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Abstract
Intermittent hypoxia (IH) during sleep, such as occurs in sleep apnea (SA), induces increased
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase activation and deficits in
hippocampal learning and memory. Similar to IH, high fat-refined carbohydrate diet (HFD), a
frequent occurrence in patients with SA, can also induce similar oxidative stress and cognitive
deficits under normoxic conditions, suggesting that excessive NADPH oxidase activity may
underlie central nervous system (CNS) dysfunction in both conditions. The effect of HFD and IH
during the light period on two forms of spatial learning in the water maze as well as on markers of
oxidative stress was assessed in male mice lacking NADPH oxidase activity (gp91phox-/Y) and
wild-type littermates fed HFD. On a standard place training task, gp91phox_/Y displayed normal
learning, and was protected from the spatial learning deficits observed in wild-type littermates
exposed to IH. Moreover, anxiety levels were increased in wild-type mice exposed to HFD and IH
as compared to controls, while no changes emerged in gp91phox_/Y mice. Additionally, wild-type
mice, but not gp91phox_/Y mice, had significantly elevated levels of malondialdehyde (MDA) and
8-hydroxydeoxyguanosine (8-OHdG) in hippocampal lysates following IH-HFD exposures. The
cognitive deficits of obesity and westernized diets and those of sleep disorders that are
characterized by IH during sleep are both mediated, at least in part, by excessive NADPH oxidase
activity.
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Sleep apnea (SA) is a clinical syndrome characterized by repeated episodes of upper airway
obstruction during sleep, which is now recognized as a significant and highly prevalent
health problem, not only because of its association with substantial cardiovascular and

© 2012 IBRO. Published by Elsevier Ltd. All rights reserved.
*Correspondence to: David Gozal, M.D., Department of Pediatrics, Pritzker School of Medicine, Comer Children’s Hospital, The
University of Chicago, 5721 S. Maryland Avenue, MC 8000, Suite K-160, Chicago, IL 60637, (773) 702-6205 – Phone; (773)
702-4523 – FAX dgozal@uchicago.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Author Contributions:
DN performed all experiments, analyzed the data and drafted the initial version of the manuscript. VR performed data and statistical
analysis, interpretation of the data and drafted the initial version of the manuscript. DG provided the initial conceptual framework,
coordinated the experimental planning, assisted with data analysis and interpretation, and edited and approved the final version of the
manuscript.

NIH Public Access
Author Manuscript
Neuroscience. Author manuscript; available in PMC 2013 December 27.

Published in final edited form as:
Neuroscience. 2012 December 27; 227: 361–369. doi:10.1016/j.neuroscience.2012.09.068.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



metabolic morbidity, but also because of the prominent cognitive and behavioral deficits that
occur in this condition. The neuropsychological impairments are accompanied by increased
levels of systemic markers of oxidative stress and inflammation in addition to gray matter
losses in neural sites contributing to cognitive function (Beebe and Gozal, 2002; Carpagnano
et al., 2002; Gozal et al., 2007; Macey et al., 2002; Montplaisir et al., 1992).

