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INTRODUCTION
Obstructive sleep apnea is a prevalent sleep disorder 

affecting approximately 5-15% of middle-aged and older adults 
in the general population.1,2 Research over the past two decades 
has shown that untreated obstructive sleep apnea is associ-
ated with incident hypertension,3-5 cardiovascular disease,6,7 
stroke,8-10 and all-cause mortality.11-14 A large body of obser-
vational evidence also indicates that obstructive sleep apnea 
is associated with glucose intolerance, insulin resistance, and 
type 2 diabetes mellitus.15,16 Clinical and epidemiological 
studies have revealed that the association between obstructive 
sleep apnea and impaired glucose homeostasis is independent 
of confounding factors such as age and central adiposity.15-19 
A notable finding across many of the previous studies is that 
the severity of metabolic dysfunction is independently corre-
lated with the degree of sleep related hypoxemia.20 Data from 
human and animal studies indicate that intermittent hypoxia has 
a fundamental role in impairing glucose homeostasis. Indeed, 
experimental work in several animal models, including geneti-
cally modified mice, has shown that acute and chronic inter-
mittent hypoxia can lead to a variety of metabolic impairments 
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including higher fasting glucose and insulin levels, impair-
ments in whole-body insulin sensitivity, glucose intolerance, 
reduced beta cell function, and diminished glucose uptake in 
muscle.21-26 Moreover, healthy volunteers exposed to intermit-
tent hypoxia for as little as 5 h exhibit decreased insulin sensi-
tivity that is not accompanied by the expected compensatory 
increase in beta cell function.27 Despite these advancements, 
causal mechanisms mediating the association between obstruc-
tive sleep apnea and altered glucose metabolism have not been 
fully delineated. It is well established that fasting glycemia is 
primarily determined by hepatic glucose output whereas post-
prandial glycemia is influenced by beta cell function, whole 
body insulin sensitivity, and modulation of hepatic glucose 
output.28,29 Although intermittent hypoxia can impair insulin 
sensitivity and beta cell function through oxidative stress and 
activation of the sympathetic nervous system, its effects on 
hepatic glucose metabolism remain largely unknown.

The repertoire of possible mechanisms provides a strong 
basis to speculate a causal association between intermittent 
hypoxia and altered glucose metabolism. However, studies 
evaluating whether treatment of obstructive sleep apnea with 
continuous positive airway pressure (CPAP) reverses the meta-
bolic dysfunction are equivocal and largely inconclusive.15,16 
The lack of a consistent and favorable response in glucose 
homeostasis to CPAP therapy may be due to methodological 
limitations such as small study samples and suboptimal adher-
ence to CPAP therapy. Alternatively, it is possible that chronic 
exposure to intermittent hypoxia in obstructive sleep apnea 
irreversibly impairs glucose homeostasis, which would render 
CPAP therapy ineffective. To resolve the aforementioned 
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issues, the current study investigated the effects of intermittent 
hypoxia on several key determinants of glucose homeostasis. 
Specifically, the aims of the current study were to examine 
whether intermittent hypoxia impairs glucose tolerance, whole-
body insulin sensitivity, beta cell function, and hepatic glucose 
output. In addition, we also sought to investigate if the observed 
impairments improve with cessation of the hypoxic exposure. 
It was hypothesized that exposure to intermittent hypoxia 
would increase whole-body insulin resistance, induce beta cell 
dysfunction, and augment hepatic glucose output, which collec-
tively would lead to fasting and postprandial hyperglycemia. 
Furthermore, it was hypothesized that these effects would be 
reversible after the hypoxic exposure was discontinued.

METHODS

Protocol for Intermittent Hypoxia
Adult C57BL6/J mice were housed in custom-modified 

cages connected with plastic tubing to a gas control delivery 
system regulating the flow of nitrogen, oxygen, and room air 
into cages as previously described.21,30 Programmable solenoid 
valves and flow regulators altered the composition of the gas 
with the cages so that during each cycle of hypoxia, the inspired 
fraction of oxygen (FiO2) was reduced from 21% to 6-7% over 
a period of 30 sec and rapidly returned to 21% during the 
following 30 sec. For the control arm, animals were exposed 
to alternating periods of room air gas (FiO2:21%), simulating 
a pattern comparable to intermittent hypoxia. On average, 
60 episodes/h of oxygen desaturation were induced, mimicking 
oxyhemoglobin desaturations observed in severe obstructive 
sleep apnea.

All animals were housed at room temperature and subjected 
to a 12-h light/dark cycle. The following five exposure groups 
were used: (1) intermittent hypoxia for 7 days; (2) intermit-
tent hypoxia for 14 days; (3) intermittent hypoxia for 7 days 
followed by air for 7 days (recovery paradigm); (4) intermittent 
air for 7 days; and (5) intermittent air for 14 days. Animals were 
exposed to hypoxia or control condition during the light phase 
for 12 h. Because intermittent hypoxia can induce weight loss, 
daily food intake in the control animals and during the recovery 
period was adjusted daily such that the body weight of mice in 
the control and recovery groups followed the same body weight 
trajectory as animals in the intermittent hypoxia group (see 
supplemental material). Animals were sacrificed on the last day 
of the exposures. Principles of laboratory animal care (National 
Institutes of Health publication no. 85-23, revised 1985) were 
followed and the study protocol was approved by the Animal 
Care and Use Committee of the Johns Hopkins University.

