in patients with SA
may be particularly detrimental because SA leads to increased lipid peroxidation.42,43,52 Oxidized LDL and PLs are
taken up by macrophages more readily leading to macrophage foaming and progression of atherosclerosis.53,54

Conclusion
We have shown that IH increases fasting serum cholesterol,
TG, and PL levels as well as liver TG content in lean mice,
but that obesity and baseline hypercholesterolemia can mask
the effects of IH on lipid metabolism. Furthermore, our data
suggest that hyperlipidemia after IH may be related to
changes in pathways of lipid biosynthesis and cholesterol
uptake in the liver.
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METHODS

Animals

A total of 80 wildtype, male, lean C57BL/6J mice (lean) and 16 male obese
C57BL/6J-Lepob (obese) mice from Jackson Laboratory (Bar Harbor, ME, USA) were
used in the study. The study was approved by the Johns Hopkins University Animal Use
and Care Committee and complied with the American Physiological Society Guidelines
for Animal Studies. For all blood samples, injections and surgical procedures, anesthesia
was induced and maintained with 1-2 % isoflurane administered through a facemask.

Experimental Design

A gas control delivery system was designed to regulate the flow of room air,
nitrogen and oxygen into customized cages housing the mice as it was previously
described1. A maximum of three lean mice or two obese mice were housed continuously
in a single customized cage (dimensions 27 X 17 X 17 cm) with constant access to food
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and water. Animals were acclimated to the cage for a week prior to the exposure, and
lean mice and obese mice were always housed separately. A series of programmable
solenoids and flow regulators altered the inspired oxygen fraction (FIO2) over a defined
and repeatable profile that simulated the timing and magnitude of arterial oxygen
desaturation changes seen in SA patients2. During each period of intermittent hypoxia
(IH), the FIO2 was reduced from 20.9 to 4.8-5.0 % over a 30 s period and then rapidly
reoxygenated to room air levels in the subsequent 30 s period (Fig. S1). The use of
multiple inputs into the cage produced a uniform nadir FIO2 level throughout the cage.

Twenty four lean mice and eight obese mice were placed in the IH chamber for
five consecutive days. Food intake and body weight were monitored daily for each
animal. All animals were kept in a controlled environment (22-24 °C with a 12 h : 12 h
light : dark cycle; lights on at 09.00) on a standard chow diet with free access to water.
In a separate series of animals, twenty four lean and eight obese mice were exposed to
intermittent room air (IA, control groups) for 5 days in identical chambers and were
weight-matched to the IH group daily during the experiment by varying food intake
(Table 1). IA was administered with the intermittent flow of air at identical rates to the IH
exposure every 30 sec with FIO2 remaining at 20.9% throughout the exposure. Weightmatching was conducted in pairs. The IH and IA states were induced during the light
phase alternating with 12 h of constant room air during the dark phase.
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Sample Collection

All serum and tissue samples were obtained during exposure to IH or control
conditions. Mice fasted for 5 hrs prior to bleeding and sacrifice, from 9am until 2pm on
the 6th day of exposure. Arterial blood (1 ml) was obtained by direct cardiac puncture
exposure under 1-2 % isoflurane anesthesia in all mice. Serum was separated and frozen
at -80° C. After blood withdrawal, the animals were euthanized with pentobarbital
(60 mg, intraperitoneally). In thirty two lean mice (sixteen mice subjected to IH and
sixteen control mice) and all obese mice, livers were surgically removed, dissected in
four separate aliquots and immediately frozen for future analysis.

Serum and Liver Lipids, Blood Glucose, Serum Insulin and Leptin
Serum total cholesterol, LDL cholesterol (LDL-C), HDL cholesterol (HDL-C),
phospholipids (PL), free fatty acids (FFA), triglycerides (TG) were measured in all mice,
and bilirubin was measured in sixteen lean (eight mice subjected to IH and eight control
mice) and all obese mice using test kits from Wako Diagnostics, Inc. (Richmond, VA).
The first portion of the liver was homogenized using Omni EZ Connect Homogenizer
(Omni International, Warrington, VA); cholesterol, PLs and TG were extracted in a
chloroform-methanol mixture (2:1) as described by Yokode et al. 3and measured using
kits from Wako Diagnostics. Glucose was measured in blood of all mice using AccuChek® Comfort CurveTM kit from Roche Diagnostics, Inc. (Indianapolis, IN). Serum
leptin levels were measured in all mice with a mouse leptin radioimmunoassay kit from
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Linco Research, Inc. (St. Charles, MO). Serum insulin levels were measured in all mice
with a rat insulin ultrasensitive radioimmunoassay kit (cross reactivity with mouse insulin
100%) from Linco Research, Inc. (St. Charles, MO).