Diet is a major factor in maintaining neural and cognitive health throughout the lifespan, and
changes in diet and lifestyle have promoted an epidemic of obesity and related health
problems all over the world, and particularly in the United States (Mokdad et al., 1999). For
example, high fat diet (HFD), that is rich in saturated fat and refined sugar, contributes to
accelerated cognitive decline in aging, and in the course of dementia in Alzheimer disease
(Kalmijn et al., 1997; Thirumangalakudi et al., 2008). Carbohydrate-enriched HFD also
aggravates impairments of cognitive functions following traumatic brain injury (Wu et al.,
2003), cerebral ischemia/reperfusion injury (Li et al., 2007a; Li et al., 2007b) and
intermittent hypoxia (Goldbart et al., 2006). It is now well established that one of the
primary causes of the current epidemic of obesity in developed countries is the increased
consumption of a diet rich in saturated fat and simple sugars, such as refined carbohydrates
(Hill and Peters, 1998). Although such diets have been linked to a host of health risks such
as oxidative stress, hypertension, diabetes mellitus, and obstructive sleep apnea, the degree
to which such dietary factors affect cognitive function has only been more recently
examined (Elias et al., 2003). Even in healthy animals, carbohydrate-enriched HFD impairs
learning and memory (Molteni et al., 2004; Pathan et al., 2008; Wainwright et al., 1999;
Zhao et al., 2004) and synaptic plasticity (Stranahan et al., 2008), by affecting brain-derived
neurotrophic factor and cyclic AMP-response element-binding protein (Molteni et al., 2004;
Wu et al., 2004). HFD will also reduce hippocampal neurogenesis (Hwang et al., 2008;
Lindqvist et al., 2006; Tozuka et al., 2009), and lead to oxidative stress by inducing lipid
peroxidation, including increased 4-hydroxy-2Enonenal levels in the hippocampus (Hwang
et al., 2009; Wu et al., 2004). On the other hand, ketogenic diets, i.e., low carbohydrate/high
fat diets exert a neuroprotective effect in Alzheimer’s disease, Parkinson’s disease, traumatic
brain injury, epilepsy and stroke (Gasior et al., 2006; Noh et al., 2008). In older individuals,
diets rich in monounsaturated fatty acids and in fruits and fibers are associated with better
memory scores and protection against cognitive decline (Capurso et al., 1997; Floel et al.,
2008; Solfrizzi et al., 1999).

The enzyme nicotinamide adenine dinucleotide phosphate (NADPH)-oxidase was initially
identified and studied in the context of its role in phagocyte oxidative burst (Quinn and
Gauss, 2004). This enzyme has however emerged as a major source of reactive oxygen
species (ROS) generation in mammalian cells, including the central nervous system (CNS;
(Bedard and Krause, 2007; Dringen, 2005; Serrano et al., 2003; Vallet et al., 2005) where it
it plays major functional roles in astrocytes (Abramov et al., 2005), and neurons (Tejada-
Simon et al., 2005; Vallet et al., 2005), in the latter being primarily localized at the synapse
level (Tejada-Simon et al., 2005). Mutations in the gp91phox and p47phox genes are the
most common mutations that cause chronic granulomatous disease (Winkelstein et al.,
2000). These mutations disable the NADPH oxidase complex, thereby preventing the
oxidation of NADPH and the subsequent production of superoxide (Lomax et al., 1989;
Royer-Pokora, 1987), which is required for pathogen destruction as well as most
superoxide-dependent signal transduction in nonphagocytic cells (Jackson et al., 2004;
Kishida et al., 2005; Sumimoto et al., 2004). gp91phox (Pollock et al., 1995) and p47phox
(Jackson et al., 1995) mutant mice have been generated and can therefore be used to explore
the putative role of NADPH oxidase in disease models such as HFD or IH.

We hypothesized that both HFD and IH-induced deleterious effects on learning and
memory, mood, and anxiety would be reduced in NADPH oxidase mutant mice
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(gp91phox-/Y) (Akashiba et al., 2002; Bardwell et al., 2001; Borak et al., 1996; El-Sheikh et
al., 2010; Kaplan, 1992; Sanchez et al., 2001).

Experimental procedures
Animals

Eight-week-old male hemizygous gp91phox-/Y (B6.129S-Cybbtm1Din/J) mice (20–22 grams)
and C57BL/6J mice (20–22 grams) were purchased from Jackson Laboratories (Bar Harbor,
Maine), housed in a 12 hr light/dark cycle (lights on from 7:00 am to 7:00 pm) at a constant
temperature (26 ±1°C). Mice were housed in groups of four in a standard clear
polycarbonate cages, and were allowed access to food (see below) and water ad libitum. All
behavioral experiments were performed during the light period (between 9:00 am and 12:30
pm). Mice were randomly assigned to either IH or room air (RA) exposures. The
experimental protocols were approved by the Institutional Animal Use and Care Committee
and were in close agreement with the National Institutes of Health Guide in the Care and
Use of Animals. All efforts were made to minimize animal suffering and to reduce the
number of animals used.

