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Abstract
Breathing disorders with recurrent apnea produce periodic decreases in arterial blood O2 or
chronic intermittent hypoxia (CIH). Recurrent apnea patients and CIH-exposed rodents exhibit
several co-morbidities including diabetes. However, the effects of CIH on pancreatic beta cell
function are not known. In the present study, we investigated pancreatic beta cell function in
C57BL6 mice exposed to 30 days of CIH. CIH-exposed mice exhibited elevated levels of fasting
plasma insulin, but comparable glucose levels, and higher homeostasis model assessment
(HOMA), indicating insulin resistance. Pancreatic beta cell morphology was unaltered in CIH-
exposed mice. Insulin content was decreased in CIH-exposed beta cells, and this effect was
associated with increased proinsulin levels. mRNA and protein levels of the enzyme pro-hormone
convertase 1 (PC1) which converts proinsulin to insulin were down regulated in CIH-treated islets.
More importantly, glucose-stimulated insulin secretion (GSIS) was impaired in CIH-exposed mice
and in isolated islets. Mitochondrial reactive oxygen species (ROS) levels were elevated in CIH-
exposed pancreatic islets. Treatment of mice with mito-tempol, a scavenger of mitochondrial ROS
during CIH exposure, prevented the augmented insulin secretion and restored the proinsulin as
well as HOMA values to control levels. These results demonstrate that CIH leads to pancreatic
beta cell dysfunction manifested by augmented basal insulin secretion, insulin resistance, defective
proinsulin processing, impaired GSIS and mitochondrial ROS mediates the effects of CIH on
pancreatic beta cell function.
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Introduction
Sleep disordered breathing with recurrent apneas (periodic cessations of breathing) is a
major cause of morbidity and mortality affecting several million adult males and females
(Marshall et al., 2008; Young et al., 2008). Patients with recurrent apneas develop several
co-morbidities, including type 2 diabetes (Tasali et al., 2008; Idris et al., 2009; Laaban et al.,
2009). Periodic decreases in arterial blood O2 levels or chronic intermittent hypoxia (CIH) is
a hallmark manifestation of recurrent apnea patients (Nieto et al., 2000; Shahar et al., 2001).
Rodents exposed to chronic CIH exhibit insulin resistance (O'Donnell, 2007). It is known
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that insulin resistance leads to compensatory increase in pancreatic beta cell function in
order to maintain normal blood glucose levels and when beta cell function is unable to
compensate for insulin resistance it would lead to progressive loss of beta cell function
(Asghar et al., 2006). However, the effects of chronic CIH on beta cell function and the
underlying mechanisms have not been established.

Increased generation of reactive oxygen species (ROS) and the ensuing oxidative stress have
been implicated in the progression of type 2 diabetes (Fridlyand & Philipson, 2006; Lavie,
2009; Rahangdale et al., 2009). Several studies have documented that ROS generated by
mitochondria impairs pancreatic beta cell function contributing to the development of type 2
diabetes (Newsholme et al., 2007; Morgan et al., 2009; Sivitz & Yorek, 2010; WI, 2010).
We recently reported that chronic CIH leads to persistent increase in mitochondrial ROS,
which was due to impaired electron transport chain function at the complex I (Khan et al.,
2011). In the present study, we examined the effects of chronic CIH on pancreatic beta cell
function and assessed the role of mitochondrial ROS. Our results demonstrate that chronic
CIH increases insulin secretion both in vivo and in vitro pancreatic islets, and this effect was
associated with impaired proinsulin processing and defective glucose stimulated insulin
secretion (GSIS). Our results further demonstrate that chronic CIH increases mitochondrial
ROS levels in pancreatic beta cells and treating CIH exposed mice with mitochondrial ROS
scavenger restored basal insulin secretion and proinsulin processing.

Materials and Methods
Experimental protocols are approved by the Institutional Animal Care and Use committee of
the University of Chicago and were performed on adult male C57BL6 mice weighing
20-30g.