Intraperitoneal Glucose Tolerance Test and Insulin Tolerance Test
An intraperitoneal glucose tolerance test (GTT) was 

performed after a 5-h fast for each of the exposure para-
digms (N = 10 per group). Following a glucose injection (1g/
kg glucose dissolved in saline to a concentration of 150 mg/
dL), glucose levels were measured at 0, 10, 20, 30, 60, 90, and 
120 min after the glucose injection in tail-snip blood samples 
using a glucometer (Accu-Check Aviva, Roche, Indianapolis, 
IN, USA). An insulin tolerance test (ITT, N = 10 per exposure 
group) was similarly performed after a 2-h fast by measuring 

blood glucose levels at 0, 10, 20, 30, 40, 50, 60, 90, and 
120 min after injecting 0.5 IU/kg of insulin (Humulin R, 100 U/
mL, Eli Lilly, Indianapolis, IN, USA). The GTT and ITT were 
performed in a distinct set of anesthetized animals in the fasted 
state without interruption in the exposure to the intermittent 
hypoxia or control conditions. Glucose-induced insulin secre-
tion was assessed (N = 10 per exposure group) 30 min after a 
1 g/kg glucose injection by measuring insulin levels in blood 
obtained by retro-orbital puncture using the Mouse Ultrasensi-
tive EIA kit (Alpco, Salem, NH, USA). Fasting and glucose-
induced insulin secretion was evaluated in a separate group of 
animals. Absorption of insulin from the peritoneal cavity was 
also assessed (N = 5 per exposure group) following a 2-h fasting 
period by measuring plasma radioactivity at 10, 30, and 60 min 
after the intraperitoneal injection of ~1µCi of I125-radiolabeled 
insulin in 100 µL of saline (specific activity 378.8 µCi/µg, 
Perkin Elmer, Waltham, MA, USA). No significant differences 
were noted in insulin absorption across the different exposure 
groups (see supplemental material, Figure S1). All blood and 
plasma samples obtained during the GTT and ITT were frozen 
immediately and kept at -80°C until analysis. The homeo-
stasis model assessment (HOMA) model was used to derive 
HOMA-IR (insulin·glucose/22.5) as a measure of insulin resis-
tance and HOMA-β ([20·Insulin]/[Glucose-3.5]) as a measure 
of beta cell function.31

Determination of Liver Glycogen and Tissue Oxidative Stress
Liver, muscle (quadriceps), and pancreas were collected 

under isoflurane anesthesia, flash frozen in liquid nitrogen and 
stored at -80°C. Frozen tissue was mechanically homogenized in 
T-PER lysis buffer (Tissue Protein Extraction Reagent, Thermo 
Scientific, Waltham, MA, USA) containing complete protease 
inhibitor cocktail centrifuged at 16.1 relative centrifugal force 
for 10 min at 4°C and supernatants collected. All samples 
were assessed in duplicate and normalized to mg of protein as 
determined by bicinchoninic acid assay (BCA protein assay, 
Thermo Scientific, Waltham, MA, USA). Tissue lipid peroxida-
tion (n = 5 per group) was determined using the thiobarbituric 
acid reactive substances (TBARS assay kit, Cayman Chemical 
Company, Ann Arbor, MI, USA). Glycogen content in liver 
(N = 5 per exposure group) was determined using the glycogen 
assay kit (Abcam, Cambridge, MA, USA) and normalized to 
liver weight.

Hepatocyte Isolation, Measurement of Glucose Output, and 
Gene Expression

Mouse hepatocytes were isolated from animals in all experi-
mental groups using two-step portal vein perfusions under 
isoflurane anesthesia. Subsequently, to derive a measure of 
glycogenolysis, cells were washed and incubated for 4 h in 
glucose-free, phenol-free Dulbecco’s Modified Eagle’s Medium 
(DMEM) without glutamine and pyruvate (Sigma-Aldrich Co., 
St. Louis, MO, USA). Moreover, to derive a measure of total 
hepatocyte glucose output resulting from glycogenolysis and 
gluconeogenesis, cells were washed and incubated for 4 h in 
glucose-free, phenol-free DMEM supplemented with glutamine 
and pyruvate (Product No. G8540 and P2256, Sigma-Aldrich). 
Glucose secreted into the media was measured using a glucose-
oxidase assay (GO Kit, Sigma-Aldrich) and normalized to mg 
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protein. Details regarding messenger RNA extraction, primer 
sequences, and quantitative polymerase chain reaction (qPCR) 
protocol are described below.