Intermittent Hypoxia Exposures
Animals were maintained in 4 identical commercially-designed chambers (30"×20" ×20";
Oxycycler model A44XO, BioSpherix, Redfield, NY) operated under a 12 hour light-dark
cycle (7:00 am–7:00 pm) for 14 days prior to behavioral testing. Oxygen concentration was
continuously measured by an O2 analyzer, and was changed by a computerized system
controlling gas outlets, as previously described (Gozal et al., 2001; Kheirandish et al., 2005;
Row et al., 2004), such as to generate oxyhemoglobin nadir values in the 65–72% range
every 180 seconds. Ambient temperature was kept at 22–24°C.

High fat/refined carbohydrate (HFD) diet
The HFD diet used was high in fat and refined sugar (42% kcal from fat, 42.7% kcal from
carbohydrate), and contained a standard vitamin and mineral mix with all essential nutrients
(Harlan Laboratories Product # TD 88137; Madison, WI) and was available to all mice ad
libitum.

Behavioral Testing
Spatial reference learning and memory as well as working memory was assessed using the
standard Morris water maze, consisting of a circular tank (diameter, 1.4m and 0.6m in
height) filled to a level of 35cm with water maintained at a temperature of 21°C. The pool
water was made opaque by addition of 150 ml of non-toxic white tempera paint. A Plexiglas
escape platform (10 cm in diameter) was positioned 1 cm below the water surface and
placed randomly at any of the four arbitrarily defined quadrants of the pool. Visual cues
were placed in each of the quadrants of the tank. Maze performance was recorded by a video
camera suspended above the maze and interfaced with a video tracking system (HVS
Imaging, Hampton, UK).

Briefly, standard place-training reference memory task was conducted on mice in the water
maze following exposure to 14 days of IH or RA. The mice were habituated to the water
maze during a free swim one day prior to the place learning. Each training session consisted
of three trials separated by a 10 minute inter-trial interval. On a given daily session, each
mouse was placed into the pool from 1 of 4 quasirandom start points (N, S, E or W) and
their order of use was changed daily. The mice were given 90-second training trials per day
to escape to the platform where the mice were allowed to stay for 15 sec. Mice that failed to
escape were led to the platform. To obtain measures of spatial bias following 24 h of the
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final training session, the platform was removed for a probe trial. The performance in the
water maze was assessed by analyzing the mean escape latencies and swim distance as
previously described (Nair et al., 2011).

Reference memory
After acquisition of the task, the mice were kept in their home cage under respective
experimental conditions (RA and IH) for 14 days. Following this, the retention tests were
carried out. In the retention test, performance in a single session (two trials) was assessed,
and the mean average performance of the two trials was calculated as previously described
(Nair et al., 2011).

Forced swimming test (FST)
To assess the level of depression, mice were individually forced to swim in an open
cylindrical container (diameter 14 cm, height 20 cm), with a depth of 15 cm of water at 25 ±
1 °C. During the 6 min of total test time, the immobility time, defined as the absence of
escape-oriented behaviors, was scored as previously described (Nair et al., 2011). Each
mouse was judged to be immobile when it ceased struggling, and remained floating
motionless in the water, making only those movements necessary to keep its head above
water. The average percentage immobility was calculated by a blinded experimenter during
the last 4 min of the test.

Elevated plus maze (EPM)
The elevated plus maze (EPM) was used to assess anxiety. Mice were placed in the center of
the maze and animal behavior was recorded on videotape for 10 minutes, followed by
offline analysis. The following parameters were scored: (a) Percent time spent in open and
closed arms; (b) number of entries to closed arms. An arm entry was defined as the entry of
all four feet into either one of the closed arm as previously described (Nair et al., 2011). Of
note, the maze was cleaned with 30 % ethanol between trials to remove any odor cues. A 60
w light was placed above the apparatus and the test was recorded by an overhead camera
using ethovision software from Noldus.

Biochemical studies
After the completion of all the behavioral experiments (Nair et al., 2011), the mice were
sacrificed at 7:00 p.m. by cervical dislocation and brains were immediately dissected under
dry-ice and hippocampal tissues were extracted. The tissues were flash frozen in liquid
nitrogen and stored in −80 °C until assayed.