Exposure of mice to Intermittent Hypoxia (CIH)
The protocols for exposing mice to chronic CIH were essentially same as described
previously (Peng et al., 2006). Briefly, conscious mice were placed in a specialized chamber
and exposed to alternating cycles of hypoxia (15sec of ∼5% O2) followed by 5 min of room
air, 8h/ day. Control experiments were performed on mice exposed to alternating cycles of
room air in the same chamber. The duration of the gas flows were regulated by timer
controlled solenoid valves. Ambient O2 and CO2 levels in the chamber were continuously
monitored and the CO2 levels were maintained ∼0.1%. In the experiments involving
treatment with mitochondrial ROS scavenger, mice were treated with mito-tempol, (10mg/
Kg; IP; gift from Dr. Kalyanaraman, Medical College Wisconsin), or vehicle every day
before exposure to normoxia or CIH. Acute experiments were performed one hour after
terminating the chronic CIH challenge.

Measurements of plasma insulin, proinsulin, glucose and glucagon levels
Mice were anesthetized with Avertin (240mg/kg body weight) and blood samples were
collected by retro-orbital bleeding. Fasting insulin and proinsulin levels were determined by
Mouse Insulin and Proinsulin ELISA kit respectively (Mercodia, Uppsala, Sweden). Plasma
glucagon levels were measured by Glucagon Chemiluminescent ELISA kit (Millipore,
Missouri). The detection level for glucagon is 3ρg/ml. Glucose levels were analyzed by
blood glucose meter (One touch ultra soft, Life scan) or glucose oxidase assay kit (Pointe
Scientific Inc., Michigan, USA). In the experiments involving assessment of glucose
stimulated insulin secretion (GSIS), mice were fasted overnight and glucose was
administered intraperitonially (2g/Kg body weight). 80-100μl of blood samples were
collected from tail snip at 0, 15, 30, 60, 90 and 120 min after administration of glucose and
blood glucose and plasma insulin levels were determined.
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Isolation of pancreatic islets and exposure to CIH in vitro
Pancreata were harvested from anesthetized mice (Ketamine 50mg/ml/kg and Xylazine
2.5mg/m/kg, IP) and islets were isolated by collagenase digestion and Ficoll step gradient
density separation as described (Jacobson et al., 2007). Islets were cultured for 24 hr in
RPMI-1640 medium supplemented with 5.8mM glucose, 10% FBS, 1% Penicillin/
Streptomycin. Prior to the experiment, islets were serum starved overnight in RPMI-1640
medium containing 2.8mM glucose and 0.1% BSA and then were exposed to either
alternating cycles of room air (normoxia, 21% O2) or to 60 cycles of CIH (30 sec of hypoxia
∼1% O2 followed by 5 min of 21% O2 per cycle).

Morphometric analysis
Mice were anesthetized with urethane (1.2 g/kg, IP), and were perfused transcardially with
ice-cold heparinized PBS followed by 4% paraformaldehyde. Pancreatic tissue was
harvested, mounted in OCT compound (Tissue Tek, VWR Scientific), 8 μm sections were
cut and stored at −80° C till further analysis. Sections were washed three times in PBS, and
blocked with 20% normal goat serum and 0.2% Triton X-100 in PBS for 30 minutes, and
were incubated with anti-insulin (1:2000, Sigma, USA) or rabbit anti-glucagon (1:2000,
DiaSorin Inc, MN, USA) or anti-proinsulin (1/2000 dilution; Abcam, MA) or anti-Ki67
(1:500, Abcam, MA, USA) antibodies. Antibody binding was detected using fluorescein iso-
thiocyanate-conjugated or texas red secondary antibodies (1:250, Molecular Probes, Oregon,
USA). Sections were double stained with DAPI for nuclei and visualized using a fluorescent
microscope (Eclipse E600, Nikon). For morphometric analysis, cells positive for insulin and
glucagon were counted in each islet (4-5 islets per each section / 5 sections separated by an
interval of 50 μm / animal) were divided by the total number of cells stained with DAPI and
expressed as percentage of beta- and alpha- cells using J IMAGE (NCIH, Frederick, MD).
Islet size was calculated by dividing the total area of the islet by the total number of DAPI
stained cells.

Measurement of proinsulin and insulin in the islets
Isolated islets were homogenized in acid ethanol (0.18M HCl in 96% (vol /vol) ethanol) at
4°C. The homogenates were diluted 200 times to prevent interactions of ethanol with
ELISA. Proinsulin and insulin levels were determined by Mouse Insulin and Proinsulin
ELISA kit (Mercodia, Uppsala, Sweden).

