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Abstract

Obesity causes insulin resistance (IR) and nonalcoholic fatty liver disease (NAFLD), but the 

relative contribution of sleep apnea is debatable. The main aim of this study is to evaluate the 

effects of chronic intermittent hypoxia (CIH), a hallmark of sleep apnea, on IR and NAFLD in 

lean mice and mice with diet-induced obesity (DIO). Mice (C57BL/6J), 6–8 weeks of age were 

fed a high fat (n = 18) or regular (n = 16) diet for 12 weeks and then exposed to CIH or control 

conditions (room air) for 4 weeks. At the end of the exposure, fasting (5 h) blood glucose, insulin, 

homeostasis model assessment (HOMA) index, liver enzymes, and intraperitoneal glucose 

tolerance test (1 g/kg) were measured. In DIO mice, body weight remained stable during CIH and 

did not differ from control conditions. Lean mice under CIH were significantly lighter than control 

mice by day 28 (P = 0.002). Compared to lean mice, DIO mice had higher fasting levels of blood 

glucose, plasma insulin, the HOMA index, and had glucose intolerance and hepatic steatosis at 

baseline. In lean mice, CIH slightly increased HOMA index (from 1.79 ± 0.13 in control to 2.41 ± 

0.26 in CIH; P = 0.05), whereas glucose tolerance was not affected. In contrast, in DIO mice, CIH 

doubled HOMA index (from 10.1 ± 2.1 in control to 22.5 ± 3.6 in CIH; P < 0.01), and induced 

severe glucose intolerance. In DIO mice, CIH induced NAFLD, inflammation, and oxidative 

stress, which was not observed in lean mice. In conclusion, CIH exacerbates IR and induces 

steatohepatitis in DIO mice, suggesting that CIH may account for metabolic dysfunction in 

obesity.

INTRODUCTION

Obesity is a growing public health problem (1). Obesity significantly increases morbidity 

and mortality, which has been attributed to the development of metabolic dysfunction, 

including insulin resistance (IR), type 2 diabetes, and nonalcoholic fatty liver disease 

(NAFLD) leading to systemic inflammation, oxidative stress, and cardiovascular 
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complications (2). Obesity is also a major risk factor for obstructive sleep apnea (OSA) with 

an estimated prevalence of OSA of 30–64% in obese individuals (3,4) reaching 80–90% in 

morbidly obese (5,6).

OSA has been implicated in the development and progression of IR and type 2 diabetes 

(7,8). However, it is not clear whether underlying obesity modifies metabolic responses. 

Indeed, a majority of the studies include predominantly over-weight, obese or even severely 

obese subjects (7,9). Harsch et al. examined the effect of the continuous positive airway 

pressure treatment for 2 days and 3 months on IR in obese and lean patients using a 

hyperinsulinemic euglycemic clamp and found that continuous positive airway pressure 

dramatically improved IR in lean subjects, but not in obese subjects (10). In contrast, Gozal 

et al. examined metabolic changes in children with OSA before and after tonsillectomy and 

adenoidectomy, a treatment of choice in the pediatric population, and found that treatment of 

OSA decreased IR in obese, but not in lean children (11). OSA has also been associated with 

the progression of NAFLD from hepatic steatosis to steatohepatitis (9,12,13). Several 

studies suggest that OSA exacerbates detrimental effects of obesity on NAFLD (9,12), 

whereas others question the independent role of OSA (13). Thus, it remains debatable, 

whether OSA may have an additive effect on IR and NAFLD in obesity.

OSA is characterized by chronic intermittent hypoxia (CIH) during sleep. We have 

developed a mouse model of intermittent hypoxia, which mimics the oxygen profile in 

human OSA (14,15), and have shown that CIH exacerbates IR (16) and hepatic steatosis 

(17) in a genetic mouse model of extreme obesity, the leptin-deficient ob/ob mouse. We 

have linked CIH-induced IR, dyslipidemia, and hepatic steatosis to activation of a lipogenic 

transcription factor sterol regulatory element binding protein 1 (SREBP-1) and a SREBP-1 

regulated enzyme stearoyl-coenzyme A desaturase 1, (SCD-1) (18). Finally, we have shown 

that CIH causes mild liver injury in lean C57BL/6J mice without evidence of steatohepatitis 

(19) and increases epatic inflammation in nonobese mice with hepatic steatosis (20). 