Lipid Peroxidation Assay
The levels of malondialdehyde (MDA) production, a commonly used indicator of lipid
peroxidation from the hippocampus were measured by the MDA-586 kits (OxisResearch,
Portland OR) according to the manufacturer's instruction as previously described (Nair et al.,
2011).

8-hydroxydeoxyguanosine (8-OHdG)
Levels of 8-OHgG was measured in the hippocampus using a commercially available assay
(Cell Biolabs, San Diego, CA). Briefly, hippocampal samples or 8-OHdG standards were
first added to an 8-OHdG/BSA conjugate preabsorbed enzyme immunoassay plate. After a
brief incubation, an anti–8-OHdG mAb was added, followed by an horseradish peroxidase-
conjugated secondary antibody. The 8-OHdG content in the hippocampal samples was then
determined by comparison with the 8-OHdG standard curve as previously described (Nair et
al., 2011).

Nair et al. Page 4

Neuroscience. Author manuscript; available in PMC 2013 December 27.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Data Analysis
To elucidate the nature of interactions between conditions and mouse groupings, all data
were initially analyzed by one way ANOVA. In addition, we included in some of the
analyses comparisons with previously published experiments in mice exposed to IH and RA
but fed normal chow (Nair et al., 2011). First, overall statistical significance was determined
for the entire training period between the treatment groups. In addition, two-way repeated
measures ANOVA was used to analyze each trial block, followed by post-hoc Tukey tests.
Finally, data were divided into 6 blocks (containing 3 trials/day). We used multivariate
MANOVA model (SPSS 17.0, Chicago, IL) to allow full assessment whether different
conditions such as RA or IH on the different strains were present. The MANOVA model
had latency, pathlength and swim speed and two between factors: (1) groups (four levels):
RA C57BL/6J, IH C57BL/6J, RA gp91phox_/Y and IH gp91phox_/Y (2) condition (two
levels): RA or IH. All F statistics are reported using Pillai’s Trace. Further, to compare
between normal chow and HFD, we used previously published data using normal chow
(Nair et al., 2011) and a multivariate MANOVA model. The MANOVA model had latency
and pathlength and two-between factors: (1) groups (eight levels): RA C57BL/6J (normal
diet), RA C57BL/6J (HFD), RA gp91phox_/Y(normal diet), RA gp91phox_/Y (HFD diet), IH
C57BL/6J (normal diet), IH C57BL/6J (HFD), IH gp91phox_/Y (normal diet), IH
gp91phox_/Y (HFD diet), (2) condition (two levels): RA or IH. All F statistics are reported
using Pillai’s Trace The interaction of three different factors, i.e., time, condition and group
were determined using this mixed model repeated measures MANOVA. Similar statistical
approaches were used to compare probe trial, reference memory, EPM and FST. For all
comparisons, a p value <0.05 was considered to achieve statistical significance.

Results
Spatial Learning Performance

On a standard place discrimination task, wild type mice exposed to 14 days of IH (IH-
C57BL6/J) exhibited longer latencies and pathlengths to locate the hidden platform when
compared to room air controls RA-C57BL6/J, RA- gp91phox_/Y and gp91phox_/Y mice
exposed to 14 days IH (IH-gp91phox_/Y) animals (n=12 per experimental condition; Figures
1A and B). Overall latency analysis for the entire trial blocks revealed significant changes
between the different treatment groups, [F(11,23) =25.44; p<0.001] and pathlength, [F(11,23)
=16.35; p<0.001] indicating that IH adversely affected task performance in C57BL6/J mice
fed with HFD. Significant differences in latencies were observed during block 1 [F(3,11)
=6.76; p<0.001], blocks 2 [F(3,11) =4.95; p<0.006], 3 [F(3,11) =8.38; p<0.001], 4 [F(3,11)
=3.35; p<0.03], 5 [F(3,11) =7.06; p<0.001] and 6 [F(3,11) = 4.457; p<0.01]. Repeated
measures ANOVA revealed significant differences in pathlengths during blocks 3 [F(3,11)
=5.25; p<0.004], 4 [F(3,11) =4.36; p<0.01], 5 [F(3,11) =6.73; p<0.001] and 6 [F(3,11) =2.99;
p<0.04], with no significant differences in blocks 1 and 2 when compared with C57BL6/J
mice fed with HFD. In the probe-trial test, one-way ANOVA revealed a significant effect of
treatment [IH vs. RA: F(3,11) =12.78; p<0.001]. The magnitude of impairment was greatest
in IH-C57BL6/J mice fed with HFD (Figure 1C). In the reference memory tests, IH-
C57BL6/J mice exhibited significant deficits in memory retention in both latency [F(3,11)
=19.61; p<0.001] and pathlength [F(3,11) =12.84; p<0.001]. However, the IH-gp91phox_/Y