Western Blot analysis
Islet extracts (20 μg) prepared in RIPA buffer (phosphate buffer, pH 7.4 containing150 mM
NaCl, 1% triton X-100, 1% sodium deoxycholate, 0.1% SDS, 5 mM EDTA and protease
inhibitor cocktail) were fractionated by polyacrylamide-SDS gel electrophoresis and blotted
with monoclonal proinsulin (1/3000 dilution; Abcam, MA), polyclonal PC1, PC2 (1/3000;
Abcam, MA) and monoclonal tubulin (1/3000; Sigma) antibodies to determine relative
protein expression. Proinsulin protein was detected using HRP-conjugated secondary
antibody (Millipore, Missouri) and ECL. PC1 and PC2 proteins were detected using
secondary goat anti rabbit IR Dye 680 and anti mouse 800CW from LI-COR and blots
scanned on Odyssey Fc imaging system (LI-COR). For proinsulin maturation analysis, cell
lysates were run on a non-reducing 16.5 % Tris-Tricine precast gels from BioRad labs.

Measurements of mitochondrial reactive oxygen species (ROS)
Islets (800-900 pooled from 3-4 mice) were homogenized and mitochondrial fractions were
prepared by differential centrifugation as described (Lai & Clark, 1979; Yuan et al., 2004).
Aconitase activity and malondialdehyde (MDA) levels were monitored as indices of ROS in
mitochondrial fractions as described previously (Nanduri et al., 2009). Briefly, MDA levels
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were determined by measuring the relative fluorescence intensity of the homogenate in
presence of thiobarbituric acid at excitation and emission wavelengths of 530 and 550 nm,
respectively and values are expressed as nanomoles of MDA formed per milligram of
protein. Aconitase enzyme activity was measured by monitoring the increase in absorbance
at 340 nm associated with the formation of NADPH in the conversion of isocitrate to a-
ketoglutarate. The rate of NADPH production is proportional to aconitase activity and
expressed as nanomoles of isocitrate formed per minute per milligram of protein

Real time RT-PCR
Proinsulin, pro-convertase 1 and 2 (PC1 and PC2) mRNAs were analyzed in the islets by
quantitative real-time RT-PCR with mouse-specific primers and 18s RNA as a housekeeping
gene using SYBR as a fluorogenic binding dye as described previously (Nanduri et al 2009).
Primer sequences for real-time PCR amplification are: Proinsulin (NM_001185084); For:
TGGCTTCTACACACCCAAG; Rev:ACAATGCCACGCTTCTGCC. PC1
(NM_013628.2); For:
CGCTGACCTGCCAATGACT;Rev:CAGATGCTGCATATCTCTCCAGG.PC2
(NM_013628.2); For: AAGAGGCTCGCCAAGTTGC; Rev:
GGTCAAATCCTTCTTGTTGCAGCG. 18S ((NR_003278); For:
CGCCGCTAGAGGTGAAATTC. Rev: CGAACCTCCGACTTTCGTTCT.

Results
Effect of intermittent hypoxia (CIH) on plasma insulin and glucose levels

Fasting plasma insulin and blood glucose levels were measured in mice exposed to either 15
or 30 days of CIH. Plasma insulin levels increased by ∼2.5 and 4-fold in mice exposed to 15
days and 30 days of CIH, respectively compared to control mice (Fig. 1A). Higher levels of
proinsulin in the plasma can contribute to increased insulin levels observed. To examine this
possibility, proinsulin levels were measured by ELISA. In contrast to increased insulin
levels, plasma proinsulin levels decreased ∼2 fold in CIH exposed mice compared to
controls (Fig. 1B). Inspite of elevated plasma insulin levels, fasting blood glucose levels,
however, were comparable between control and CIH-exposed mice (Fig. 1C). Blood sugar
homeostasis is a balance between insulin and glucagon acting together. It is therefore
possible that increased glucagon levels by CIH may play a role in maintaining plasma
glucose. However, plasma glucagon levels measured from 30 days of CIH-exposed mice
were comparable to control group (P= 0.772; Fig. 1D). Homeostasis model assessment
(HOMA = Fasting insulin (μU/ml) × Fasting glucose (mg/dL) / 22.5), which is an index of
insulin resistance, was significantly higher in mice treated with either 15 days or 30 days of
CIH (Fig. 1E). All further experiments were performed with 30 days of CIH exposure,
which produced more robust changes in insulin levels.