Fast Protein Liquid Chromatography (FPLC)
Serum samples from lean mice fasted for 5 hrs were pooled in the following manner: the
IH group (n = 8, sample 1), the IA control group (n = 8, sample 2). Lipoproteins were
isolated by fast protein liquid chromatography (FPLC) using the AKTA prime
(Amersham Bioscience, Piscataway , NJ) as previously described4. In brief, 400 µL of
serum was loaded on two Superose 6 (Amersham Bioscience. Piscataway , NJ) columns
in series and eluted with PBS (Phosphate Buffer Saline) pH 7.4 to which EDTA 0.02 %
was added at a flow rate of 400 µL/min. The column eluate were detected on line at 280
nm and collected in fractions of 500 µL. Total cholesterol concentration was measured
using the gas chromatographer GC-2010 (Shimadzu, Japan) in each column fraction
concentrated by Bligh- Dyer extraction5.

Immunoblot in the Liver Tissue
The second portion of the liver was homogenized in 150 mM NaCl 20 mM Tris,
pH 7.2 1% Triton X-100 1 mM DTT to obtain the whole cell lysate. The third portion of
the liver was homogenized in 250 mM sucrose, 10 mM Tris, pH 7.4, 1 mM EDTA, and 1
mM DTT , and separated in the nuclear, mitochondrial, and microsomal fractions as
previously described6. Total protein was measured using a DC kit from BioRad
(Hercules, CA). Protein gel electrophoresis of the whole cell lysate, mitochondrial, and
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microsomal fractions of the liver was performed using 4-15% SDS-PAGE from BioRad
(Hercules, CA) loaded with 70 µg of total protein per a lane and was followed by
Western blot. SREBP-1 and SREBP-2 were determined in the whole cell lysate by
Western blot using rabbit anti-mouse polyclonal antibodies from Santa Cruz
Biotechnology (Santa Cruz, CA), SCD-1 was determined in the microsomal fraction
using goat antibodies from Santa Cruz , GPAT was determined in the mitochondrial
fraction using rabbit antibodies kindly donated by Dr. Sandra Schreyer (AstraZeneca,
Göteborg, Sweden), LDL-R was determined in the whole cell lysate using rabbit
antibodies kindly donated by Dr. Joachim Herz (University of Texas Southwestern
Medical Center, Dallas, TX), and SR-B1 was measured using rabbit anti-mouse
polyclonal antibodies from Novus Biologicals (Littleton, CO). An anti-SREBP-1
antibody had affinity for both SREBP-1a and SREBP-1c. Goat anti-rabbit-HRP
conjugate was from BioRad, bovine anti-goat-HRP conjugate was from SantaCruz, and
ECL system was from Amersham (Piscataway, NJ). Densitometry was performed using
Kodak DC290 ZOOM digital camera 2,150,000 pixels (2 Megapixel) and UN-SCAN-IT
gel Automated Digitizing System, VERSION 5.1 software from Silk Scientific
Corporation (Orem, VT). For the semi-quantitative analysis, optical density of the band
from a mouse subjected to IH was normalized to the band from the weight-matched
control mouse, which was assumed to be 100%.
The ratios of optical density (OD) per the same amount of total protein (70 µg) were
calculated as follows:
IH/control (%) = 100 * ODhypoxic mouse/ ODweight-match control mouse.
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Real time PCR in the Liver Tissue
The fourth portion of the liver was used for total RNA extraction by Trizol
method (Life Technologies, Rockville, MD) with subsequent cDNA synthesis using
Advantage RT for PCR kit from Clontech (Palo Alto, CA) and real time reverse
transcriptase PCR (RT-PCR) with primers from Invitrogen (Carlsbad, CA) and Taqman
probes from Applied Biosystems (Foster City, CA, see Table S1)). The threshold cycle
(Ct) was determined for every sample. The mRNA expression levels were normalized to
18S rRNA concentrations using the following formula:
Gene of interest/18S = 2 Ct(18S)-Ct(Gene of Interest)

Fatty Acid Biosynthesis in Vivo
In a separate series of experiments male lean C57BL/6J mice (13-14 weeks old, 27-28 g
of weight) were exposed to IH (n = 8) or IA control conditions with daily weight
matching (n = 8) for five days. Prior to bleeding, mice were fasted and water-deprived
for 5 hrs. Deuterated water (D2O, Cambridge Isotope Laboratories, Andover MA, 1 ml)
was administered intraperitoneally 5 hrs prior to bleeding. The mice were removed from
IH or IA environment, bled by cardiac puncture under 1-2% isoflurane anesthesia, and
euthanized. Serum was separated and analyzed by gas chromatography and mass
spectroscopy (GCMS).

