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Abstract: Obstructive sleep apnea (OSA) is a highly prevalent condition, characterized by intermittent
hypoxia (IH), sleep disruption, and altered autonomic nervous system function. OSA has been
independently associated with dyslipidemia, insulin resistance, and metabolic syndrome. Brown
adipose tissue (BAT) has been suggested as a modulator of systemic glucose tolerance through
adaptive thermogenesis. Reductions in BAT mass have been associated with obesity and metabolic
syndrome. No studies have systematically characterized the effects of chronic IH on BAT. Thus, we
aimed to delineate IH effects on BAT and concomitant metabolic changes. C57BL/6J 8-week-old
male mice were randomly assigned to IH during sleep (alternating 90 s cycles of 6.5% FIO2 followed
by 21% FIO2) or normoxia (room air, RA) for 10 weeks. Mice were subjected to glucose tolerance
testing and 18F-FDG PET–MRI towards the end of the exposures followed by BAT tissues analyses
for morphological and global transcriptomic changes. Animals exposed to IH were glucose intolerant
despite lower total body weight and adiposity. BAT tissues in IH-exposed mice demonstrated
characteristic changes associated with “browning”—smaller lipids, increased vascularity, and a trend
towards higher protein levels of UCP1. Conversely, mitochondrial DNA content and protein levels of
respiratory chain complex III were reduced. Pro-inflammatory macrophages were more abundant in
IH-exposed BAT. Transcriptomic analysis revealed increases in fatty acid oxidation and oxidative
stress pathways in IH-exposed BAT, along with a reduction in pathways related to myogenesis,
hypoxia, and IL-4 anti-inflammatory response. Functionally, IH-exposed BAT demonstrated reduced
absorption of glucose on PET scans and reduced phosphorylation of AKT in response to insulin.
Current studies provide initial evidence for the presence of a maladaptive response of interscapular
BAT in response to chronic IH mimicking OSA, resulting in a paradoxical divergence, namely, BAT
browning but tissue-specific and systemic insulin resistance. We postulate that oxidative stress,
mitochondrial dysfunction, and inflammation may underlie these dichotomous outcomes in BAT.

Keywords: hypoxia; sleep apnea; intermittent hypoxia; glucose tolerance; insulin sensitivity; brown
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Int. J. Mol. Sci. 2022, 23, 15462. https://doi.org/10.3390/ijms232415462 https://www.mdpi.com/journal/ijms

https://doi.org/10.3390/ijms232415462
https://doi.org/10.3390/ijms232415462
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0001-8195-6036
https://orcid.org/0000-0003-1126-7467
https://doi.org/10.3390/ijms232415462
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms232415462?type=check_update&version=2


Int. J. Mol. Sci. 2022, 23, 15462 2 of 16

1. Introduction

Obstructive sleep apnea (OSA) is a highly prevalent disease in children and adults,
characterized by increased collapsibility of the upper airway, particularly during sleep,
leading to intermittent hypoxia (IH) and hypercapnia, and increased respiratory efforts
promoting sleep disruption and autonomic nervous system deregulation [1]. OSA has
been independently associated with an increased risk of multiple morbidities, including
atherogenesis, systemic hypertension and other cardiovascular pathologies, oncogenesis
and cancer progression, cognitive and mood impairments, dyslipidemia, insulin resistance,
and metabolic syndrome [2–8]. However, the mechanisms contributing to the increased
propensity to develop insulin resistance in the context of OSA remain unclear [9–12].

Local tissue hypoxia has been hypothesized as a contributing factor to the development
of visceral white adipose tissue (vWAT) inflammation and whole-body insulin resistance
in obese people [13–16]. However, this assumption has been challenged [17–19], such
that it remains unclear whether hypoxia is a cause or a consequence of obesity-associated
metabolic disorders. Obesity is accompanied by adipocyte enlargement that increases
inter-capillary distance, thereby markedly decreasing blood perfusion to each adipocyte
and inducing an overall decline in adipose tissue oxygen tension. Notwithstanding, larger
adipocytes may also have lower metabolic demands and may not necessarily promote
the emergence of vWAT hypoxia [20]. Furthermore, the specific patterning of hypoxia in
adipose tissues is unknown. Sustained hypoxic (SH) exposures in humans, such as those
occurring in high-altitude inhabitants, increase systemic insulin sensitivity and improve
glucose metabolism [21]. Interestingly, even a moderate increase in living altitude and
the concomitant reduction in the atmospheric oxygen partial pressure is associated with
a reduced prevalence of diabetes and obesity [22]. In contrast, intermittent exposures
to hypoxia (IH), such as occurring in patients with OSA or individuals intermittently
working at high altitudes [23], promotes the emergence of reduced insulin sensitivity.
Indeed, despite the identical magnitude of experimental IH and SH exposures in mice (i.e.,
mean equivalent environmental inspired oxygen fraction (FIO2) exposures), only IH elicits
insulin resistance in vWAT, which is accompanied by increased inflammation and vascular
rarefaction, as well as whitening of the visceral fat, similar to the effects seen in obesity and
despite weight loss [10,24].

Brown adipose tissue (BAT) is a specialized tissue with distinct anatomical charac-
teristics and developmental origins and has been suggested as a modulator of systemic
glucose tolerance through adaptive thermogenesis [25,26]. Reductions in BAT mass have
been associated with obesity and metabolic syndrome [27]. Intriguingly, the role of hypoxia
in BAT function has received little attention to date. In analogy with vWAT responses, the
deposition of large lipid droplets in the BAT of obese subjects would be expected to lead to
BAT hypoxia, and recent evidence supports this assumption [28,29]. However, since no
studies have systematically characterized the effects of chronic IH on BAT, we aimed to
delineate the responses of BAT to IH and examine the metabolic changes accompanying
such responses.

2. Results
2.1. Body Composition and Food Consumption

Chronic exposures to IH resulted in final lower body weight (27.4 ± 0.3 g vs. 29.3 ± 0.5 g,
p < 0.01) compared with RA. Weight gain in IH was reduced during the first two weeks
of exposure, whereafter IH animals regained their weight gain patterns and tracked the
weight gain trajectories of RA controls (Figure 1A). Total body adiposity as measured by
T1-weighted coronal MRI images was ~50% lower in IH, compared with RA (Figure 1B),
although the spatial pattern of lipolysis was not uniform—IH animals lost preferentially
subcutaneous fat while preserving vWAT (Figure 1C). Accordingly, vWAT and BAT wet
weights upon completion of exposures were similar between the groups (Figure 1D,E).
Food consumption remained stable and did not differ when measured every week between
the exposure groups.
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Figure 1. Chronic intermittent hypoxia exposure results in lower body weight and adiposity. Body com-
position comparison of mice exposed to chronic intermittent hypoxia or room air conditions (n = 14–15).
(A) Weight gain trajectory throughout the exposure. (B) Whole body fat volume derived from the MRI
scans (n = 4–5). (C) Representative MRI images from each of the experimental groups demonstrating
reduced adiposity in IH with preservation of visceral fat (right panel). (D) Brown adipose tissue (BAT)
weights normalized to body weight. (E) Visceral fat (WAT) weight at the end of exposure normalized
to body weight. Data are presented as means ± SEM. Pairwise comparisons were performed using
Student’s t-test. * p-value below 0.05. Weight statistics (A) were compared with two-way ANOVA using
repeated measures and correction for multiple comparisons. ns–non-significant.