Effect of CIH on beta cell morphology
The augmented basal insulin secretion by IH could be due to increased beta cell proliferation
or increased beta cell mass. This possibility was examined by staining pancreatic sections
from mice exposed to 30 days of CIH with Ki-67, a marker of cell proliferation along with
insulin staining. As shown in Fig 2A (left panel), Ki-67 staining was indistinguishable
between control and CIH-treated samples. The total number of islets obtained from both
groups were comparable (∼350±40) from each mouse (n=8). Morphometric analysis
revealed no significant changes in beta cell size (Fig. 2B) or number of beta cells in CIH-
exposed compared to control mice (Fig. 2C).
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Effect of CIH on beta cell insulin content
The augmented basal insulin secretion is not due to increased insulin content in pancreatic
islets, because CIH-exposed mice exhibited remarkable decrease in the intensity of insulin
staining in pancreatic sections compared to normoxic controls as shown in Fig. 2A (middle
panel). Glucagon staining, a marker of alpha cells, was restricted to periphery of the islets
and there was no obvious difference in the intensity of glucagon staining between CIH-
exposed and control pancreatic islets (Fig. 2A, right panel).

Quantitative analysis by ELISA revealed a ∼50% decrease in islet insulin content in CIH-
exposed compared to control mice (P< 0.01; n=8; Fig. 2D). In the same animals, plasma
insulin levels were measured and the ratio of plasma insulin to insulin content in pancreatic
islets was determined. The ratio of plasma insulin to pancreatic insulin content was
significantly higher in islets from CIH-exposed compared to control mice (CIH=8.1±1.2%
vs. Control= 1.2±0.64%; P<0.01; Fig. 2E).

CIH impairs processing of proinsulin to insulin
Since plasma proinsulin levels decreased by 40% by CIH, we determined whether the
decrease in islet insulin content is due to alterations in proinsulin levels and/or processing of
biologically active insulin from proinsulin. Western blot assay showed a ∼2.5 fold increase
in proinsulin protein levels, in islets from CIH exposed mice (P<0.01; Fig. 3A). Analysis of
ratio of proinsulin to insulin by ELISA revealed ∼3 fold increase in islets from mice
exposed to CIH (Fig. 3B). In addition, analyses of islet lysates on non-reducing gels by
immunoblots with proinsulin antibody showed accumulation of high molecular weight
bands (∼250kDa) in islets from CIH-exposed mice compared to controls (Fig. 3C)
suggesting proinsulin aggregates. Real time RT-PCR analysis showed a ∼2-fold decrease in
proinsulin mRNA levels (Fig. 3D), further confirming that elevated proinsulin protein levels
were not due to increased transcriptional changes, but due to accumulation of proinsulin
protein as a consequence of impaired processing of proinsulin to insulin.

The enzymes, pro-hormone convertase 1 and 2 (PC1 and PC2) are critical for processing
biologically active insulin from proinsulin. PC1 and PC2 mRNAs and protein levels were
determined in pancreatic islets from control and CIH-exposed mice. PC1 mRNA and protein
levels were significantly down regulated in islets from CIH-exposed mice (P<0.01); whereas
PC2 mRNA and protein levels were unaltered (P>0.05; Fig. 3D-E).