Cultured cells isolated from animals (N = 4 for intermittent 
hypoxia and recovery groups, N = 3 for intermittent air group) 
were washed three times with 4 mL of glucose-free and phenol 
red-free DMEM medium. Total hepatocyte glucose output was 
determined in cells incubated for 4 h in glucose-free and phenol 
red-free DMEM medium supplemented with 0.11 g/L pyru-
vate and 0.584 g/L glutamine as substrates for gluconeogen-
esis. Glycogenolysis was determined in cells incubated for 4 h 
in glucose-free and phenol red-free DMEM medium without 
pyruvate and glutamine. The rate of gluconeogenesis was 
calculated as the difference in glucose output between the two 
incubations. Glucose in media was determined with glucose-
oxidase methods (GO Kit). After completion of the exposure 
periods, cells were washed twice with 2 mL phosphate buff-
ered saline (PBS 1X, Invitrogen, Grand Island, NY, USA) and 
lysed with TPER lysis buffer. Protein quantity was determined 
using the BCA protein assay (Thermo Scientific, Waltham, MA, 
USA) and used for data normalization.

cDNA Synthesis and qPCR
Liver samples (N = 5 per group) were flash frozen and 

stored at -80°C until analysis. Total RNA was extracted using 
the Trizol reagent (Life Technologies, Carlsbad, CA, USA). 
After assessing quality on an agarose gel (see supplemental 
material, Figure S2), cDNA was synthesized using the iScript 
cDNA Synthesis Kit (BioRad Life Science Research, Hercules, 
CA, USA) and qPCR was performed with iCycler instrument 
(BioRad Life Science Research) using the QuantiTect SYBR 
Green PCR Kit (Qiagen GmbH, Hilden, Germany). The 
following primers were used in reactions: phosphoenolpyru-
vate carboxykinase F: 5′-GGTGCATGAAAGGCCGCACC-3′ 
and R: 5′-ACCAATCTTGGCCAGCGGCG-3′, glucose 
6-phosphatase F: 5′-CAACGCCCGTATTGGTGGGTCC-3′ 
and R: 5′-GGGACTTCCTGGTCCGGTCT-3′, cyclophyllin B 
F: 5′-CAGCAAGTTCCATCGTGTCA-3′ and R: 5′-GAAGC-
GCTCACCATAGATGC-3′. Expression levels of target genes 
in all groups were normalized to the expression of cyclophyllin 
B (a housekeeping gene) and expressed as the fold change over 
the expression level of the control group (2-∆∆CT method). Differ-
ences in gene expression between groups were tested using the 
Pfaffl algorithm with the Relative Expression Software Tool 
(REST) v2.0.13 (Qiagen GmbH).

Statistical Analysis
Data are reported as means and standard error of the means 

(or medians with interquartile ranges). Intermittent hypoxia-
induced changes in whole-body glucose metabolism were 
assessed by comparing the GTT and ITT-derived parameters 
between the intermittent hypoxia conditions (7- and 14-day 
exposure) and their respective control groups (7- and 14-day 
exposure). To determine whether cessation of intermittent 
hypoxia was associated with improvements in glucose homeo-
stasis, the following three groups were compared: 14 days of 
intermittent hypoxia; 7 days of intermittent hypoxia followed 
by the recovery period with control condition; and 14 days 
of the control condition. Differences between groups in ITT 

and GTT glucose profiles were examined using analysis of 
variance (ANOVA). Between-group differences for all other 
variables were tested using one-way ANOVA with treatment 
group as the primary variable. Area under the glucose curve 
(AUC) during the ITT was calculated using the trapezoidal rule 
using the entire testing period of 120 min. Finally, the slope 
of the plasma glucose clearance after insulin injection during 
the initial 30 min of the ITT was determined and differences 
between exposure groups examined using ANOVA.

RESULTS

Fasting Glucose and Glucose Tolerance
Differences in fasting glucose levels or glucose tolerance 

were not observed between animals exposed to the control 
condition for 7 or 14 days. In contrast, intermittent hypoxia for 