2.2. Glucose Tolerance Testing

Fasting glucose levels were reduced in the IH-exposed mice compared with RA
(74.9 ± 21 vs. 103.8 ± 39.1, p < 0.01). In line with prior studies [30,31], when presented with
a glycemic challenge such as GTT, IH-exposed animals had higher glucose AUC (vs. RA:
p = 0.01; Figure 2), indicating impaired glycemic responses in IH.

2.3. Brown Adipose Tissue Composition

As mentioned above, BAT total weight at the end of the exposures to IH was similar
to BAT weight in RA-exposed mice. Morphologically, BAT after IH exposures was char-
acterized by smaller lipid droplets and denser structure (Figure 3A,D,E). UCP1 protein
content in BAT tissue, a marker of functional brown adipose tissue, revealed directionally
higher but not statistically significant, levels of UCP1 in IH-exposed animals (Figure 3B,C).
Vascularity, a phenotypic feature of a healthy and functional BAT, was increased in IH as
measured by CD31 immunostaining (Figure 3A middle row). Despite these phenotypically
“brown” features, the levels of P2RX5, a marker of classical brown adipose tissue, were
reduced (Figure 3F).
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Figure 2. Chronic intermittent hypoxia induces systemic glucose intolerance. Fasting glucose
tolerance test following 6-week exposure. (A) Fasting glucose levels. (B) Glucose curve normalized
to baseline glucose levels and the corresponding. (C) Area under the curve (AUC) (n = 17–20). Data
presented as means ± SEM. Pairwise comparisons were performed using Student’s t-test. AUC was
calculated using the trapezoidal method.
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Figure 3. Chronic intermittent hypoxia promotes the browning of interscapular BAT with evidence
for mitochondrial dysfunction. Phenotypic changes in BAT following chronic intermittent exposures
compared with room air controls. (A) Representative images of BAT from the experimental groups:
H&E (top row), vascular marker CD31 (middle row), and lipid-staining Neil Red with Actin-staining
phalloidin (bottom row), bar = 20 µm. (B,C) Western blot analysis of UCP1 expression in BAT,
normalized to β-actin. (D) Quantification of lipid positive area, and (E) Vessel density (5–6 randomly
selected images from each slide, n = 3 biological replicates). (F) mRNA levels of 3 markers of adipose
tissue phenotype ASC1 (white), PAT (beige), and P2PRX5 (brown). (G,H) Western blot analysis of the
expression of mitochondrial electron transport chain proteins normalized to β-actin. (I) Mitochondrial
DNA quantification normalized to genomic DNA amount (B2M). Data are presented as mean ± SEM.
Pairwise comparisons were performed using Student’s t-test.



Int. J. Mol. Sci. 2022, 23, 15462 5 of 16

As mitochondria play an important role in BAT function, we analyzed mitochondrial
electron transport chain (ETC) protein levels and the amount of DNA content. We found
that in BAT harvested from IH-exposed mice, protein levels of ETC complex III were
reduced, whereas complex I was increased (Figure 3G,H). In addition, IH resulted in a
non-significant reduction in BAT-mtDNA content (Figure 3I).

Bone-marrow-derived pro-inflammatory Ly6Chigh macrophage infiltration has been
associated with obesity and dysfunction of brown adipose tissue [32]. FACS analysis
of the BAT macrophage population revealed no differences between RA and IH in the
proportion of CD11b+F4/80+ macrophages out of total cells (1.2% vs. 0.9%, p = 0.354), or
the proportion of resident CD64+/Ly6Clow cells (79.5% vs. 77.2%, p = 0.863). However, the
Ly6Chigh population was significantly increased in IH (4% vs. 2.5%, p < 0.001, Figure 4)
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Figure 4. Chronic intermittent hypoxia promotes pro-inflammatory macrophage infiltration into
interscapular BAT. (A) Representative flow cytometry images of macrophages isolated from BAT
of RA or (B) IH mice—gated as CD11b/F480 double-positive cells (middle panel) and further
stained with anti-CD64 (resident, anti-inflammatory) and anti-Ly6c (bone-marrow derived, pro-
inflammatory) antibodies. (C) Quantification of the Ly6Chigh macrophages in BAT demonstrated an
increased percentage in IH. Note that the majority of CD64+ macrophages were Ly6Clow and vice
versa. The percentage of macrophages and the CD64+ subpopulation was not different between
the experimental conditions (n = 4). Pairwise comparisons were performed using Student’s t-test.
MΦ—macrophage.

2.4. Brown Adipose Tissue Transcriptional Profile

Next, we examined how chronic IH exposures affect gene expression profiles in BAT.
Following chronic IH exposures for 10 weeks, BAT tissue demonstrated a differential
activated transcriptional profile with some changes mirroring the morphological changes
described above.

GSEA pathway analysis indicated that the pathways that were most upregulated in
IH compared with RA, were related to oxidative phosphorylation, adipogenesis, fatty acid
oxidation, reactive oxygen species, and DNA repair (Figure 5A,B). The most suppressed
pathways in IH compared with RA, were hypoxia, myogenesis, angiogenesis, and some
inflammatory signaling such as the IL-4 and IL-13 pathways. We further validated the
RNA-seq results with RT-PCR analysis for gene expression of specific targets relevant to
BAT biology. IH BAT tissues were characterized by increased transcription of genes related
to thermogenesis (UCP1, Dio2, PGC1a), compared with RA controls (Figure 5C).
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Figure 5. Chronic intermittent hypoxia leads to global transcriptomic changes in BAT. (A) Example
of pathways up/downregulated in IH-exposed BAT. (B) The most altered pathways between IH
and room air-exposed BAT. (C) Expression of selected genes in signaling pathways relevant to
brown adipose tissue (left to right): lipid droplet structure (Cidec, Lpl, Slc4a4, Cldn1), myogenesis
(obscn, myl3, myh7), thermogenesis (UCP1, Dio2), angiogenesis (Vegfa, Pecam1, PGC1a), and glucose
utilization (Glut4).

2.5. Brown Adipose Tissue Glucose Metabolism

Finally, given the morphological and transcriptional differences in BAT between the
experimental conditions, we examined whether they result in functional differences in
glucose utilization: PET–MRI analysis revealed a ~23% reduction in the total absorption of
18F-FDG following overnight fasting in total body fat and BAT tissues of IH-exposed mice
when compared with control mice (Figure 6B). As brown adipocytes and muscle share a
common developmental origin [33], we also examined the effect of IH exposures on glucose
uptake in skeletal muscle—a similar ~30% reduction was observed in skeletal muscle.

Next, we examined whether the differential glucose absorption in BAT following IH expo-
sures is accompanied by alterations in insulin signaling—a subgroup of mice (n = 3–5/group)
was injected with insulin i.p. following overnight fasting and sacrificed 5 min later. We then
analyzed AKT phosphorylation in the BAT of those mice. IH-exposed BAT demonstrated a
69% reduction in AKT phosphorylation in response to insulin (Figure 6C,D). As with PET–
MRI findings, skeletal muscle demonstrated a similar trend (supplemental Figure S1). Taken
together, these data suggest a peripheral (BAT and muscle) resistance to insulin signaling
following IH.
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Figure 6. Chronic intermittent hypoxia promotes BAT-specific insulin resistance. (A) Representative
18F-Fluorodeoxyglucose (FDG) absorption images demonstrating the anatomical location of BAT.
(B) Quantification of the 18F-FDG consumption in total fat, demonstrating reduction in IH, compared
with RA in total body fat (left panel) and BAT (right panel) (n = 3–5). (C,D) Western blot analysis of
phosphorylated AKT(Ser473) protein levels normalized to total AKT in BAT following i.p. insulin
stimulation (n = 3–4).