mice fed with HFD performed similar to normoxic controls (Figure 2A and B).

Comparison between normal diet and high fat diet
Multivariate analysis showed that latency was found to vary with blocks and groups, as
reflected in a significant two-way interaction of blocks×groups (F(30,440)=1.757, p<0.009)
and also a significantly increased latency in HFD when compared to normal diet
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(F(36,528)=1.92, p<0.001). However, there was no difference in pathlength as reflected in a
significant two-way interaction of blocks×groups (F(30,440)=0.902, p<0.619).

Elevated Plus Maze
IH-C57BL6/J mice fed with HFD showed significant differences in the percentage of time
spent in the open arm [F(3,11) =16.63; p<0.001] and in the number of entries into the closed
arm [F(3,11) =6.17; p<0.002] (Figure 3A and B).

Forced Swim Test
IH-C57BL6/J mice fed with HFD had significantly higher immobility durations during the
last 4 min of the FST [F(3,7) =7.84; p<0.001] when compared to all other treatment groups,
including IH-gp91phox_/Y fed with HFD (Figure 3C).

Lipid Peroxidation
After the behavioral experiments, hippocampal tissues were harvested and processed for
assessment of lipid peroxidation as indicated by MDA levels. Figure 4A shows MDA
concentrations in homogenates of hippocampi from all treatment groups. A significant
increase in MDA levels was observed in IH-C57BL6/J mice fed with HFD [F(3,7) =35.41;
p<0.001] when compared to all other groups fed with HFD.

8-OHdG Levels
The levels of 8-OHdG in homogenates of hippocampi were significantly higher in IH-
C57BL6/J mice fed with HFD [F(3,5) =12.80; p<0.001] when compared to all other groups
fed with HFD (Figure 5B). Multivariate analysis on comparison between normal diet and
high fat diet also showed that a significant difference in 8-OHdG between groups
(F(1,7)=10.592, p<0.0001).