However, it remains unknown whether CIH may exacerbate IR in diet-induced obesity 

(DIO) and covert hepatic steatosis of obesity to steatohepatitis. In this study, we exposed 

DIO and lean C57BL/6J mice to CIH for 4 weeks and examined IR, glucose tolerance, 

expression of hepatic steatosis, inflammation, and oxidative stress.

METHODS AND PROCEDURES

Experimental animals

Eighteen adult male C57BL/6J mice, 6–8 weeks of age were fed a high fat diet (TD 03584, 

5.4 kcal/g, 35.2% fat, 58.4% of kcal from fat; Harlan Teklad, Madison, WI) for 12 weeks 

and then exposed to CIH or control conditions (room air) for 4 weeks (see below). Sixteen 

age-matched male C57BL/6J mice were fed a regular chow diet for 12 weeks and then 

exposed to CIH also for 4 weeks. 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.
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Mouse model of intermittent hypoxia

Briefly, a gas control delivery system was designed employing programmable solenoids and 

flow regulators, which controlled the flow of air, nitrogen, and oxygen into cages. During 

each cycle of intermittent hypoxia, the FiO2 decreased from ~21% to ~6–7% over a 30-s 

period, followed by a rapid return to ~21% over the subsequent 30 s period. This regimen of 

intermittent hypoxia induces oxyhemoglobin desaturations from 99% to ~65%, 60 times/h 

(14). CIH was administered during the light phase (9 am–9 pm) to coincide with the mouse 

sleep cycle and the duration of exposure was 4 weeks. A control group was exposed to room 

air for the same period and fed ad libitum.

Upon completion of the exposure, mice were bled and then sacrificed under 1–2% isoflurane 

anesthesia after a 5 h fast. All blood draws, testing, and tissue harvesting were performed 

between 12 pm and 1 pm. The liver was surgically removed, weighed, and cut into several 

pieces. Liver tissue was either frozen in liquid nitrogen and kept at −80 °C for further 

biochemical studies or fixed in buffered 10% formalin for histological examination.

Assays

Fasting (5 h) blood glucose, insulin testing, and intraperitoneal glucose tolerance test (1 

g/kg) were performed in unanesthetized mice immediately upon cessation of the exposure 

by tail bleeding. Blood glucose was tested with Accu-Chek Comfort Curve kit from (Roche 

Diagnostics, Indianapolis, IN) and plasma insulin was measured with an ELISA kit from 

(Millipore, Billerica, MA). The homeostasis model assessment (HOMA) index was 

calculated as fasting serum insulin (µU/ml) × fasting blood glucose (mmol/l)/22.5.

Fasting plasma total cholesterol, free-fatty acids (FFAs), and triglycerides were measured 

with kits from (Wako Diagnostics, Richmond, VA). Corticosterone was determined by 

ELISA kit from (R&D Systems, Minneapolis, MN). Serum liver tests including alanine 

aminotransferase (ALT), aspartate aminotransferase (AST), and alkaline phosphatase (AP), 

were performed in the Johns Hopkins Bayview Medical Center Clinical Laboratory. Lipids 

were extracted from the liver with chloroformmethanol, according to Bligh–Dyer procedure 

(21) and measured using kits from (Wako Diagnostics). Lipid peroxidation in liver tissue 

was assessed by malondialdehyde assay with a kit from (OxisResearch, Portland, OR).

Proinflammatory cytokines, tumor necrosis factor-α, and macrophage inflammatory protein 

2 protein levels were measured in the liver lysate by ELISA using kits from (R&D Systems). 

SCD-1 protein levels in the liver were assessed by western blot using goat polyclonal 

antibodies and bovine anti-goat-HRP from (Santa Cruz Biotechnology, Santa Cruz, CA); 

actin was detected with mouse monoclonal antibodies from Sigma and goat anti-mouse-HRP 

(Bio-Rad, Hercules, CA).

Total RNA was isolated using Trizol Reagent (Life Technologies, Rockville, MD) with 

additional RNA clean-up using the RNAeasy (Qiagen, Valencia, CA) purification kit. cDNA 

was produced from total RNA using Advantage RT for PCR kit from (Clontech, Palo Alto, 

CA). cDNA was amplified in real time reverse transcriptase PCR with primers from 

(Invitrogen, Carlsbad, CA) and Taqman probes from (Applied Biosystems, Foster City, 

CA). The threshold cycle (Ct) was determined for every sample. The mRNA expression 
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levels were normalized to 18S rRNA concentrations using the following formula: Gene of 

interest/18S = 2Ct(18S)–Ct(Gene of interest). For histological analysis, formalin fixed paraffin-

embedded tissues were stained with hematoxylin and eosin and evaluated in a blinded 

fashion.