3. Discussion

The current study aimed to assess morphologic, transcriptomic, and functional dif-
ferences in the BAT responses in mice exposed to chronic IH, similar to the episodic
oxygenation changes that characterize OSA and many other respiratory diseases. IH-
exposed mice demonstrated systemic glucose intolerance and manifested BAT and muscle
insulin resistance. BAT transcriptomic analysis following chronic IH exposures revealed
the activation of pathways related to fatty acid oxidation and oxidative phosphorylation,
potentially indicating a compensatory mechanism due to reduced glucose metabolism. In
addition, oxidative stress pathways were upregulated. Morphologically, BAT in IH mice
was skewed towards a more brown phenotype, with increased vascular density, smaller
lipid droplets, and directionally higher UCP1 expression. Conversely, mitochondrial DNA
content was reduced in BAT following IH, as was the amount of ETC complex III protein,
accompanied by Ly6Chigh macrophage infiltration.

A large body of evidence, including our prior work, has shown that chronic IH expo-
sures mimicking OSA in mice induce visceral adipose tissue dysfunction, with abnormal
adipokine secretion and lipid metabolism, along with the presence of increased local and
systemic inflammation, and ultimately insulin resistance [10,30,34–36]. The current study
recapitulates some of the previously described metabolic alterations under chronic IH and
adds BAT to the list of metabolically important tissues affected by chronic episodic hypoxia.

BAT an important organ that functions as a “metabolic sink” that can metabolize
excess nutrients through oxidation and thermogenesis [37]. BAT is unique in its ability to
convert chemical energy directly into heat upon sympathetic stimulation, thus, increasing
caloric consumption and promoting metabolic health. Accordingly, sympathetic stimuli,
such as cold exposures or administration of β-adrenergic agonists lead to increases in
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the amount of BAT. Conversely, increases in the amount of vWAT and reduction in BAT
depots have been associated with metabolic syndrome and obesity. In the context of
the complexity of adipose tissue bioenergetics, brown adipocytes can develop within
vWAT upon sympathetic stimulation, so-called “beige” fat [38], and reflect an expansion
of classical BAT tissues. In recent years, BAT has gained a renewed interest with the
unequivocal demonstration of active and dynamic depots in human adults and its role in
insulin sensitivity in humans [27,39,40]. Thus, both brown and beige adipocytes are now
appealing targets to increase energy expenditure and combat obesity [41].

In the context of hypoxia, both sustained and intermittent hypoxia lead to increased
catecholaminergic release and enhanced sympathetic activation [42–45]. Based on such
responses, one would have expected an increase in BAT mass along with increased browning
of vWAT, all of which would have been anticipated to enhance insulin sensitivity. However as
shown herein, IH elicited reduced insulin sensitivity of BAT despite the increased browning of
BAT after such prolonged IH exposures. These findings suggest a dichotomous and somewhat
paradoxical response to IH by BAT that requires further exploration. Furthermore, chronic IH,
such as found in patients with OSA, promotes whitening of the visceral adipose depot with
concomitant insulin resistance and vascular rarefaction rather than the expected browning
predicted by increased sympathetic activity and catecholamine levels. These observations,
therefore, suggest that the presentation of hypoxia and its duration may yield markedly
different phenotypic responses that are specific to each organ or cell type [46].

Surprisingly, few studies have examined BAT changes following IH exposures. Yao
et al. [47] evaluated lipid handling by different tissues under IH, and found reduced
lipoprotein lipase activity in BAT of IH-exposed mice, leading to impaired serum triglyc-
eride clearance. Martinez et al. [48] found that chronic IH reduced BAT amount, but they
did not characterize the metabolic consequences of this effect. The findings of our study
suggest that chronic whole-body IH promotes some aspects of the brown phenotype of
BAT while simultaneously reducing whole-body and BAT-specific glucose tolerance. This
seemingly paradoxical effect may be ascribable to the chronic activation of sympathetic
signaling, [49] which may underlie some of the IH-associated metabolic perturbations [50].
Indeed, brown fat thermogenesis is primarily driven by the sympathetic nervous system,
and β3 adrenergic receptor agonists effectively mimic cold-induced thermogenesis [51].
Increased thermogenesis and UCP1 expression have also been linked to increased fatty
acid oxidation by BAT [52], similar to what is suggested by the transcriptomic findings
in the IH-exposed mice in the current study. However, it has also been shown, that ther-
mogenesis may not necessarily be associated with improved BAT nutrient handling and
insulin tolerance [53] and some metabolic function of BAT is independent of UCP1-linked
thermogenesis [54,55]. Thus, the peripheral insulin resistance we observed in BAT under
chronic IH conditions is not in line with the brown phenotype in BAT and may stem from
other pathophysiological processes.

The strong suppression of myogenesis following IH observed in the transcriptome
signature deserves mention—white and brown adipose tissues are derived from differ-
ent embryological origins, whereby brown preadipocytes uniquely share an overlapping
transcriptional program with muscle cells [56], thereby explaining the abundance of mito-
chondria in both of these cell types. Conversely, white adipose tissue lacks a myogenic gene
signature. Therefore, myogenesis suppression observed in IH-exposed BAT may reflect
some “whitening” effect in line with the reduction in mitochondrial content.

There are several dominant contributors to the pathogenesis of dysfunctional adipose
tissue in obesity: unresolved inflammation, oxidative stress, inappropriate extracellular
matrix (ECM) remodeling, and insufficient angiogenic potential [57,58]. Our RNAseq data
suggest that at least some of these maladaptive responses are activated in IH-exposed BAT
tissue such as increased oxidative stress (due to repeated oxygenation–reoxygenation cycles
and fatty acid oxidation) and reduction in the anti-inflammatory IL-4-dependent signaling,
which may lead to BAT dysfunction [59,60].
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Increased vascularity of adipose tissue improves both the delivery and handling of
nutrients [20]. Increased BAT vascularity as occurred here in IH exposures would again
be predicted to result in improved glucose handling, which was not the case. However,
neovascularization in adipose tissues could intensify the inflammatory processes induced
by IH by increasing the infiltration of inflammatory cells, as exemplified by the FACS data
on the Ly6Chigh macrophage infiltration.

Limitations

Several limitations of the current work should be acknowledged. While we provide
a deep analysis of BAT following IH exposure, we could not examine the functional
thermogenic capacity of BAT in our experiments. As discussed, thermogenic BAT activity
might not be in line with nutrient handling and metabolic function. Nonetheless, the
experiments utilizing PET-imaging were performed in live animals, and at an ambient
temperature (without cold stimulation usually utilized for BAT imaging [61]) and, thus,
provide a true measure of glucose handling in vivo. Furthermore, the changes described in
BAT mirror metabolically maladaptive phenotype in IH in other tissues, suggesting BAT
dysfunction may play a role in OSA-related insulin resistance. In addition, the current study
is descriptive in nature, and more definitive experiments are needed—for example, the
adoptive transfer of BAT from IH-exposed animals to naïve ones may provide evidence of a
causal role for BAT in IH-associated metabolic dysfunction. A study assessing thermogenic
capacity under IH could provide an answer as to whether such BAT thermogenesis is truly
dissociated from glucose handling following IH. Finally, sex and age, two well-recognized
modulators of the metabolic response, were not addressed in the current study and deserve
future investigation.