Figure 1—(A) Intraperitoneal glucose tolerance tests (GTT) after 7 and 
14 days of intermittent hypoxia (7d-IH and 14d-IH) and intermittent 
air (7d-IA and 14d-IA, control conditions). Data were analyzed using 
an analysis of variance (ANOVA) of the GTT profiles assessing the 
interaction between exposure group (7d-IH or 14d-IH versus control) 
and time during the GTT. The GTT profile of the 7d-IH group is shifted 
upward relative to the 7d-IA group due to differences in fasting glucose 
levels. However, no significant interaction between exposure group 
and time was observed. ‡P < 0.001 for differences between 14d-IH and 
14d-IA groups, #P = 0.048 for differences between 7d-IH and 14d-IH 
groups. (B) GTT profiles of 14d-IA, 14d-IH and recovery groups. Data 
were analyzed using an ANOVA of the GTT profiles investigating the 
interaction between exposure groups (14d-IA, 14d-IH, and recovery) 
and time of GTT. ‡P < 0.05 for differences between 14d-IH and 14d-IA 
groups, †P = 0.001 for differences between 14d-IA and recovery groups, 
*P < 0.013 for differences between 14d-IH and recovery groups.
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7 days increased fasting glucose levels by 51% (150 ± 6 mg/
dL versus 99 ± 5 mg/dL; P < 0.001). Extending the exposure 
duration to 14 days was not associated with further increase 
in fasting glucose levels (149 ± 5 md/dL versus 89 ± 5 mg/dL; 
P < 0.001). Glucose tolerance characterized by the GTT glucose 
profiles was not impaired after 7 days of intermittent hypoxia 
after accounting for differences in fasting glycemia. However, 
intermittent hypoxia exposure of 14 days did impair glucose 
tolerance and was associated with higher peak glucose levels 
(Figure 1A). The differences in GTT profiles between 7- and 
14-day intermittent hypoxia exposure periods (P = 0.068) and 
the finding of a higher peak glucose values at 20 and 30 min 
during the GTT (Figure 1A) suggest that extending the duration 
of intermittent hypoxia from 7 to 14 days further deteriorates 
glucose tolerance. Finally, mice that were exposed to inter-
mittent hypoxia for 7 days followed by a recovery period of 
7 days revealed that fasting glucose and insulin levels returned 
to values similar to those observed in the control animals 
(Table 1). However, despite normalization of fasting glucose 
levels, glucose tolerance did not fully recover with cessation of 
the hypoxic exposure (Figure 1B).

Whole-Body Insulin Sensitivity, Beta Cell Function, and Tissue 
Oxidative Stress

Figure 2A displays the glucose profiles after the insulin injec-
tion during the ITT. Because intermittent hypoxia led to fasting 
hyperglycemia, glucose profiles from the insulin tolerance 
test were normalized for fasting glucose values (Figure 2B). 
To quantify the differences in insulin sensitivity across experi-
mental groups, AUC values for each of the glucose curves from 
the insulin tolerance test were determined (Figure 2C). Glucose 
profiles and the accompanying AUC values showed that 14 days 
of intermittent hypoxia diminishes insulin-induced glucose 
uptake. HOMA-IR, a surrogate marker of hepatic insulin resis-
tance in the fasting state, increased after 14 days of intermit-
tent hypoxia (1.4 ± 2.6 versus 11.5 ± 2.6, P = 0.012; Table 1). 
Animals subjected to 7 days of intermittent hypoxia followed 
by the recovery period also showed impairments in insulin 
sensitivity, as assessed by the glucose profiles and AUC values 
from the ITT (Figures 2A and 2C) as well as the HOMA-IR 

index (Table 1). Furthermore, analysis of the glucose trajecto-
ries during the ITT showed impaired insulin sensitivity after 
14 days of intermittent hypoxia when compared to the control 
group (0.0231 ± 0.0014 versus 0.0117 ± 0.0001, respectively, 
P < 0.001) with evidence of partial improvement after 7 days of 
the recovery period (0.0173 ± 0.0014, from control P = 0.032). 
Despite cessation of the exposure for 7 days, insulin resistance 
(i.e., higher HOMA-IR values; Table 1) persisted, suggesting 
that intermittent hypoxia-induced impairment in insulin sensi-
tivity does not fully recover.

Parameters of beta cell function revealed that 14 days of 
intermittent hypoxia was associated with impaired insulin 
secretion. Although fasting insulin levels were four-fold 
higher with intermittent hypoxia (Table 1), this compensa-
tory increase was insufficient to normalize fasting glucose 
levels indicating an impaired beta cell response to fasting 
hyperglycemia. Moreover, in the fasting and postglucose chal-
lenge state, 14 days of intermittent hypoxia did not increase 
the HOMA-β index confirming impaired beta cell function 
(Table 1). Finally, animals subjected to the recovery paradigm 
showed no improvements in beta cell function after cessation 
of the hypoxic exposure. In fact, beta cell failure as demon-
strated by a decreased HOMA-β and lower peak insulin levels 
was observed after the 7-day recovery period compared to 
the control group. Assessment of oxidative stress showed that 
TBARS levels in pancreatic tissue increased by 44% (TBARS: 
0.66 ± 0.06 versus 0.95 ± 0.07 nmol/mg protein) and remained 
elevated even after discontinuation of the hypoxic exposure 
(Figure 3A). In contrast, markers of oxidative stress in muscle 
and liver tissue were unchanged with 14 days of intermittent 
hypoxia or the recovery paradigm (Figures 3B and 3C).