Gas Chromatography and Mass Spectroscopy(GC-MS)
Palmitoleic acid (16:1), palmitic acid (16:0), oleic acid (18:1) and stearic acid
(18:0) standards were from Sigma (St. Louis, MO), trideuterated-stearic acid (18:0 D3)
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was from Cambridge Isotope Laboratories (Andover, MA), hexane was from Fisher
Scientific (Pittsburgh, PA), acetonitrile, dodecane and N-O-(bistrifluoromethylfluroro)acetamide (BSTFA) were from Aldrich (Milwaukee, WI).
Serum (5.0 µl ) was mixed with fatty acid standards, 1N HCl (0.5 ml ) and
hexane (0.75 ml) and centrifuged at 7500 g for 5’. The upper (organic) phase was dried
under a stream of N2. The trimethylsilyl (TMS) ester was synthesized by adding BSTFA
(50 µl) and acetonitrile (25 µl ). TMS esters was dissolved in dodecane (10 µl ) and
analyzed by GC-MS using a Varian 3400 for GC and a Finnigan MAT® TSQ700 for MS.
The molecular species were monitored for detection of the fatty acids are listed in Table
S2. Incorporation of deuterium in fatty acids was calculated as a ratio of higher
molecular weight species of fatty acids to the native isoforms after subtraction of
background.
Mitochondrial GPAT Activity
GPAT activity was determined as previously described6. All reagents were from Sigma,
unless indicated otherwise. Briefly, the assay buffer contained 75 mM Tris, pH 7.5, 4
mM MgCl2, 8 mM NaF, 100 µmol palmitoyl-CoA, 500 µmol 14C glycerol-3-phosphate
(Amersham) , and 2 mg/ml BSA was prepared. The mitochondrial fraction of the liver
(15 µg) was mixed with 2 mM of N-ethylmaleimide (Sigma) and incubated for 15 min at
4C. The volume of the sample was brought to 0.2 ml with the assay buffer. After 20 min
incubation in a shaker at room temperature, water-saturated butanol was added (1 ml).
The sample was vortexed vigorously. The butanol phase was saved. The extraction with
butanol was repeated three times. The combined butanol phase was counted in the
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scintillation counter Beckman LS6000 SC liquid scintillation counter (Beckman
Instruments, Inc., Fullerton, CA).

Triglyceride Secretion
Triglyceride secretion was determined as previously described7;8. Briefly, in a separate
experiment, lean male C57BL/6J mice (13 weeks old, 24-27 g) were exposed to IH (n =
8) or IA control conditions with daily weight matching (n = 8) for five days. At the end
of the exposure, mice were fasted for 5 hrs, bled by a retro-orbital sinus puncture (50 µl)
under 1-2% isoflurane anesthesia and then injected into the tail vein with Triton WR1339 (Sigma), 12.5 mg in 100µl of 0.9% NaCl. After the injection, mice were returned to
the IH or control chamber. Mice were bled by a retro-orbital sinus puncture (50 µl) 1 hr,
2, 3, and 4 hrs after the Triton injection and then euthanized. Serum TG levels were
measured using test kits from Wako Diagnostics, Inc. (Richmond, VA).
Statistical Analyses
All values are reported as mean ± standard error of the mean (SEM). Comparisons
within and between the IH and IA groups of obese and lean mice were performed using
ANOVA, paired t-test (between day 0 and day 5 within a group) or unpaired t-test
(between groups). A repeated measures ANOVA was performed in the Triton
experiment. A p-value of less than 0.05 was considered significant.
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SUPPLEMENTAL DATA
FIGURE LEGENDS

Online Figure S1. Repetitive Intermittent Hypoxia. During each period of
intermittent hypoxia (IH), the FIO2 was reduced from 20.9 to 4.8-5.0 % over a 30 s
period and then rapidly reoxygenated to room air levels in the subsequent 30 s period.
The use of multiple inputs into the cage produced a uniform nadir FIO2 level throughout
the cage. The mean FIO2 during the 12 hr -light phase was 14.3% (a dotted line).