Discussion
Chronic intermittent hypoxia and high fat diet are conditions that adversely affect cognitive
functions. Furthermore, we have previously shown that HFD exacerbates IH-induced
cognitive dysfunction in rats (Goldbart et al., 2006). In this study, we found that young mice
exposed to both IH and HFD were affected and displayed impaired performances on a place-
training reference memory task and that increased activity of NADPH oxidase-mediated
oxidative stress pathways appears to underlie both HFD and IH-induced effects. HFD
increases plasma free fatty acids and causes oxidative stress followed by the accumulation of
peroxidized lipids (Yamato et al., 2007). HFD with intermittent hypoxia increased MDA
levels and 8-OHdG levels in the hippocampus, indicating higher lipid peroxidation and
DNA oxidation. Oxidative stress induced by HFD elevates the expression and release of
inflammatory molecules in the brain and impairs cognitive function (White et al., 2009; Wu
et al., 2004). Although ROS can be generated from various subcellular compartments,
including mitochondria, the cellular membrane, lysosomes, peroxisomes, and the
endoplasmic reticulum (Akki et al., 2009; Bedard and Krause, 2007; Droge, 2002; Kubota et
al., 2010; Santos et al., 2009), we here show that NADPH oxidase, which is expressed in
nonphagocytic cells such as sympathetic ganglion neurons and cortical neurons (Noh and
Koh, 2000; Sorce and Krause, 2009; Tammariello et al., 2000), appears to mediate
substantial components of HFD and IH-induced neuronal dysfunction. A large body of
evidence has shown that NADPH oxidase is implicated in conditions that remotely resemble
hypoxia-reoxygenation (Baran and Richert, 2003; Brennan et al., 2009; Bruce-Keller et al.,
2010; Girouard et al., 2009; Groeger et al., 2009; Ha et al., 2010; Suh et al., 2008). While we
cannot infer from our current findings on the cellular source of NADPH oxidase
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contribution to HFD-IH-induced cognitive and behavioral deficits, the near complete
abrogation of such deficits in the gp91phox_/Y mice is highly suggestive of the critical role
played by NADPH oxidase in this context. Of note, we have previously shown that IH-
induced cognitive and behavioral deficits are attenuated by reductions in oxidative stress and
inflammatory signaling cascades through pharmacological interventions (Li et al., 2003;
Row et al., 2003), as well as through attenuation of oxidative stress via targeted genetic
manipulations of manganese superoxide dismutase, platelet-activating factor receptor, nitric
oxide synthase or NADPH oxidase system (Li et al., 2004; Row et al., 2004; Shan et al.,
2007). However, there was little if any evidence to suggest that both HFD and IH shared
similar pathogenetic pathways, since in rats HFD exacerbated IH-induced cognitive effects
(Goldbart et al., 2006). Our current findings suggest that that NADPH oxidase plays a
critical role in both HFD and IH-mediated effects. Previous work from our lab has shown
that normal diet does not induce cognitive impairments in either C57BL6/J or gp91phox_/Y

in RA conditions. However when the C57BL6/J mice are exposed to IH significant
behavioral deficits emerge in the C57BL6/J mice but are conspicuously absent in the
gp91phox_/Y mice (Nair et al., 2011). Taken together, these data suggest that HFD
consumption and IH individually affect brain function and homeostasis, and may interact
when concomitantly present to exacerbate the deleterious effects that each of them imposes.
More specifically, the present data implicate the presence of increased hippocampal
oxidative stress as derived from NADPH oxidase type 2 activity as a critically important
mechanism underlying HFD-induced declines in cognitive performance in the brain. We
should remark that the slight differences in performance during the probe trial between the
C57BL6/J mice and the gp91phox_/Y mice could be due to differences in strain.

Patients with SA exhibit higher levels of anxiety and are also more likely to exhibit
depressive mood (Akashiba et al., 2002; File, 1992; Ohayon, 2003), the latter also
accounting for the sense of fatigue reported by many of the patients (Bardwell et al., 2001).
The FST model employed in the present study is based on the observation that when mice
are forced to swim in a situation from which there is no escape, they will after an initial
period of vigorous activity eventually cease to move altogether making only those
movements necessary to keep the head above water. This type of behavior indicates that
immobility during such conditions reflects mood, and indeed the level of immobility in this
test is modified by anti-depressant pharmacological treatments. Because little if any
immobility occurs during the initial 2 min of this test, only the immobility occurring during
the last 4 min was counted (Porsolt et al., 1977; Eckeli et al., 2000) . The elevated plus-maze
is the most frequently utilized animal model for assessing anxiety-like behaviors (Hui-guo et
al., 2010; Pellow et al., 1985) since it enables researchers to observe the conflict between
two innate rodent behaviors, namely the avoidance of open space exposure as countering the
tendency to explore novel environments (Hui-guo et al., 2010). This study provides initial
evidence that IH and HFD can induce anxiety-like behaviors in wild type mice, but that such
disturbances were absent in gp91phox_/Y mice, suggesting that regions underlying these
anxiety-related patterns are susceptible to oxidant stress mediated by activation of NADPH
oxidase in both HFD and IH (Goldbart et al., 2003; Veasey et al., 2004; Zhan G et al., 2005).