Liver Glucose Metabolism
To characterize the effects of intermittent hypoxia on liver 

glucose metabolism, hepatocytes were isolated from all experi-
mental groups. Total glucose output (Figure 4A) was higher from 
hepatocytes isolated from mice exposed to intermittent hypoxia 
(0.103 ± 0.005 versus 0.160 ± 0.017 mg/mg protein/240 min; 
P < 0.021) compared to the control condition. Further charac-
terization of glucose output demonstrated that gluconeogenesis, 

Table 1—Fasting and postchallenge glucose, insulin, and homeostasis model assessment values

Parameter 14 days intermittent air 14 days intermittent hypoxia Recovery paradigm
Fasting

Glucose (mg/dL) 89.0 (5.0) 149.0 (5.0)b 99.0 (5.0)a

Insulin (ng/mL) 0.08 (0.03-0.12) 0.36 (0.06-1.76)b 0.29 (0.10-0.51) 
HOMA-IR 1.4 (2.6) 11.5 (2.6)b 2.3 (2.6)a

Log (HOMA-IR) -0.3 (0.2) 0.6 (0.2)b 0.2 (0.2)a

HOMA-β 38.6 (17.8) 53.9 (18.0) 71.4 (18.0)
Log (HOMA-β) 1.4 (1.3) 1.4 (1.3) 1.7 (1.3)

Post-Glucose Challenge
Insulin (30 min, ng/mL) 0.31 (0.27-0.46 ) 0.30 (0.20-0.48 ) 0.19 (0.14-0.36)b

HOMA-β 28.1 (4.1) 21.9 (4.3) 15.4 (4.1)b

Log (HOMA-β) 1.4 (0.7) 1.3 (0.8) 1.1 (0.7)b

Values are means (standard error of the mean) or median (25th-75th percentile). Sample size consisted of 10 animals per group with the exception of fasting 
glucose levels, which were performed on a sample of 25 animals per group. aP < 0.05 as compared to 14-day intermittent hypoxia, bP < 0.05 as compared to 
the control condition (14 days intermittent air). HOMA, homeostasis model assessment; IR, insulin resistance.
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but not glycogenolysis, increased after 14 days of intermittent 
hypoxia (Figures 4B and 4C, respectively). Gene expression 
analysis revealed that phosphoenolpyruvate carboxykinase 
(PEPCK) and glucose 6-phosphatase, two key enzymes regu-
lating gluconeogenesis, increased with 14 days of intermittent 
hypoxia. In mice exposed to 7 days of intermittent hypoxia 

followed by the recovery period, gluconeogenesis and glyco-
genolysis were comparable to the control group. However, a 
differential response in gene expression was noted. At the end 
of the recovery period, PEPCK mRNA levels were similar to the 
control group, whereas glucose 6-phosphatase levels remained 
elevated (Figure 4D). Finally, compared to the control condi-
tion, 14 days of intermittent hypoxia induced a 50-fold increase 
in liver glycogen stores that were correlated with the degree of 
fasting glycemia (Figures 4E and 4F, respectively).

Figure 2—Insulin tolerance test-derived (A) absolute glucose levels; (B) 
normalized glucose levels (% of fasting glucose); and (C) area under the 
curve (AUC) of the normalized glucose curves after intermittent hypoxia 
(14d-IH), control condition (14d-IA), and recovery paradigm. ‡P = 0.028 for 
differences between 14d-IH and 14d-IA groups in Figure 2A (P = 0.011, 
for Figure 2B and P < 0.001 for Figure 2C), †P = 0.013 for differences 
between 14d-IA and recovery groups in Figure 2A (P = 0.015 for Figure 
2B and P = 0.057, for Figure 2C), *P < 0.0013 for differences between 
14d-IH and recovery groups in Figure 2A (P = 0.01 for Figure 2B).

Figure 3—Thiobarbituric acid reactive substances (TBARS) in pancreas 
(A), liver (B), and muscle (C) after intermittent hypoxia (14-IH), control 
condition (14-IA), and recovery paradigm. Mean values were compared 
using one-way analysis of variance (ANOVA). ‡P = 0.005 for differences 
between 14d-IH and 14d-IA groups, †P < 0.001 for differences between 
14d-IA and recovery groups, *P < 0.012 for differences between 14d-IH 
and recovery groups. 
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DISCUSSION
The results of the current study demonstrate that exposure 

to intermittent hypoxia, a pathognomonic feature in obstruc-
tive sleep apnea, induces fasting hyperglycemia, glucose 
intolerance, insulin resistance, and beta cell dysfunction in 
mice. These alterations, which have a fundamental role in the 
development of type 2 diabetes, are accompanied by increased 
hepatic glycogen content and glucose output and higher levels 
of reactive oxygen species in pancreatic tissue. Cessation of the 
hypoxic exposure improved some, but not all, of the observed 
metabolic derangements. Specifically, glucose intolerance, 
insulin resistance, and pancreatic oxidative stress persisted 
despite cessation of the hypoxic exposure, whereas levels of 
fasting glucose and insulin returned to values comparable to 
those observed in the control animals.