Statistical analysis

All values are reported as means ± s.e m. For multiple comparisons, we performed a 

repeated measures of ANOVA test and significance determined using Tukey’s post hoc test. 

A P value of <0.05 was considered significant.

RESULTS

Basic characteristics

In DIO mice, body weight remained stable during CIH and did not differ from control 

conditions (Table 1). In lean mice, there was a trend to decline in body weight in the CIH 

group (P = 0.11), and CIH mice were significantly lighter than control mice by day 28 (P = 

0.002). Compared to lean mice, liver and epididymal fat weights were significantly higher in 

obese mice.

Glucose and insulin

Compared to lean mice, DIO mice had higher fasting levels of glucose, insulin, and the 

HOMA index (Figure 1). In lean mice, CIH induced a strong trend to an increase in the 

HOMA index (P = 0.05), although fasting blood glucose and serum insulin did not 

significantly increase. In contrast, in DIO mice, CIH increased fasting blood glucose levels 

by 30 mg/dl and induced a 1.9-fold increase in serum insulin and a 2.2-fold increase in the 

HOMA index (Figure 1). Figure 2 shows the intraperitoneal glucose tolerance test in lean 

and obese mice under the CIH and control conditions. Compared to lean mice, DIO mice 

had glucose intolerance at baseline. In lean mice, CIH did not lead to significant glucose 

intolerance (Figure 2). In contrast, in DIO mice, CIH induced severe glucose intolerance 

(Figure 2). As expected, the area under the curve for intraperitoneal glucose tolerance test in 

DIO mice was significantly larger than in lean mice at baseline. DIO mice demonstrated a 

further increase of the area under the curve at hypoxic conditions, whereas lean mice 

showed no change (Figure 3).

Serum triglycerides, FFAs, corticosterone, and liver enzymes

CIH induced a significant increase in serum triglycerides in both lean and DIO mice (Figure 
4a). Compared to lean mice, DIO mice had higher levels of serum FFA that were amplified 

by the effects of CIH. In contrast, CIH did not affect serum FFA in lean mice (Figure 4b). 

Obesity was associated with higher baseline corticosterone levels (Figure 4c). CIH did not 

alter corticosterone levels in lean and DIO mice, suggesting that the animals were not 

stressed. In lean mice, CIH decreased serum ALT and AP (Figure 4d,f). In contrast, in DIO 

mice, CIH markedly increased serum AST, ALT, and AP suggesting that CIH caused liver 

injury in the presence of obesity (Figure 4d–f).
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Lipid peroxidation, proinflammatory cytokines, and histology in the liver

DIO led to hepatic steatosis at baseline conditions (Figure 5a, compare Figure 6a,b). In 

lean mice, CIH did not affect liver triglyceride content, mRNA and protein levels of 

proinflammatory cytokines, tumor necrosis factor-α, and macrophage inflammatory protein 

2 (Figure 5 and Table 2), but induced a small, but statistically significant increase in lipid 

peroxidation (Figure 5b). There was no evidence of hepatic inflammation on liver histology 

(Figure 6a,c). In contrast, in DIO mice, CIH increased liver triglyceride content (Figure 
5a), proinflammatory cytokine levels (Table 2) and caused a striking fivefold increase in 

lipid peroxidation (Figure 5b). We have previously shown that, in lean mice, CIH induces a 

twofold increase in mRNA and protein levels of a key enzyme of lipid biosynthesis, SCD-1 

(22). In DIO mice, CIH increased SCD-1 mRNA levels by nearly fourfold (see 

Supplementary Figure S1 online). In DIO mice, CIH converted microvesicular hepatic 

steatosis observed at baseline into macrovesicular steatosis and caused lobular inflammation 

(Figure 6d).

DISCUSSION

To the best of our knowledge, this is the first report that compares the impact of CIH on 

metabolic function in lean and DIO mice. The main finding of our study was that CIH 

exacerbated pre-existing IR and glucose intolerance in DIO mice, but did not have a 

dramatic impact on lean mice. In addition, in DIO mice, CIH induced severe oxidative stress 

in the liver and augmented pre-existing hepatic steatosis resulting in steatohepatitis. In lean 

mice, CIH had only a minimal impact on liver lipid peroxidation, whereas liver triglyceride 

content and inflammation were not affected. In the discussion below, we will elaborate on 

potential mechanisms of IR and steatohepatitis in CIH and clinical implications of our work.