In the present study, we demonstrate the explicit mechanistic involvement of NADPH
oxidase in the CNS end-organ injury induced by HFD and IH as evidenced by increases in
oxidative stress markers. We have previously shown that dietary manipulations such as
inclusion of green tea polyphenols in drinking water attenuates the increase in NADPH
oxidase gene expression under IH conditions, and reduces cognitive deficits in
rats(Burckhardt et al., 2008). Given the serious negative health consequences of combined
obesity and SA in inducing cognitive deficits even in children (Spruyt and Gozal, 2012), and
the effect of NADPH oxidase genomic variation on the cognitive susceptibility to SA (Gozal
et al., 2012), our current findings would support early and sustained implementation of
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healthier modifications in diet along with potential targeting of NADPH oxidase excessive
activation in an effort to prevent or palliate the deleterious CNS effects of sleep apnea.

In conclusion, combined exposure to HFD and IH adversely increases lipid peroxidation and
DNA oxidation in the hippocampus, and induce cognitive dysfunction and learning and
memory impairments associated via excessive activation of NADPH oxidase.
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Abbreviations

8-OHdG 8-hydroxydeoxyguanosine

ANOVA analysis of variance

CNS central nervous system

EPM elevated plus maze

FST forced swimming test

HFD high fat-refined carbohydrate diet

IH intermittent hypoxia

MANOVA multivariate analysis of variance

MDA malondialdehyde

NADPH nicotinamide adenine dinucleotide phosphate

RA room air

ROS reactive oxygen species

SA sleep apnea
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Highlights

• HFD and SA-induced learning deficits are absent in NADPH oxidase null mice.

• Oxidative stress in hippocampus of NADPH oxidase null mice is absent.

• Western diet-induced cognitive deficits are mediated by NADPH oxidase
activity.
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Figure 1. gp91phox_/Y mice exposed to IH and HFD do not exhibit any deficits in learning and
memory functions
(A) Mean latencies and (B) pathlengths to locate the target platform during place training in
C57BL6/J and gp91phox_/Y fed HFD, and exposed to either intermittent hypoxia (IH) or
maintained in room air (RA) (n = 12 per group. (C) Mean percentage time in the target
quadrant during probe trial after completion of water maze testing in either C57BL6/J and
gp91phox_/Y exposed to IH or maintained in RA. (All values shown are mean ± SEM; n=12/
experimental group;*p < 0.05).
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Figure 2. gp91phox_/Y mice exposed to IH and HFD do not exhibit any deficits in retention
(A) Mean latencies (s) and (B) pathlengths (cm) to locate the target platform during
retention in C57BL6/J and gp91phox_/Y fed HFD, and exposed to either intermittent
hypoxia (IH) or maintained in room air (RA) during retention of the Morris water maze task.
(All values shown are mean ± SEM; n=12/experimental group;*p < 0.05).
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Figure 3. gp91phox_/Y mice exposed to IH and HFD do not exihibit anxiety and depression
Top Panels: C57BL6/J mice fed HFD, and exposed to either intermittent hypoxia (IH) spend
significantly less time in the open arm of the elevated plus maze compared to RA C57BL6/J,
or gp91phox_/Y mice exposed to either RA or IH (A). A reduced number of closed--arm
entries emerged in C57BL6/J mice exposed to IH (B). Bottom Panel: gp91phox_/Y exposed
to IH and HFD show less immobility as compared to C57BL6/J mice fed HFD, and exposed
to either intermittent hypoxia or C57BL6/J mice exposed to RA and HFD during a forced
swim test. See text for more details. (All values shown are mean ± SEM; n=12/experimental
group;*p < 0.05).
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Figure 4. Lipid peroxidation and oxidative DNA damage are reduced in the hippocampus of
gp91phox_/Y exposed to IH and HFD
Left Panel - MDA tissue levels in hippocampus of and gp91phox_/Y and C57BL6/J mice
exposed to either room air (RA) or intermittent hypoxia for 14 days (IH) while consuming
HFD. (n = 6 per experimental group; *P < 0.05).
Right Panel- 8-OHdG levels in hippocampus of gp91phox_/Y and C57BL6/J mice exposed
to either room air (RA) or intermittent hypoxia for 14 days (IH) while consuming HFD. (All
values shown are mean ± SEM; n = 6/ experimental group; *p < 0.05).
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