The fact that intermittent hypoxia induced fasting hypergly-
cemia is consistent with previous studies21-26 demonstrating that 
short-term hypoxic exposure increases fasting glucose levels 
in nonobese mice—an effect that can be aggravated by diet-
induced obesity.26 It is well established that glucose homeo-
stasis in the fasting state depends primarily on hepatic glucose 
output.32 Previous work by Iiyori et al.22 has shown that expo-
sure to intermittent hypoxia for 9 h can indeed increase hepatic 
glucose output, which then can lead to fasting hyperglycemia. 
While other studies have shown variable effects of intermittent 
hypoxia on glucose in the fasting state,33-36 the heterogeneity in 

the findings across these studies is likely attributed to differ-
ences in exposure duration, level of hypoxia, changes in body 
weight,36 fasting time prior to metabolic assessments, and varia-
tion across species.37 The current study extends previous obser-
vations by demonstrating that, at the cellular level, 14 days 
of exposure to intermittent hypoxia can increase hepatocyte 
glucose output. Our findings also motivate the hypothesis that 
alterations in hepatic gluconeogenesis may have a central role 
in the pathogenesis of fasting hyperglycemia with intermit-
tent hypoxia. In fact, the observed 50-fold increase in liver 
glycogen content in conjunction with enhanced expression of 
glucose-6 phosphatase and PEPCK argue for gluconeogenesis 
as a central mechanism for intermittent hypoxia-induced fasting 
hyperglycemia. It is certainly also possible that hepatic insulin 
resistance and increased glycogenolysis can further augment 
the effects of intermittent hypoxia on fasting glycemia. Candi-
date pathways that can mediate the stimulation of gluconeo-
genesis with intermittent hypoxia include activation of the 
sympathetic nervous system, increased circulating cortico-
steroids or leptin, and enhanced activity of hypoxia-inducible 
factors that, in turn, promote transcription of multiple enzymes 
involved in gluconeogenesis. Although further work will be 
required to elucidate the exact cellular mechanisms enhancing 
gluconeogenesis with intermittent hypoxia, our results demon-
strate that availability of oxygen is fundamental for regulating 
cellular glucose metabolism.

Figure 4—(A) Total glucose output from isolated hepatocytes. (B) Glucose output from gluconeogenesis. (C) Glucose output from glycogenolysis. (D) 
Phosphoenolpyruvate carboxykinase (PEPCK) and glucose 6-phosphatase messenger RNA levels. (E) Liver glycogen stores after intermittent hypoxia (14d-
IH days), control condition (14d-IA days), and recovery paradigm. (F) Association between liver glycogen stores and fasting glucose levels. Mean values were 
compared using one-way analysis of variance (ANOVA). ‡P < 0.05 for differences between 14d-IH and 14d-IA groups (P = 0.021 for Figure 4A, P = 0.04 for 
Figure 4B, P = 0.004 for Figure 4C PEPCK, P = 0.011 for Figure 4D G6P, P = 0.004 for Figure 4E), †P < 0.05 for differences between 14d-IA and recovery 
groups (P = 0.004 for Figure 4D G6P), *P < 0.05 for differences between 14d-IH and recovery groups (P = 0.023 for Figure 4A, P = 0.001 for Figure 4B, 
P = 0.002 for Figure 4D PEPCK, P = 0.020 for Figure 4E).
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It is well established that hepatic glucose output modulates 
fasting glycemia, whereas glucose levels after an intraperi-
toneal glucose challenge depend largely on the sensitivity of 
muscle and fat tissue to insulin and the ability of beta cells 
to secrete insulin in sufficient quantity to normalize plasma 
glucose. Previous studies have demonstrated that short-term 
intermittent hypoxia worsens insulin sensitivity and decreases 
muscle glucose utilization.21,22,38 Even though these derange-
ments are critical in altering glucose homeostasis, overt glucose 
intolerance and hyperglycemia ensue if, and only if, beta cells 
fail to secrete the necessary amount of insulin to compensate 
for a given level of whole-body insulin resistance. Normal 
oxygen levels are obligatory for glucose-induced insulin secre-
tion which rapidly deteriorates under conditions of sustained 
hypoxia.39,40 Because beta cells also exhibit high sensitivity 
to reactive oxygen species (ROS)-induced damage,25,41 the 
repetitive reoxygenation and increased production of ROS that 
occurs during intermittent hypoxia provides an ideal milieu for 
accentuating hypoxia-related functional impairment in beta 
cells. Indeed, our observation of high TBARS levels in pancre-
atic lysates of mice exposed to 14 days of intermittent hypoxia 
provides evidence that ROS production is increased by inter-
mittent hypoxia. Furthermore, the sustained elevation in lipid 
peroxidation in the pancreas despite cessation of hypoxic expo-
sure indicates a component of irreversible injury. Given the 
strong biological plausibility that intermittent hypoxia can have 
detrimental effects on glucose homeostasis, it is not surprising 
that previous studies,33-36,42 while in marked contrast to some of 
the findings reported here, have similar inferences regarding the 
effect of intermittent hypoxia on glucose intolerance, insulin 
resistance, and impaired insulin secretion.