We have previously found that in lean C57BL/6J mice, acute intermittent hypoxia (9 h) 

resulted in a significant increase in IR measured by hyperinsulinemic euglycemic clamp 

(23). The IR rapidly normalized after cessation of each diurnal intermittent hypoxia 

exposure (24). However, CIH for 4 weeks to 6 months in lean mice did not raise fasting 

serum insulin levels (20,22). In the present study, we found that CIH has a very modest 

effect on IR (Figure 1c) and has no effect on glucose tolerance in lean mice. Interestingly, 

CIH for 12 weeks increased fasting blood glucose levels without an increase in insulin 

suggesting injury of pancreatic β-cells (25). We did not observe this phenomenon in the 

current study, which could be explained by the differences in CIH severity (a nadir of 5% in 

the former study and 6–7% in the present study). Overall, our data show that initial 

detrimental effects of acute intermittent hypoxia in lean mice on IR are reversed after 

chronic exposure. One potential mechanism would be adaptation to stress. Indeed, short-

term exposure to acute intermittent hypoxia markedly increases serum corticosterone levels 

(23), which was no longer observed after CIH exposure (Figure 4c). Thus, CIH for 4 weeks 

has a minimal impact on IR in lean mice.

Our previous work showed that CIH augments IR in genetically obese leptin-deficient mice 

(16). However, leptin deficiency is a poor model of human obesity, which is associated with 

high levels of leptin and leptin resistance (26). Our current data showed that CIH increases 
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IR and glucose intolerance in DIO mice (Figures 1 and 2). Obesity induces IR and systemic 

inflammation acting via several mechanisms. Obesity leads to increased adipose tissue 

lipolysis (27). An acute elevation of plasma FFA leads to intramyocellular lipid 

accumulation in skeletal muscle and the liver (28), also known as lipotoxicity. FFA prevent 

tyrosine phosphorylation of insulin receptor substrate 1 (muscle) and 2 (liver), which 

decreases insulin stimulated glucose transport leading to IR (29). In our experiments, DIO 

mice showed higher baseline levels of serum FFA and liver triglycerides compared to lean 

mice (Figures 4b and 5a). FFA also up-regulate IκB kinase β (30), which activates the NF-

κB pathway. In our study, obesity raised baseline levels of NF-κB regulated cytokines, 

tumor necrosis factor-α, and macrophage inflammatory protein 2 (Table 2). Overall, our 

findings are consistent with existing body of the literature, which suggests that excessive 

lipolysis plays a major role in the development of IR and hepatic steatohepatitis in DIO (31).

CIH increased circulating FFA levels in DIO mice (Figure 4b) suggesting that IH 

augmented lipolysis, which may further increase IR, hepatic steatosis, and inflammation. Of 

interest, we have recently shown that CIH increases circulating FFA levels in patients with 

sleep apnea in proportion to the severity of hypoxia (32). CIH activates the sympathetic 

nervous system (33) and activation of the sympathetic nervous system induces lipolysis via 

up-regulation of hormone-sensitive lipase in adipose tissue (34). In our present study, CIH 

increased IR (Figures 1 and 2), liver injury, and hepatic inflammation in DIO mice (Figures 
4 and 6 and Table 2). We hypothesize that CIH and obesity interact to induce lipolysis 

increasing circulating FFA levels, which augments pre-existing IR and causes 

steatohepatitis.

Obesity and hyperinsulinemia induce hepatic lipid biosynthesis by activating SREBP-1 and 

downstream enzymes of lipid biosynthesis (35). We have previously shown that CIH 

induces SREBP-1 and the SREBP-1 regulated enzyme SCD-1 in lean and genetically obese 

mice (17,18,36,37). We now show that CIH increases hepatic SCD-1 levels in DIO mice 

(Supplementary Figure S1 online). SCD-1 has been implicated in the pathogenesis of 

obesity, fatty liver, and hepatic IR in mice (38,39). Thus, CIH and DIO may interact to 

induce hepatic lipid biosynthesis, which exaggerate IR and hepatic steatosis.

We have previously shown that CIH induces mild oxidative stress in the liver in the absence 

of obesity (19,40). Our present study also shows a small, but statistically significant increase 

in hepatic lipid peroxidation in lean mice (Figure 5b). We have previously shown that in 

lean mice CIH results in mild liver injury with elevation of liver enzymes (19). However, in 

the current study CIH paradoxically decreased ALT and AP levels. This apparent 

discrepancy with the previous data is likely related to differences in the study design. CIH 

induces weight loss in lean mice (40), therefore it is not surprising that in the current study 

CIH mice were significantly lighter than control animals. In the previous study, control mice 

were weightmatched to the CIH group, which was not done in the present report, because we 

were interested in comparing the impact of CIH on weight loss in lean and DIO mice. 