Mitochondrial ROS mediates CIH augmented insulin secretion
Previous studies showed increased ROS levels mediate many of the systemic and cellular
responses to CIH and identified mitochondria as a major source of ROS generation by CIH
(Prabhakar et al., 2007). Beta cells are particularly susceptible to mitochondrial ROS (Sivitz
& Yorek, 2010; WI, 2010). ROS levels were determined by measuring: a) the levels of
malondialdehyde (MDA), which represents oxidized lipids (Devasagayam et al., 2003), and
b) the activity of the aconitase, a redox sensitive enzyme in the mitochondrial fractions of
pancreatic islets. ROS levels were significantly elevated in mitochondrial fractions of
pancreatic islets from CIH exposed mice as evidenced by increased MDA levels and
decreased aconitase activity, and these effects were completely reversed by treating CIH
exposed mice with mito-tempol (10 mg/Kg; I.P per day), a selective scavenger of
mitochondrial ROS ((Trnka et al., 2009), every day prior to exposing them to CIH (Fig.
4A&B). Mito-tempol treatment also prevented the increase in proinsulin and the decrease in
PC1 protein levels in islets from CIH-exposed mice (Fig. 4C). Mito-tempol treatment
blocked the CIH-induced increase in fasting plasma insulin, but had no significant effect on
fasting blood glucose levels and as a consequence, HOMA values in CIH-exposed mice
treated with mito-tempol were comparable to control mice (Fig. 4D-F).
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Effect of CIH on glucose stimulated insulin secretion (GSIS)
To examine the effects of CIH on GSIS, glucose was administered intra-peritonially (2gm/
kg body weight) into control and CIH-exposed mice. Blood glucose and plasma insulin
levels were measured at 15 min intervals for two hours. Both control and CIH-treated mice
responded with increased blood glucose levels following glucose load. However, the
magnitude of increase in blood glucose was significantly greater in CIH-treated mice during
the first 60 minutes of post-glucose administration than controls (Fig. 5A). Blood glucose
levels returned to basal levels after 145 minutes in CIH-treated mice as opposed to 103
minutes in control mice (Fig. 5A). Following glucose load, control mice responded with an
increase in plasma insulin levels, which remained elevated during 30 and 60 min after
glucose administration. In CIH-treated mice, basal insulin levels were higher than control
mice, and glucose did not further increase plasma insulin levels (Fig. 5B).

To determine whether CIH selectively affected insulin response to glucose, experiments
were performed on pancreatic islets harvested from control mice reared under room air.
Islets were exposed to IH in vitro (1.5% O2 balanced 10% CO2 for 30 sec followed by 5
minutes of 20% O2 balanced 10% CO2). Control experiments were performed on cells
exposed to alternating cycles of room air (20% O2 balanced 10% CO2). Our previous studies
showed that in vitro IH exposure decreases medium pO2 near cells by 25-30 mmHg during
each episode of hypoxia and produces robust cellular responses (Yuan et al., 2004; Nanduri
et al., 2009). Control islets (i.e., exposed to normoxia) responded to 20mM glucose with
increased insulin secretion (a 2 fold increase). IH-exposed islets exhibited significantly
higher basal insulin secretion, similar to that seen in CIH-exposed mice, and 20mM glucose
had no further stimulatory effect on insulin secretion (Fig. 5C). In striking contrast, 30mM
KCl, a non-selective secretagogue, significantly stimulated insulin secretion in both control
as well as IH-exposed islets (Fig. 5D).

Discussion
The present study examined the effect of CIH on pancreatic beta cell function and assessed
the underlying mechanisms. CIH-treated mice exhibited elevated fasting plasma insulin
levels without significant changes in glucose levels which were not due to increased
proinsulin or glucagon levels. These results suggest that CIH leads to insulin resistance, a
finding consistent with an earlier study (O'Donnell, 2007). The augmented basal insulin
secretion in CIH-exposed mice might be due to increased beta cell proliferation. However,
we did not find evidence for beta cell proliferation in mice exposed to 30 days of CIH.
Furthermore, no significant differences in beta cell mass were found suggesting that cell
hypertrophy has not occurred. A previous study reported beta cell proliferation in rats
exposed to 4 days of CIH (alternating cycles of 5.7% O2 and 21% O2 every 180s; (Xu et al.,
2009)). The discrepancy between our findings and that of Xu et al (2009) might be due to
differences in CIH paradigms. Indeed such a possibility is supported by a recent study
(Raghuraman et al., 2009) which compared the CIH paradigm used by Xu et al (2009) with
the paradigm used in our study and found that cellular responses critically depend on the
CIH paradigm. Thus, our results indicate that changes in beta cell morphology do not seem
to account for the enhanced basal insulin secretion under our experimental conditions.