4. Methods and Materials
4.1. Animals and Hypoxic Exposures

All studies were approved by the institutional animal care and use committee of the
Hebrew University of Jerusalem (AAALAC accreditation no. 1285, approval MD-20-16401-
4, 15/12/2020). C57BL/6J 8-week-old male mice (ENVIGO; Indianapolis, IN, USA) were
randomly assigned to IH or normoxia (room air, RA) and exposed for 10 weeks using
computer-controlled environmental chambers (Oxycycler A44XO, BioSpherix, Parish, NY,
USA). The pattern of IH consisted of alternating cycles of 90 s (6.5% FIO2 followed by
21% FIO2) for 12 h/d (7:00 a.m. to 7:00 p.m.), mimicking moderate to severe OSA in
humans [62,63]. The control group (RA) was exposed to continuous circulating room air
(21% FIO2). Body weight and food intake were recorded weekly.

4.2. In Vivo Micro-PET–MRI Scanning

Experiments were performed at the Wohl Institute for Translational Medicine at Hadas-
sah Hebrew University Medical Center. PET–MRI images were acquired on a 7T 24 cm bore,
cryogen-free MR scanner based on the proprietary dry magnet technology (MR Solutions,
Guildford, UK) with a 3-ring PET insert that uses the latest silicon photomultiplier (SiPM)
technology [64]. The PET subsystem contains twenty-four detector heads arranged in three
octagons of 116 mm diameter. For MRI acquisition, a mouse quadrature RF volume coil was
used. Mice were anesthetized with isoflurane and vaporized with O2. Isoflurane was used
at 3.0% for induction and 1.0–2.0% for maintenance. To determine the distribution of [18F]-
FDG in fasted mice, 200 µCi of a tracer was injected into the tail vein. Mice were subjected
to 31 min dynamic PET scans, a homemade small catheter was inserted in the proximal
tail vein and the tracer was injected after positioning the mouse in the micro-PET/MRI
scanner. Mice were positioned on a heated bed, which allowed for continuous anesthesia
and breathing rate monitoring. For dynamic scans, the acquired data were binned into
25 image frames (1 × 60, 6 × 10, 8 × 30, 5 × 60, and 4 × 300 s). During the PET scan
acquisitions, T1 and T2-weighted coronal spin echo images were collected for anatomical
evaluation. Coronal T1 weighted images were acquired using the following parameters:
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TR = 1100 ms, TE = 11 ms, echo spacing = 11 ms, FOV = 6 × 3 cm, slice thickness = 1 mm,
4 averages. Coronal T2 weighted images were acquired using the following parameters:
TR = 4000 ms, TE = 45 ms, echo spacing = 15 ms, FOV = 6 × 3 cm, slice thickness = 1 mm,
4 average.

4.3. PET/MRI Image Processing

Images were analyzed using VivoQuant 4.0 pre-clinical image post-processing soft-
ware (Invicro, Boston, MA, USA). PET–MRI raw data were processed using the stan-
dard software provided by the manufacturers. PET data were acquired in list mode,
histogrammed by Fourier re-binning, and reconstructed using a 3D-OSEM algorithm, with
standard corrections for random coincidences, system response, and physical decay applied.
The PET/MR scanner-reconstructed PET images were quantitated using a system-specific
18F calibration factor to convert reconstructed count rates per voxel to activity concentra-
tions (%ID/g). Manual tissue segmentation of BAT and automatic segmentation of WAT
were performed on co-registered 3D MR images. The regional ROIs were then used to
calculate tissue radiotracer uptake from the reconstructed PET images (Figure 6A) [64].

4.4. Glucose and Insulin Tolerance Tests

A glucose tolerance test was performed in overnight fasted mice by injecting D-glucose
(2 g/kg body weight) intraperitoneally. Blood glucose concentrations were monitored by
tail bleeding at 0, 15, 30, 60, and 120 min after the glycemic load. Blood glucose levels
were measured using a glucometer (ACCU-CHEK, Roche, Indianapolis, IN, USA). Insulin
levels were measured using an ultrasensitive insulin ELISA kit (#90060, Crystal Chem,
Elk Grove Village, IL, USA) [65]. A subset of mice was used to examine tissue insulin
sensitivity—mice were fasted for 16 h before i.p. injection of 2.5 U/kg insulin (NovoRapid,
Novo Nordisk, Bagsværd, Denmark). After 5 min, mice were euthanized and tissues were
harvested, shock frozen in liquid nitrogen, and stored for later assays.

4.5. Immunohistochemistry

Tissue samples were fixed in 4% formaldehyde for 24 h, embedded in paraffin, sec-
tioned serially (5 µm), and stained with hematoxylin–eosin (H&E) or subjected to im-
munofluorescence with CD31 antibody (1:50, #ab28364, Abcam, Cambridge, UK). The
secondary antibody was purchased from Jackson ImmunoResearch (#111-165-045, West
Grov, PA, USA). Fluorescent images were taken on a Nikon C1 confocal microscope at an
original magnification of ×40. For immunofluorescence studies, BAT samples were fixed
in 4% PFA overnight at 4C, transferred to 30% (wt/vol) sucrose overnight at 4C, and em-
bedded in OCT (#4583, Tissue-Tek, the Netherlands). Sections of 30 µm were cryosectioned
and stained for natural lipids (Nile Red, #72485,7 ug/mL, Sigma Aldrich, St. Louis, MO,
USA), Alexa Fluor®647 phalloidin (#ab176759, Invitrogen, Waltham, MA, USA), and DAPI
(1:10,000, #ab228549, Abcam, Cambridge, UK).

4.6. Western Blot Analysis

Tissues were homogenized in lysis buffer with protease and phosphatase inhibitor
cocktails (Sigma-Aldrich, MO, USA). Total protein content was measured using the Brad-
ford assay (Bio-Rad, Hercules, CA, USA). Homogenate proteins (30 µg) were separated
on 10% SDS-acrylamide gel and transferred to PVDF membranes (Amersham, Bucking-
hamshire, UK). Immuno-blotting was performed using primary antibodies: anti-phospho-
Akt (Ser473); Akt (Cell Signaling Technology, #8200, Beverly, MA, USA), or UCP1 (1:5000,
#ab10983, Abcam, Cambridge, UK). The signal was detected using a chemiluminescence
detection system (#34577, Thermo Fischer Scientific, Waltham, MA, USA) according to
the manufacturer’s instructions by using the ChemiDoc XRS+ and Quantity One software
(Bio-Rad Laboratories, CA, USA).