Second, the exposure was milder with an FiO2 nadir of 6–7% as opposed to 5% in the 

previous report (19). We speculate that the decrease in liver enzymes during CIH in the 

current study is attributable to weight loss rather than to hypoxia per se. In fact, our previous 
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work suggests that CIH causes significant liver injury only in the presence of another insult 

(19,41).

We have previously shown that CIH exacerbates hepatic steatosis in leptin-deficient ob/ob 

mice (17). Leptin decreases IR and protects against hepatic steatosis (42). Leptin deficiency 

leads to severe hepatic steatosis (43) which is further augmented by CIH (17). However, 

leptin deficiency also has a protective effect on the liver, since leptin promotes hepatic 

fibrogenesis (44). Ob/ ob mice do not develop liver fibrosis, an essential component of 

steatohepatitis (42). Therefore, DIO mice is a preferred model of steatohepatitis compared to 

ob/ob mice. Our present report provides first evidence that CIH exacerbates detrimental 

effects of DIO on the liver leading to liver injury and steatohepatitis.

Oxidative stress in the liver is a well described mechanism of steatohepatitis and liver 

fibrosis (45). DIO is associated with increased oxidative stress in the liver with specific 

activation of nicotinamide adenine dinucleotide phosphate oxidase (46). We have previously 

shown that CIH leads to moderate increases in hepatic lipid peroxidation (20,25,40) 

mediated by nicotinamide adenine dinucleotide phosphate oxidase (40). We have now 

shown that CIH and DIO interact causing a dramatic six-fold increase in lipid peroxidation 

in the liver (Figure 5b). This increase in lipid peroxidation could be a result of exuberant 

adipose tissue lipolysis (31,40). We hypothesize that lipotoxic injury and lipid peroxidation 

induce hepatic inflammation resulting in steatohepatitis in DIO mice exposed to CIH.

Our study has several limitations: First of all, our model of CIH does not mimic all features 

of OSA, which also include hypercapnea and transthoracic pressure swings. However, the 

model mimics the oxygen profile observed in patients with severe OSA and induces frequent 

arousals from sleep with consequent sleep fragmentation in mice (14,15). Second, our study 

is not mechanistic and it does not provide an irrefutable proof that excessive lipolysis, 

hepatic lipid biosynthesis, and oxidative stress are the key factors mediating the synergism 

between CIH and obesity. Finally, we did not investigate the impact of CIH on the pancreas. 

CIH may have a detrimental effect on pancreatic endocrine function. Indeed, 

immunohistochemistry of pancreatic islets showed that short-term intermittent hypoxia 

increases both apoptosis and proliferation of β-cells (24,47).

In conclusion, we have demonstrated that CIH has a significant effect on metabolic function 

only in the presence of obesity. We hypothesize that OSA plays a critical role in the 

development of the metabolic syndrome in obese individuals and constitutes a second hit in 

the pathogenesis of NAFLD. Our recent clinical studies confirm this hypothesis 

demonstrating that OSA is associated with more severe manifestations of the metabolic 

syndrome including dyslipidemia and IR as well as systemic inflammation and 

steatohepatitis (9,48). Taken together, our data suggest that obese individuals with metabolic 

syndrome and NAFLD have to be evaluated for OSA.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Indices of insulin resistance during chronic intermittent hypoxia. (a) Glucose, (b) insulin, 

and (c) homeostasis model assessment (HOMA) index in lean and diet-induced obesity 

(DIO) mice during chronic intermittent hypoxia (CIH) or control conditions. P < 0.05 obese 

vs. lean mice.
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Figure 2. 
Intraperitoneal glucose tolerance test in lean and diet-induced obesity (DIO) mice submitted 

to chronic intermittent hypoxia (CIH) or control conditions. Overall, P < 0.05 obese vs. lean 

mice. *P < 0.05 vs. CIH and control lean mice; †P < 0.05 vs. control DIO mice; ‡P < 0.01 

vs. CIH and control lean mice; §P < 0.01 vs. control DIO mice; P < 0.05 vs. control lean 

mice.
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Figure 3. 
Area under the curve (AUC) for the intraperitoneal glucose tolerance test in lean and diet-