CIH-induced increase in basal insulin secretion was associated with significant reduction in
insulin and increased proinsulin content in pancreatic beta cells, demonstrating that CIH
leads to enhanced basal insulin secretion despite the decreased insulin content. These
findings are reminiscent of the study by (Bollheimer et al., 1998), who reported that free
fatty acids stimulate insulin secretion with concomitant reduction in pancreatic insulin
content. How might CIH leads to decreased insulin content? Pancreatic islets from CIH
exposed mice showed down regulation of proinsulin mRNA, increased proinsulin protein
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and down regulation of pro-convertase 1 (PC1) mRNA and protein. Recent studies have
shown that proinsulin homeostasis involves a balance of natively and non-natively folded
states due to inherent aggregation-prone nature and low relative folding rate and is
susceptible to environmental influences like oxidative stress (Wang et al., 2011; Wang &
Osei, 2011). The high molecular weight proinsulin bands detected on non-reducing gels in
our experiments could be disulfide bonded misfolded proinsulin aggregates, a possibility
that requires further study. These findings suggest that proinsulin synthesis and processing
are severely compromised by CIH. Thus, the CIH-induced decreased insulin content of islets
is due to combination of increased basal secretion and decreased proinsulin synthesis and
processing.

Our results further showed that the increased basal insulin secretion by CIH was associated
with severely impaired GSIS both in in vivo and in vitro. The finding that GSIS in controls
is of the same magnitude as CIH-induced basal insulin secretion suggest that CIH imposes
an excessive functional demand on pancreatic beta cells which may lead to saturation or
exhaustion of the beta cell secretory capacity, resulting in impaired GSIS over time. In
striking contrast insulin secretion in response to KCl, a non-selective secretagogue was
unaffected by CIH, suggesting that CIH selectively affects insulin response to glucose.

What signaling mechanism(s) mediate the effects of CIH on beta cells? Beta cells express
relatively low levels of antioxidant enzymes including superoxide dismutase, glutathione-
peroxidase, catalase and thioredoxin (Lenzen et al., 1996; Tiedge et al., 1997), rendering
them susceptible to oxidative stress. Furthermore, increased mitochondrial ROS as well as
ROS derived from NADPH oxidases (Nox) cause beta cell dysfunction (Newsholme et al.,
2007; Morgan et al., 2009). We previously reported that ROS and ensuing oxidative stress
play a critical role in mediating cellular response to CIH (Prabhakar et al., 2007). Our recent
study showed that CIH initially activates Nox2 and the resulting ROS inhibits mitochondrial
electron transport chain at the complex I leading to increased mitochondrial ROS (Khan et
al., 2011). The following findings demonstrate that mitochondrial ROS mediate the effects
of CIH on beta cell function. First, ROS levels were elevated in mitochondrial fractions
from CIH exposed islets as evidenced by decreased aconitase and elevated MDA levels, two
indices of ROS. Second, Mito-tempol, a selective mitochondrial ROS scavenger, prevented
CIH-induced increase in mitochondrial ROS, abolished the enhanced basal insulin secretion,
restored proinsulin processing and prevented the increased HOMA value. Whether
mitochondrial ROS directly affect the maturation and conversion of proinsulin and/or
function of PC1 enzymes needs further investigation.

We identified mitochondrial ROS as a major signaling mechanism mediating beta cell
dysfunction by CIH manifested with augmented insulin secretion and defective proinsulin
processing. Despite a large body of clinical evidence linking sleep-disordered breathing with
apnea to type 2 diabetes, very little is known about the underlying mechanisms (Pallayova et
al., 2011). The results of the current study provide evidence for direct effects of CIH, a
hallmark manifestation of recurrent apnea on beta cell function.
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New Findings

What is the central question of this study?

Periodic decreases in arterial blood O2 or chronic intermittent hypoxia (CIH) is a hall
mark feature of sleep apnea patients. Despite a large body of clinical evidence linking
sleep-disordered breathing with apneas to diabetes, the causal relationships between CIH
and beta cell function and the underlying molecular mechanisms have not been
established.

What is the main finding and its importance?