Online Figure S2. Enzymatic activity of mitochondrial glycerol-3-phosphate
acyltransferase in the mitochondrial fraction of the livers of C57BL/6J (lean) mice
exposed to either intermittent hypoxia (IH, n = 8) or intermittent air (IA, n = 8) for five
days. Results presented show the mean ± SEM. Statistical significance of the difference
between animals exposed to IH or IA within a group was examined with unpaired t-test.

Online Figure S3. A time course of serum triglyceride (TG) levels after
intravenous administration of Triton WR-1339 in C57BL/6J (lean) mice. Prior to the
injection, mice were exposed to either intermittent hypoxia (n = 8) or intermittent air (n =
8) for five days. Results presented show the mean ± SEM. Statistical significance of the
difference between animals exposed to IH or IA within a group was examined with a
repeated measures ANOVA.
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Online Table S1. Primers and probes for real time PCR with cDNA derived from hepatic
total RNA
Gene
18 S

GeneBank ID
K01364.1

SREBP-1

AI326423

FAS

Primers

Taqman Probe

5’ CGCTCTCTGTTCCGCCTAGT
3’ CCGTGCGTACTTAGACATGCA
5’CCACTAGAGGTCGGCATGGT
3’ TCCCTTGAGGACCTTTGTCATT

ACCTGGTTGATCCTGCCA

AF127033

5’ CCTGTTCTCGAGGAAGGCACTA
3’ CAGAGAGTCCACCCACTGGAA

CACAGGAGAAACCTATC

Acetyl-CoA
synthetase
Malic enzyme

NM_019811

CACACCTGGACCAGGAGTTCA

SCD-1

NM_009127

5’ TTGGCGACAAAGTTGCTTTTT
3’ CGGAGAACATTGCTGAACTG
5’ AGCAGTGCTACAAGGTGACCAA
3’ CTCCAGGGAACACGTAGGAATT
5’ CCCCTGCGGATCTTCCTTAT
3’AGGGTCGGCGTGTGTTTCT

GPAT

BC019201

5’ CCTCTCAGTGGTAGTGGATACTCTGT
3’ GTGACCTTCGATTATGCGATCAT

TCGTCATACCCGTGGGCATCTCG

SR-BI

BC004656.1

5’ GGGAGCGTGGACCCTATGT
3’ACACGGTGTCGTTGTCATTGA

CAGGGAGTTCAGACAAAAGGTCA

LDL-R

BM207920

5’ AGTCTGGGATTACTTTTGGTTTTTAGA
3’ GAGGGATACACGCATGGTTTCT

CCACCTCTTCCTCTTG

SREBP-2

BF168632

5’ CCGAGATGCAGGGCAAAG
3’ GATGAAAGAACAATGAACAAGGCTTA

TCCCCTGTGCCTGAC

HMG-CoA
reductase
ApoB

M62766

CACTGCTATCTACATCGC

MTP

NM_008642

5’ CGCCCACGCAGCAAA
3’ GGGACCACTGGCTTCCATTA
5’ TTTCCTGCCTTTCTCCTACAAGA
3’ CCCATCCGGTTGGTACCTT
5’ ACTCCGGTGGATGGTTTTGA
3’ CAAGGGTCAGGCACGTCATA

NM_008615

BC028880
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TGCTTGTCAGGCTCACCCTCTGGA

TGCAATCTTTGCCAGCGGCAGTC
CACCGCGCCCACCACAAGTTCT

ATCAACAGTCGCTTCTT
TGGGTTCCCTTCCACC

25
Online Table S2. Species of fatty acids analyzed by gas chromatography and mass
spectroscopy in the serum of mice subjected to intermittent hypoxia (IH) or intermittent
air (IA) for five days

n

Molecular Weight

Structure

1
2
3
4
5
6
7
8
9
10
11
12
13
14

311
313
313
314
314
315
339
340
341
341
342
342
343
344

16:1
16:0
16:1
16:0
16:1
16:0
18:1
18:1
18:0
18:1
18:0
18:1
18:0
18:0

Number of deuterium
atoms (D)
0
0
1
2
3
2
0
1
0
2
1
3
2
3
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