induced obesity (DIO) mice submitted to chronic intermittent hypoxia (CIH) or control 

conditions. P < 0.05 obese vs. lean mice.
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Figure 4. 
Levels of (a) serum triglycerides, (b) free-fatty acids, (c) corticosterone, and (d–f) liver 

enzymes in lean and diet-induced obesity (DIO) mice submitted to chronic intermittent 

hypoxia (CIH) or control conditions. P < 0.05 obese vs. lean mice (except for serum 

triglycerides—P > 0.05). ALT, alanine aminotransaminase; AST, aspartate 

aminotransaminase; AP, alkaline phosphatase.
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Figure 5. 
Levels of (a) liver triglycerides and (b) malondialdehyde (MDA) in lean and diet-induced 

obesity (DIO) mice submitted to chronic intermittent hypoxia (CIH) or control conditions. P 

< 0.05 obese vs. lean mice.
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Figure 6. 
Representative images of the liver in lean (a and c) and diet-induced obesity (DIO) mice (b 
and d) submitted to chronic intermittent hypoxia (CIH) or control conditions. No significant 

changes were observed in (a) control-lean. (b) Control-DIO mice presented microvesicular 

hepatic steatosis. (c) No significant changes were observed in CIH-lean. (d) CIH-DIO mice 

presented a robust increase in macrovesicular hepatic steatosis and lobular inflammation. 

H&E, hematoxylin and eosin.
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Table 1

Basic characteristics of lean and diet-induced obesity (DIO) C57BL/6J mice exposed to chronic intermittent 

hypoxia (CIH) or control for 4 weeks

Characteristics Lean mice DIO mice

Exposure Control CIH Control CIH

N 8 8 10 8

Body weight (g)

Day 0 23.5 ± 0.3 24.2 ± 1.0 33.0 ± 1.5* 33.5 ± 1.6*

Day 28 25.7 ± 0.4 23.0 ± 0.6** 34.9 ± 1.3* 34.9 ± 1.7*

Mean food intake (g/day) 3.22 ± 0.26 2.97 ± 0.49 3.34 ± 0.39 2.83 ± 0.38

Liver weight (g) 0.92 ± 0.04 0.86 ± 0.02 1.31 ± 0.10* 1.10 ± 0.06*

Percentage of body weight 4.08 ± 0.11 4.18 ± 0.06 4.25 ± 0.22
3.64 ± 0.18

†

Epididymal fat (g) 0.48 ± 0.02 0.35 ± 0.03** 1.56 ± 0.24* 1.65 ± 0.22*

Percentage of body weight 1.94 ± 0.09 1.53 ± 0.12*** 4.45 ± 0.55* 4.83 ± 0.60*

CIH, chronic intermittent hypoxia; DIO, diet-induced obesity.

*
P < 0.01 vs. lean mice.

**
P < 0.01 vs. control lean mice.

***
P < 0.05 vs. control lean mice.

†
P = 0.05 vs. control DIO mice.
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Table 2

RNA expression and protein levels of liver tumor necrosis factor-α(TNF-α) and macrophage inflammatory 

protein-2 (MIP-2) in lean mice and mice with diet-induced obesity (DIO) submitted to chronic intermittent 

hypoxia (CIH) or control conditions

Characteristics Lean mice DIO mice

Exposure Control CIH Control CIH

RNA expression

 TNF-α/18S mRNA ratio 2.72 × 10−6 ± 6.39 × 
10−5

4.30 × 10−6 ± 1.83 × 
10−6

1.72 × 10−5 ± 4.53 × 
10−6*

3.22 × 10−5 ± 5.45 × 

10−6*,**

 MIP-2/18S mRNA ratio 3.66 × 10−5 ± 1.13 × 
10−5

5.28 × 10−5 ± 1.63 × 
10−5

1.99 × 10−4 ± 5.88 × 
10−5*

4.36 × 10−4 ± 1.16 × 

10−4*,**

Protein levels

 TNF-α (pg/mg) 0.064 ± 0.009 0.051 ± 0.005 0.112 ± 0.006* 0.210 ± 0.032*,**

 MIP-2 (pg/mg) 0.089 ± 0.028 0.055 ± 0.005 0.576 ± 0.210* 1.039 ± 0.306*,**

CIH, chronic intermittent hypoxia; DIO, diet-induced obesity; MIP-2, macrophage inflammatory protein-2; TNF-α, tumor necrosis factor α.

*
P < 0.01 vs. lean mice.

**
P = 0.05 vs. control DIO mice.
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