Int. J. Mol. Sci. 2022, 23, 15462 11 of 16

4.7. Mitochondrial DNA Quantification

To measure mitochondrial DNA (mtDNA) copy number, DNA was extracted from
BAT tissues by using the DNeasy Blood and Tissue kit (#69504, Qiagen, Hilden, Germany)
according to the manufacturer’s instruction and quantified by Real-time PCR. The mtDNA
copy number per genomic DNA copy number was calculated using primers for mouse
mitochondria (MtDNA) and beta-2 microglobulin (B2M) [66].

4.8. RNA-Seq and Analysis

Total RNA was extracted from brown adipose tissue using an RNeasy lipid tissue
kit (#74804, Qiagen, Hilden, Germany) according to the manufacturer’s protocols. The
integrity of the RNA was confirmed using a Bioanalyzer 2100 (Agilent Technologies, Santa
Clara, CA, USA). RNA-seq libraries were prepared using the KAPA Stranded mRNA-
Seq Kit Illumina® and sequenced using the Illumina NextSeq 500 platform to generate
more than 32 million 86 bp single-end reads per sample. Raw reads were preprocessed
using Cutadapt [67] and aligned to the mouse genome version GRCm38 (with genome
annotations of Ensembl release 99) using TopHat [68]. Quantification was performed
with HTSeq-count, with strand information set to ‘reverse’ [69]. DESeq2 analysis for the
identification of differentially expressed genes was performed [70]. Pair-wise comparisons
were tested with default parameters, except not using the independent filtering algorithm.
To reduce the number of false-positive results, significant genes were further filtered. The
criteria for filtering included both a demand for a large enough effect (log2FoldChange)
and being significant, with padj < 0.1. The demand for log2FoldChange was baseMean-
dependent and required a baseMean above 5 and an absolute log2FoldChange bigger
than 5/sqrt (baseMean) + 0.3 (for highly expressed genes this means a requirement for a
fold-change of at least 1.2, while genes with a very low expression would need a 5.8-fold
change to pass the filtering).

Gene set enrichment analysis (GSEA): Whole differential expression data were sub-
jected to gene set enrichment analysis using GSEA [71]. GSEA uses all differential expres-
sion data (cutoff independent) to determine whether a priori-defined sets of genes show
statistically significant, concordant differences between two biological states. We used
the following gene sets collections: Hallmark, Gene Ontology Biological Process (GOBP),
Kyoto Encyclopedia of Genes and Genomes (KEGG), REACTOME, and Wiki pathways, all
taken from the molecular signatures database MsigDB [72].

4.9. Real-Time PCR

cDNA was synthesized from 1 ug of RNA using a High-Capacity cDNA Reverse
Transcription Kit (#84002 Quanta Biosciences, MA, USA). Real-time PCR was performed
with SYBR Green mix (#84071 Quanta Biosciences, MA, USA). All reactions were performed
in triplicate in 384-well plates using the CFX384 Real-Time System (Bio-Rad). The relative
amount of mRNA was calculated using the comparative Ct method after normalization to
YWHAZ/b-actin housekeeping gene levels. RT-PCR primers are described in Table 1.

Table 1. Primers used for RT-qPCR analysis.

Target Forward Reverse

GLUT4 GTCGGGTTTCCAGCAGATC AAACTGAAGGGAGCCAAGC
PGC1a AAATCATATCCAACCAGTACA CATCTGTCAGTGCATCAAAT
Myh7 TGCTGTTTCCTTACTTGCTA GGATTCTCAAACGTGTCTAGT
Cldn1 TACAGTGCAAAGTCTTCGACT GACACAAAGATTGCGATCAG
Slc4a4 GATGAAGCTGTCCTGGACA GACCCCAATGTAGATCGTG

Lpl GTTTGGCTCCAGAGTTTGAC CAAGTGTCCTCAGCTGTGTCT
Cidec CTCACAGCTTGGAGGACCT CAGGGCTTGGAAGTATTCTT
Myl3 TGATGCCTCCAAGATTAAG CGTATGTGATCTTCATCTCG

YWHAZ AGAAGATCGAGACGGAGCT GCCAAGTAACGGTAGTAGTCA
Act (qMmuCED0027505), UCP1 (qMmuCID0005832), and DIO2 (qMmuCEP0052679) were purchased as gene
expression assays from BIO-RAD.
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4.10. Isolation of Stromal Vascular Fraction (SVF) and Flow Cytometry Analysis

Adipose tissue macrophages were defined as CD11b/F4/80 double-positive cells,
from which resident (anti-inflammatory) and bone-marrow-derived (pro-inflammatory)
macrophages were identified as CD64+ or Ly6chigh cells [73,74], respectively. Isolation and
analysis were performed as described previously [75]. All antibodies were from Biolegend
(San Diego, CA, USA).

4.11. Statistical Analysis

The data are presented as means and standard errors of the mean. Student’s t-tests or
two-way analyses of variance were used to compare RA and IH groups, with post hoc tests
for multiple comparisons when appropriate. For data that were not distributed normally,
the nonparametric Mann–Whitney rank-sum test was utilized. Two-tailed p values were
calculated for all pairwise multiple comparison procedures using the Student–Newman–
Keuls test among groups. A p value of <0.05 was considered statistically significant.

5. Conclusions

In summary, current studies provide initial evidence for the presence of a maladaptive
response of BAT in response to IH during sleep—chronic intermittent exposure to fluctuat-
ing levels of oxygen resulted in browning of interscapular BAT accompanied by BAT and
systemic insulin resistance. Accordingly, chronic exposure to IH may uncouple adaptive
thermogenesis from glucose tolerance in specific metabolically active tissues such as BAT,
and such a phenomenon clearly deserves further investigation regarding IH stimulus
magnitude, cycling, and time domain characteristics. Translationally, future studies will
be needed to examine the relevance of these findings in the context of human OSA and
other respiratory disorders, aiming to identify the potential mechanisms governing such
divergent structural, cellular, and metabolic responses.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/ijms232415462/s1.

Author Contributions: Conceptualization, D.G. and A.G.-H.; Formal analysis, T.D., S.N., I.P., H.B.
and R.A.; Investigation, T.D., S.N., O.Y., N.A., I.P., H.B., D.G., R.A. and A.G.-H.; Resources, O.B., N.A.,
R.A. and A.G.-H.; Data curation, T.D., S.N., E.S., N.A. and D.G.; Writing—original draft, A.G.-H.;
Writing—review & editing, T.D., O.Y., O.B., I.P., H.B., D.G., R.A. and A.G.-H.; Visualization, T.D., O.Y.
and E.S.; Supervision, O.B. and A.G.-H.; Project administration, T.D.; Funding acquisition, A.G.-H.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by grant 2779/19 from the Israel Science Foundation, a research
grant from the American Thoracic Society, and the Hadassah Medical Center Bridging Grant. DG is
supported in part by NIH grant AG061824 and by Tier 2 and TRIUMPH grants from the University
of Missouri.

Institutional Review Board Statement: This study was approved by the institutional animal care
and use committee of the Hebrew University of Jerusalem (AAALAC accreditation no. 1285, approval
MD-20-16401-4, 15/12/2020).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available as they contain results of an ongoing work
yet to be published.

Acknowledgments: We would like to thank Lena Lavie from the Technion-Israel Institute of Technol-
ogy for her generous support that enabled the establishment of the hypoxia research laboratory at
Hadassah Medical Center.