There are two clinically relevant implications of the current 
study. First, significant controversy exists as to whether 
obstructive sleep apnea can lead to the development of insulin 
resistance, glucose intolerance, and type 2 diabetes.15,16 The 
findings of the current study, together with previous experi-
mental work, indicate that intermittent hypoxia in obstructive 
sleep apnea may initiate a cascade of events (i.e., insulin resis-
tance, beta cell dysfunction) that increase the predisposition 
for hyperglycemic states including type 2 diabetes. Second, a 
highly controversial issue in the existing literature has been 
the lack of consistent improvements in glucose metabolism 
in human studies after the initiation of therapy for obstructive 
sleep apnea.15 Inconsistencies across previous reports might be 
attributed to numerous methodological limitations. The current 
study provides an alternative explanation that perhaps some of 
the metabolic derangements induced by intermittent hypoxia, 
such as beta cell dysfunction, may not recover even though the 
inciting exposure is no longer present.

The current study has several important limitations that merit 
discussion. First, because metabolic testing was conducted 
with continued exposure to intermittent hypoxia, it is certainly 
possible that the observed changes in glucose homeostasis 
represent an acute effect that is mediated by the hypoxic stim-
ulus immediately preceding the metabolic assessments. None-
theless, it is important to recognize that small but statistically 
significant differences were observed in glucose tolerance when 
comparing the 7-day and 14-day intermittent hypoxia exposure 
period at the 20- and 30-min time points. Thus, it is more likely 

that the alterations in metabolic function are due to effects that 
have accumulated over the entire exposure period. Second, 
given that the GTT and the ITT circumvent the gastrointestinal 
tract, little insight is gained into the probable role of specific 
gut-derived hormones (i.e., incretins) in mediating the meta-
bolic effects of intermittent hypoxia. Despite the demonstration 
that radiolabeled insulin was similarly absorbed with intermit-
tent hypoxia and the control condition (see supplemental mate-
rial), evaluating incretin profiles would delineate additional 
pathways through which intermittent hypoxia and obstruc-
tive sleep apnea impair glucose metabolism. Third, while the 
ITT provides information on whole-body insulin sensitivity, it 
does not characterize impairments in insulin action occurring 
in adipose tissue and liver. Fourth, the potential for recovery 
was evaluated after the hypoxic exposure was discontinued 
for only 7 days. It is certainly plausible that some of the meta-
bolic parameters may require a longer recovery period to fully 
revert to the normal state. Prior work using animal models on 
the effects of intermittent hypoxia on glucose metabolism is 
notable for a wide range of exposure periods from 9 h22 (short-
term) to several weeks36,37 (long term). Based on these previous 
reports, the 7- and 14-day exposures used in the current 
protocol would be considered of modest length. The decision 
to use the 7- and 14-day exposure duration was motivated, in 
part, by previous work from our laboratory demonstrating that 
such exposure durations are sufficient to induce abnormalities 
in glucose metabolism. An argument could also be made for a 
longer exposure period. However, the primary objective of this 
investigation was to probe the question of whether metabolic 
changes induced by intermittent hypoxia are reversible. Thus, 
the experiments described herein used an exposure duration 
that has been known to be associated with metabolic impair-
ment. Given the findings of potential irreversibility, the next 
logical step would be to examine whether there is additional 
resolution as the recovery period is incrementally increased. 
Finally, it is important to recognize that the C57BL6/J lean 
mice are highly susceptible to the development of diabetes 
because of an acquired mutation in the nicotinamide nucleo-
tide transhydrogenase gene.43 Additional research is needed 
to determine the generalizability of our findings to older and 
obese animals, as well as to translate these observations to 
obstructive sleep apnea.

In summary, intermittent hypoxia induces all of the features 
typical for type 2 diabetes, including fasting hyperglycemia, 
increased hepatic glucose output, insulin resistance, and beta 
cell dysfunction. While fasting glycemia normalizes after the 
hypoxic exposure is discontinued, insulin resistance and beta 
cell dysfunction persist. A better understanding of the factors 
involved in the development, progression, and reversibility of 
metabolic impairments is needed to ascertain whether early 
identification and treatment of obstructive sleep apnea curtails 
metabolic risk in those without preexisting diabetes or improves 
glycemic control in those with established type 2 diabetes.
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SUPPLEMENTAL MATERIAL

Effects of Intermittent Hypoxia on Body Weight
Given that intermittent hypoxia is associated with weight 

loss, daily food intake in the control animals and during the 
recovery period was adjusted daily such that the body weight 
of mice in the control and recovery groups followed the same 
body weight trajectory as animals in the intermittent hypoxia 
group. Table S1 describes the weights for animals in each of the 
exposure groups.