In a rodent model, we show that CIH generated mitochondrial oxidative stress leads to
pancreatic beta cell dysfunction manifested by augmented basal insulin secretion, insulin
resistance, defective proinsulin processing, impaired glucose stimulated insulin secretion.
The results of the current study provide evidence for direct effects of CIH on beta cell
function which may be an underlying molecular mechanism contributing to the
development of type 2 diabetes among sleep apnea patients.
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Figure 1.
Effect of intermittent hypoxia (IH) on fasting plasma insulin, glucose and Homeostatic
Model Assessment (HOMA). C57B6J mice were exposed to either 15 or 30 days of IH or
normoxia (N). Fasting plasma (A), proinsulin (B), blood glucose (C), and glucagon (D) were
measured as described in methods. E) HOMA (Homeostasis model assessment) an index of
insulin resistance was calculated using the formula Fasting insulin (μU/ml) × Fasting
glucose (mg/dL)/22.5. Data from n=8 animals is shown as mean ± SEM. ** denote p value
<0.01; n.s. = not significant p value >0.05 as determined by one way ANOVA test.
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Figure 2.
Effect of CIH on beta cell morphology. A) Pancreatic sections from normoxia (N) and CIH-
exposed mice were stained with antibodies specific for Ki67, a cell proliferation marker,
insulin, glucagon and DAPI, a marker of nucleus. A) Example of an islet stained for
Ki67+DAPI (left panel), insulin in beta cells (middle panel), glucagon in alpha cells (right
panel). Analysis of islet size (B) and number of beta and alpha cells (C) in control and CIH-
treated mice. Number of cells was determined from 100-125 islets from each mouse and 4
mice in each group. C) Quantitative measurement of insulin content in control (N) and CIH-
exposed islets by ELISA. D) Percentage of insulin secreted relative to islet insulin content.
Data expressed as mean ± SEM from 4-6 mice. ** denote p value <0.01; n.s. = not
significant p value >0.05 analyzed by one way ANOVA test.
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Figure 3.
Effect of CIH on proinsulin processing: A) Top panel: Representative immunoblot of
proinsulin protein in islets isolated from control (N) and CIH-exposed mice with tubulin as
loading control. Bottom panel: Densitometric analysis (mean ± SEM; n=4 mice). B)
Proinsulin and insulin levels were measured by ELISA and the ratio of proinsulin to insulin
normalized to controls is represented as mean ± SEM from n=8 mice. C) Analysis of
proinsulin expression under non-reducing conditions. D) mRNA levels of proinsulin, PC1
and PC2 measured in islets by real time RT-PCR and expressed as fold change after
normalizing to 18s mRNA. E) Top panel: Representative immunoblots showing PC1 and
PC2 protein expression in islets isolated from normoxia (N) and CIH-exposed rats. Bottom
panel: Quantitative analysis of relative fluorescence units (mean ± SEM) normalized to
controls (n=8 mice). ** denote p value <0.01; n.s. = not significant p value >0.05 by one
way ANOVA test.
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Figure 4.
Effects of systemic administration of mito-tempol, a mitochondrial reactive species (ROS)
scavenger, on CIH-induced changes in insulin signaling. Mice exposed to 30days of CIH or
normoxia were treated daily with mito-tempol (10mg/kg/day/I.P). A-B) Effect of mito-
tempol on mitochondrial ROS levels measured by determining malondialdehyde levels
(TBARS), A) and aconitase activity (B) levels in the mitochondrial fractions of pancreatic
islets. C) Top panel: Representative immunoblot showing proinsulin, PC1 and tubulin
protein levels. Bottom panel: Quantitative densitometric analysis of the data shown as mean
± SEM from 8 mice. D-F) Fasting plasma insulin and glucose values were determined and
HOMA values calculated as described in the methods. The data represent mean ± SEM (n
=8). ** denote p value <0.01. n.s. = not significant p value >0.05 by one way ANOVA test.
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Fig 5.
Effect of CIH on glucose stimulated insulin secretion (GSIS). Mice exposed to normoxia
(N) or 30days of CIH were administered glucose (2g/Kg; I.P). Plasma insulin (A) and blood
glucose (B) levels were measured at indicated times (n=8 mice). C-D) Pancreatic islets
harvested from normoxic mice were exposed to normoxia (N) or IH in vitro as described in
methods and then insulin release was monitored in response to 20 mM glucose (C) or 30
mM KCl (D) as described in methods. Data were expressed as mean ± SEM from n=5
individual experiments. ** denote p value <0.01. n.s. = not significant p value >0.05 by two
way ANOVA test.
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