Conflicts of Interest: The authors declare that they have no relevant or material financial interests
that relate to the research described in this paper.

https://www.mdpi.com/article/10.3390/ijms232415462/s1
https://www.mdpi.com/article/10.3390/ijms232415462/s1


Int. J. Mol. Sci. 2022, 23, 15462 13 of 16

References
1. Senaratna, C.V.; Perret, J.L.; Lodge, C.J.; Lowe, A.J.; Campbell, B.E.; Matheson, M.C.; Hamilton, G.S.; Dharmage, S.C. Prevalence

of Obstructive Sleep Apnea in the General Population: A Systematic Review. Sleep Med. Rev. 2017, 34, 70–81. [CrossRef] [PubMed]
2. Goldbart, A.D.; Krishna, J.; Li, R.C.; Serpero, L.D.; Gozal, D. Inflammatory Mediators in Exhaled Breath Condensate of Children

with Obstructive Sleep Apnea Syndrome. Chest 2006, 130, 143–148. [CrossRef] [PubMed]
3. Nachalon, Y.; Lowenthal, N.; Greenberg-Dotan, S.; Goldbart, A.D. Inflammation and Growth in Young Children with Obstructive

Sleep Apnea Syndrome before and after Adenotonsillectomy. Mediators Inflamm. 2014, 2014, 146893. [CrossRef]
4. Jun, J.C.; Drager, L.F.; Najjar, S.S.; Gottlieb, S.S.; Brown, C.D.; Smith, P.L.; Schwartz, A.R.; Polotsky, V.Y. Effects of Sleep Apnea on

Nocturnal Free Fatty Acids in Subjects with Heart Failure. Sleep 2011, 34, 1207–1213. [CrossRef] [PubMed]
5. Jun, J.C.; Chopra, S.; Schwartz, A.R. Sleep Apnoea. Eur. Respir. Rev. Off. J. Eur. Respir. Soc. 2016, 25, 12–18. [CrossRef]
6. Gileles-Hillel, A.; Almendros, I.; Khalyfa, A.; Zhang, S.X.; Wang, Y.; Gozal, D. Early Intermittent Hypoxia Induces Proatherogenic

Changes in Aortic Wall Macrophages in a Murine Model of Obstructive Sleep Apnea. Am. J. Respir. Crit. Care Med. 2014, 190,
958–961. [CrossRef]

7. Kheirandish-Gozal, L.; Gileles-Hillel, A.; Alonso-Álvarez, M.L.; Peris, E.; Bhattacharjee, R.; Terán-Santos, J.; Duran-Cantolla, J.;
Gozal, D. Effects of Adenotonsillectomy on Plasma Inflammatory Biomarkers in Obese Children with Obstructive Sleep Apnea:
A Community-Based Study. Int. J. Obes. 2015, 39, 1094–1100. [CrossRef]

8. Gileles-Hillel, A.; Alonso-Álvarez, M.L.; Kheirandish-Gozal, L.; Peris, E.; Cordero-Guevara, J.A.; Terán-Santos, J.; Martinez, M.G.;
Jurado-Luque, M.J.; Corral-Peñafiel, J.; Duran-Cantolla, J.; et al. Inflammatory Markers and Obstructive Sleep Apnea in Obese
Children: The NANOS Study. Mediators Inflamm. 2014, 2014, 605280. [CrossRef]

9. Tauman, R.; O’Brien, L.M.; Gozal, D. Hypoxemia and Obesity Modulate Plasma C-Reactive Protein and Interleukin-6 Levels in
Sleep-Disordered Breathing. Sleep Breath. Schlaf Atm. 2007, 11, 77–84. [CrossRef]

10. Gileles-Hillel, A.; Kheirandish-Gozal, L.; Gozal, D. Biological Plausibility Linking Sleep Apnoea and Metabolic Dysfunction.
Nat. Rev. Endocrinol. 2016, 12, 290–298. [CrossRef]

11. Hakim, F.; Gozal, D.; Kheirandish-Gozal, L. Sympathetic and Catecholaminergic Alterations in Sleep Apnea with Particular
Emphasis on Children. Front. Neurol. 2012, 3, 7. [CrossRef] [PubMed]

12. Berger, S.; Polotsky, V.Y. Leptin and Leptin Resistance in the Pathogenesis of Obstructive Sleep Apnea: A Possible Link to
Oxidative Stress and Cardiovascular Complications. Oxid. Med. Cell Longev. 2018, 2018, 5137947. [CrossRef] [PubMed]

13. Pasarica, M.; Rood, J.; Ravussin, E.; Schwarz, J.-M.; Smith, S.R.; Redman, L.M. Reduced Oxygenation in Human Obese Adipose
Tissue Is Associated with Impaired Insulin Suppression of Lipolysis. J. Clin. Endocrinol. Metab. 2010, 95, 4052–4055. [CrossRef]
[PubMed]

14. Pasarica, M.; Sereda, O.R.; Redman, L.M.; Albarado, D.C.; Hymel, D.T.; Roan, L.E.; Rood, J.C.; Burk, D.H.; Smith, S.R. Reduced
Adipose Tissue Oxygenation in Human Obesity: Evidence for Rarefaction, Macrophage Chemotaxis, and Inflammation without
an Angiogenic Response. Diabetes 2009, 58, 718–725. [CrossRef] [PubMed]

15. Ye, J. Emerging Role of Adipose Tissue Hypoxia in Obesity and Insulin Resistance. Int. J. Obes. 2005 2009, 33, 54–66. [CrossRef]
[PubMed]

16. Trayhurn, P. Hypoxia and Adipose Tissue Function and Dysfunction in Obesity. Physiol. Rev. 2013, 93, 1–21. [CrossRef] [PubMed]
17. Goossens, G.H.; Bizzarri, A.; Venteclef, N.; Essers, Y.; Cleutjens, J.P.; Konings, E.; Jocken, J.W.E.; Cajlakovic, M.; Ribitsch, V.;

Clément, K.; et al. Increased Adipose Tissue Oxygen Tension in Obese Compared with Lean Men Is Accompanied by Insulin
Resistance, Impaired Adipose Tissue Capillarization, and Inflammation. Circulation 2011, 124, 67–76. [CrossRef]

18. Lawler, H.M.; Underkofler, C.M.; Kern, P.A.; Erickson, C.; Bredbeck, B.; Rasouli, N. Adipose Tissue Hypoxia, Inflammation,
and Fibrosis in Obese Insulin-Sensitive and Obese Insulin-Resistant Subjects. J. Clin. Endocrinol. Metab. 2016, 101, 1422–1428.
[CrossRef]

19. Trayhurn, P.; Alomar, S.Y. Oxygen Deprivation and the Cellular Response to Hypoxia in Adipocytes—Perspectives on White and
Brown Adipose Tissues in Obesity. Front. Endocrinol. 2015, 6, 19. [CrossRef]

20. Cao, Y. Angiogenesis and Vascular Functions in Modulation of Obesity, Adipose Metabolism, and Insulin Sensitivity. Cell Metab.
2013, 18, 478–489. [CrossRef]

21. Wander, K.; Su, M.; Mattison, P.M.; Sum, C.-Y.; Witt, C.C.; Shenk, M.K.; Blumenfield, T.; Li, H.; Mattison, S.M. High-Altitude
Adaptations Mitigate Risk for Hypertension and Diabetes-Associated Anemia. Am. J. Phys. Anthropol. 2020, 172, 156–164.
[CrossRef] [PubMed]