Assessment for interaction between exposure group and 
exposure time (before-after) on body weight showed no signifi-
cant interaction in insulin tolerance test (ITT) or glucose toler-
ance test (GTT) groups (by ANOVA, F = 0.64 df = 2 and 
F = 0.154 df = 4, both P > 0.05 for ITT and GTT groups, respec-
tively) which confirms that weight matching as performed was 
successful and animals in all groups lost comparable amount of 
body weight.

Hepatocyte Isolation Protocol
Mice were anesthetized with intraperitoneal injection of 

sodium pentobarbital (35 mg/kg) and fixed on a surgical plate. 
Midline laparotomy was performed and the portal vein was 
observed. Cranial and caudal ligatures were placed around 
the portal vein prior to making a small incision in it. Caudal 
ligature was tied, and catheter was inserted into the portal vein 
facing the liver hilus and fixed with the cranial ligature. Subse-
quently, catheter was attached to a peristaltic pump, the right 
heart ventricle was incised, and the liver perfused for 25-30 min 
with the full volume of 100 mL of Ca2+ free HBSS (HEPES 
Buffered Saline Solution: 7.59 g NaCl + 0.377g KCl + 0.244g 
MgCl2 +1.8g Dextrose + 4.76 HEPES [4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid] in 1 L of distilled water, 

pH = 7.4) supplemented with 1 uM EGTA preheated to 37°C. 
Immediately after this perfusion, a second perfusion with 50 mL 
of preheated (37°C) HBSS supplemented 10 µM CaCl2 and 
40 ug/mL Liberase TM Enzyme (Roche, Indianapolis, IN, USA) 
was performed. Following the second perfusion, the liver was 
removed and minced with scissors in a Petri dish with prechilled 
DMEM media. Subsequently, the content of the Petri dish was 
filtered through a cell strainer into a 50-mL conical tube and 
centrifuged at 4°C for 2 min at the speed equivalent to 60 g. After 
centrifuging, supernatant was removed, cells were resuspended 
in fresh DMEM media, and the centrifuging step was repeated 
twice more. Following the last centrifuging step, viable cells 
were counted using the trypan blue exclusion method (isola-
tions with < 75% viable were discarded). Cells were plated at 
the density of 500.000 cells/well in 3 mL DMEM (high glucose) 
+ 10% fetal bovine serum (FBS) media in a six-well plate (BD 
Falcon, Franklin Lakes, New Jersey, USA). Unplated cells were 
washed after 4 h with fresh media and the six-well plate was 
incubated for additional 16-18 h in identical medium.

Table S1—Mouse body weight across different experimental groups
Glucose tolerance test Insulin tolerance test

Before 
exposure

After 
exposure

Before 
exposure

After 
exposure

7d-IA 23.8 ± 0.6 21.5 ± 0.5 – –
7d-IH 24.2 ± 0.3 22.0 ± 0.4 – –
14d-IA 24.3 ± 0.5 21.8 ± 0.4 23.2 ± 0.5 21.8 ± 0.5
14d-IH 23.7 ± 0.6 21.5 ± 0.3 25.5 ± 0.7 23.6 ± 0.8
Recovery 25.4 ± 0.8 22.6 ± 0.8 25.1 ± 0.5 22.3 ± 0.6

Figure S1—Insulin absorption from the peritoneal cavity. Absorption of insulin from the peritoneal cavity was evaluated by measuring plasma radioactivity 
(A) or total blood radioactivity (B) at 10, 30, and 60 min after intraperitoneal injection of ~1µCi of I125-radiolabeled insulin (Perkin Elmer, Waltham, MA, USA) 
using Cobra II Gamma Counter (Perkin Elmer). These data provide evidence that absorption of insulin from peritoneal cavity is not modified by exposure and 
thus, observed differences in ITT tests between groups can be attributed to the true pharmacological effect of insulin (rather than to a slower or decreased 
insulin absorption).
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Figure S2—Quality control of total extracted RNA by 18S and 28S RNA bands. Total RNA (1µg) extracted from liver was electrophoretically separated on 
the agarose gel and visualized with ethidium-bromide. IA1-5 (14-day intermittent air), IH1-5 (14-day intermittent hypoxia), Rec1-5 (recovery paradigm). 
Note: sample IA1 was run on a separate gel. This gel provides information on extracted RNA quality as required by MIQE guidelines (The MIQE guidelines: 
Minimum Information for Publication of Quantitative Real-time PCR Experiments. Clin Chem 2009;55:611-22).

Figure S3—Western blot analysis of PEPCK protein expression in liver 
lysates. IH1-5 (14-day intermittent hypoxia), IA1-5 (14-day intermittent 
air), R (recovery paradigm). These fi ndings support gene expression 
data presented in the main manuscript and demonstrate that besides 
enhanced gene expression, intracellular protein levels of PEPCK are 
also increased with 14d-IH and return to control levels with cessation 
of hypoxia. A blot of PEPCK and a loading control protein are shown. 
‡P < 0.05 when compared to 14-day intermittent air exposure. *P < 0.05 
when compared to 14-day intermittent hypoxic exposure.