22. Burtscher, M.; Millet, G.P.; Klimont, J.; Burtscher, J. Differences in the Prevalence of Physical Activity and Cardiovascular Risk
Factors between People Living at Low (<1001 m) Compared to Moderate (1001–2000 m) Altitude. AIMS Public Health 2021, 8,
624–635. [CrossRef] [PubMed]

23. Brito, J.; Siques, P.; López, R.; Romero, R.; León-Velarde, F.; Flores, K.; Lüneburg, N.; Hannemann, J.; Böger, R.H. Long-Term
Intermittent Work at High Altitude: Right Heart Functional and Morphological Status and Associated Cardiometabolic Factors.
Front. Physiol. 2018, 9, 248. [CrossRef] [PubMed]

24. Murphy, A.M.; Thomas, A.; Crinion, S.J.; Kent, B.D.; Tambuwala, M.M.; Fabre, A.; Pepin, J.-L.; Roche, H.M.; Arnaud, C.;
Ryan, S. Intermittent Hypoxia in Obstructive Sleep Apnoea Mediates Insulin Resistance through Adipose Tissue Inflammation.
Eur. Respir. J. 2017, 49, 1601731. [CrossRef]

http://doi.org/10.1016/j.smrv.2016.07.002
http://www.ncbi.nlm.nih.gov/pubmed/27568340
http://doi.org/10.1378/chest.130.1.143
http://www.ncbi.nlm.nih.gov/pubmed/16840394
http://doi.org/10.1155/2014/146893
http://doi.org/10.5665/SLEEP.1240
http://www.ncbi.nlm.nih.gov/pubmed/21886358
http://doi.org/10.1183/16000617.0077-2015
http://doi.org/10.1164/rccm.201406-1149LE
http://doi.org/10.1038/ijo.2015.37
http://doi.org/10.1155/2014/605280
http://doi.org/10.1007/s11325-006-0085-7
http://doi.org/10.1038/nrendo.2016.22
http://doi.org/10.3389/fneur.2012.00007
http://www.ncbi.nlm.nih.gov/pubmed/22319509
http://doi.org/10.1155/2018/5137947
http://www.ncbi.nlm.nih.gov/pubmed/29675134
http://doi.org/10.1210/jc.2009-2377
http://www.ncbi.nlm.nih.gov/pubmed/20466783
http://doi.org/10.2337/db08-1098
http://www.ncbi.nlm.nih.gov/pubmed/19074987
http://doi.org/10.1038/ijo.2008.229
http://www.ncbi.nlm.nih.gov/pubmed/19050672
http://doi.org/10.1152/physrev.00017.2012
http://www.ncbi.nlm.nih.gov/pubmed/23303904
http://doi.org/10.1161/CIRCULATIONAHA.111.027813
http://doi.org/10.1210/jc.2015-4125
http://doi.org/10.3389/fendo.2015.00019
http://doi.org/10.1016/j.cmet.2013.08.008
http://doi.org/10.1002/ajpa.24032
http://www.ncbi.nlm.nih.gov/pubmed/32324912
http://doi.org/10.3934/publichealth.2021050
http://www.ncbi.nlm.nih.gov/pubmed/34786424
http://doi.org/10.3389/fphys.2018.00248
http://www.ncbi.nlm.nih.gov/pubmed/29623044
http://doi.org/10.1183/13993003.01731-2016


Int. J. Mol. Sci. 2022, 23, 15462 14 of 16

25. Cypess, A.M.; Lehman, S.; Williams, G.; Tal, I.; Rodman, D.; Goldfine, A.B.; Kuo, F.C.; Palmer, E.L.; Tseng, Y.-H.; Doria, A.; et al.
Identification and Importance of Brown Adipose Tissue in Adult Humans. N. Engl. J. Med. 2009, 360, 1509–1517. [CrossRef]

26. Stanford, K.I.; Middelbeek, R.J.W.; Townsend, K.L.; An, D.; Nygaard, E.B.; Hitchcox, K.M.; Markan, K.R.; Nakano, K.; Hirshman,
M.F.; Tseng, Y.-H.; et al. Brown Adipose Tissue Regulates Glucose Homeostasis and Insulin Sensitivity. J. Clin. Investig. 2013, 123,
215–223. [CrossRef]

27. Becher, T.; Palanisamy, S.; Kramer, D.J.; Eljalby, M.; Marx, S.J.; Wibmer, A.G.; Butler, S.D.; Jiang, C.S.; Vaughan, R.; Schöder, H.;
et al. Brown Adipose Tissue Is Associated with Cardiometabolic Health. Nat. Med. 2021, 27, 58–65. [CrossRef]

28. Shimizu, I.; Aprahamian, T.; Kikuchi, R.; Shimizu, A.; Papanicolaou, K.N.; MacLauchlan, S.; Maruyama, S.; Walsh, K. Vascular
Rarefaction Mediates Whitening of Brown Fat in Obesity. J. Clin. Investig. 2014, 124, 2099–2112. [CrossRef]

29. Xue, Y.; Petrovic, N.; Cao, R.; Larsson, O.; Lim, S.; Chen, S.; Feldmann, H.M.; Liang, Z.; Zhu, Z.; Nedergaard, J.; et al. Hypoxia-
Independent Angiogenesis in Adipose Tissues during Cold Acclimation. Cell Metab. 2009, 9, 99–109. [CrossRef]

30. Gileles-Hillel, A.; Almendros, I.; Khalyfa, A.; Nigdelioglu, R.; Qiao, Z.; Hamanaka, R.B.; Mutlu, G.M.; Akbarpour, M.; Gozal, D.
Prolonged Exposures to Intermittent Hypoxia Promote Visceral White Adipose Tissue Inflammation in a Murine Model of Severe
Sleep Apnea: Effect of Normoxic Recovery. Sleep 2017, 40, zsw074. [CrossRef]

31. Khalyfa, A.; Qiao, Z.; Gileles-Hillel, A.; Khalyfa, A.A.; Akbarpour, M.; Popko, B.; Gozal, D. Activation of the Integrated Stress
Response and Metabolic Dysfunction in a Murine Model of Sleep Apnea. Am. J. Respir. Cell Mol. Biol. 2017, 57, 477–486. [CrossRef]

32. Boroumand, P.; Prescott, D.; Mukherjee, T.; Bilan, P.J.; Wong, M.; Shen, J.; Tattoli, I.; Zhou, Y.; Li, A.; Sivasubramaniyam, T.; et al.
Bone Marrow Adipocytes Drive the Development of Tissue Invasive Ly6Chigh Monocytes during Obesity. Elife 2022, 11, e65553.
[CrossRef]

33. Wang, C.; Liu, W.; Nie, Y.; Qaher, M.; Horton, H.E.; Yue, F.; Asakura, A.; Kuang, S. Loss of MyoD Promotes Fate Transdifferentiation
of Myoblasts Into Brown Adipocytes. EBioMedicine 2017, 16, 212–223. [CrossRef]

34. Gozal, D.; Gileles-Hillel, A.; Cortese, R.; Li, Y.; Almendros, I.; Qiao, Z.; Khalyfa, A.A.; Andrade, J.; Khalyfa, A. Visceral White
Adipose Tissue after Chronic Intermittent and Sustained Hypoxia in Mice. Am. J. Respir. Cell Mol. Biol. 2017, 56, 477–487.
[CrossRef]

35. Drager, L.F.; Li, J.; Shin, M.-K.; Reinke, C.; Aggarwal, N.R.; Jun, J.C.; Bevans-Fonti, S.; Sztalryd, C.; O’Byrne, S.M.; Kroupa, O.;
et al. Intermittent Hypoxia Inhibits Clearance of Triglyceride-Rich Lipoproteins and Inactivates Adipose Lipoprotein Lipase in a
Mouse Model of Sleep Apnoea. Eur. Heart J. 2012, 33, 783–790. [CrossRef]

36. Zhen, X.; Moya, E.A.; Gautane, M.; Zhao, H.; Lawrence, E.S.; Gu, W.; Barnes, L.A.; Yuan, J.X.-J.; Jain, P.P.; Xiong, M.; et al.
Combined Intermittent and Sustained Hypoxia Is a Novel and Deleterious Cardio-Metabolic Phenotype. Sleep 2022, 45, zsab290.
[CrossRef]

37. Kajimura, S.; Saito, M. A New Era in Brown Adipose Tissue Biology: Molecular Control of Brown Fat Development and Energy
Homeostasis. Annu. Rev. Physiol. 2014, 76, 225–249. [CrossRef]

38. Bartelt, A.; Heeren, J. Adipose Tissue Browning and Metabolic Health. Nat. Rev. Endocrinol. 2014, 10, 24–36. [CrossRef]
39. Leitner, B.P.; Huang, S.; Brychta, R.J.; Duckworth, C.J.; Baskin, A.S.; McGehee, S.; Tal, I.; Dieckmann, W.; Gupta, G.; Kolodny,

G.M.; et al. Mapping of Human Brown Adipose Tissue in Lean and Obese Young Men. Proc. Natl. Acad. Sci. USA 2017, 114,
8649–8654. [CrossRef]

40. Virtanen, K.A.; Lidell, M.E.; Orava, J.; Heglind, M.; Westergren, R.; Niemi, T.; Taittonen, M.; Laine, J.; Savisto, N.-J.; Enerbäck, S.;
et al. Functional Brown Adipose Tissue in Healthy Adults. N. Engl. J. Med. 2009, 360, 1518–1525. [CrossRef]

41. Yoneshiro, T.; Aita, S.; Matsushita, M.; Kayahara, T.; Kameya, T.; Kawai, Y.; Iwanaga, T.; Saito, M. Recruited Brown Adipose
Tissue as an Antiobesity Agent in Humans. J. Clin. Investig. 2013, 123, 3404–3408. [CrossRef]

42. Semenza, G.L.; Prabhakar, N.R. The Role of Hypoxia-Inducible Factors in Carotid Body (Patho) Physiology. J. Physiol. 2018, 596,
2977–2983. [CrossRef] [PubMed]

43. Takahashi, K.; Ueda, S.; Kobayashi, T.; Nishiyama, A.; Fujisawa, Y.; Sugaya, T.; Shiota, S.; Takahashi, K.; Gohda, T.; Horikoshi, S.;
et al. Chronic Intermittent Hypoxia-Mediated Renal Sympathetic Nerve Activation in Hypertension and Cardiovascular Disease.
Sci. Rep. 2018, 8, 17926. [CrossRef] [PubMed]

44. Nanduri, J.; Peng, Y.-J.; Wang, N.; Prabhakar, N.R. Neural Activation of Molecular Circuitry in Intermittent Hypoxia. Curr. Opin.
Physiol. 2019, 7, 9–14. [CrossRef] [PubMed]

45. Cetin-Atalay, R.; Meliton, A.Y.; Wu, D.; Woods, P.S.; Sun, K.A.; Peng, Y.-J.; Nanduri, J.; Su, X.; Fang, Y.; Hamanaka, R.B.; et al.
Intermittent Hypoxia-Induced Activation of Endothelial Cells Is Mediated via Sympathetic Activation-Dependent Catecholamine
Release. Front. Physiol. 2021, 12, 701995. [CrossRef]

46. Almendros, I.; Wang, Y.; Gozal, D. The Polymorphic and Contradictory Aspects of Intermittent Hypoxia. Am. J. Physiol. Lung Cell
Mol. Physiol. 2014, 307, L129–L140. [CrossRef]

47. Yao, Q.; Shin, M.-K.; Jun, J.C.; Hernandez, K.L.; Aggarwal, N.R.; Mock, J.R.; Gay, J.; Drager, L.F.; Polotsky, V.Y. Effect of Chronic
Intermittent Hypoxia on Triglyceride Uptake in Different Tissues. J. Lipid Res. 2013, 54, 1058–1065. [CrossRef]

48. Martinez, D.; Fiori, C.Z.; Baronio, D.; Carissimi, A.; Kaminski, R.S.R.; Kim, L.J.; Rosa, D.P.; Bos, Â. Brown Adipose Tissue: Is It
Affected by Intermittent Hypoxia? Lipids Health Dis. 2010, 9, 121. [CrossRef]

49. Kumar, G.K.; Rai, V.; Sharma, S.D.; Ramakrishnan, D.P.; Peng, Y.-J.; Souvannakitti, D.; Prabhakar, N.R. Chronic Intermittent
Hypoxia Induces Hypoxia-Evoked Catecholamine Efflux in Adult Rat Adrenal Medulla via Oxidative Stress: Induction of
Hypoxic Sensitivity in Adult Rat Adrenal Medulla. J. Physiol. 2006, 575, 229–239. [CrossRef]

http://doi.org/10.1056/NEJMoa0810780
http://doi.org/10.1172/JCI62308
http://doi.org/10.1038/s41591-020-1126-7
http://doi.org/10.1172/JCI71643
http://doi.org/10.1016/j.cmet.2008.11.009
http://doi.org/10.1093/sleep/zsw074
http://doi.org/10.1165/rcmb.2017-0057OC
http://doi.org/10.7554/eLife.65553
http://doi.org/10.1016/j.ebiom.2017.01.015
http://doi.org/10.1165/rcmb.2016-0243OC
http://doi.org/10.1093/eurheartj/ehr097
http://doi.org/10.1093/sleep/zsab290
http://doi.org/10.1146/annurev-physiol-021113-170252
http://doi.org/10.1038/nrendo.2013.204
http://doi.org/10.1073/pnas.1705287114
http://doi.org/10.1056/NEJMoa0808949
http://doi.org/10.1172/JCI67803
http://doi.org/10.1113/JP275696
http://www.ncbi.nlm.nih.gov/pubmed/29359806
http://doi.org/10.1038/s41598-018-36159-9
http://www.ncbi.nlm.nih.gov/pubmed/30560943
http://doi.org/10.1016/j.cophys.2018.11.003
http://www.ncbi.nlm.nih.gov/pubmed/31544168
http://doi.org/10.3389/fphys.2021.701995
http://doi.org/10.1152/ajplung.00089.2014
http://doi.org/10.1194/jlr.M034272
http://doi.org/10.1186/1476-511X-9-121
http://doi.org/10.1113/jphysiol.2006.112524


Int. J. Mol. Sci. 2022, 23, 15462 15 of 16

50. Shin, M.-K.; Yao, Q.; Jun, J.C.; Bevans-Fonti, S.; Yoo, D.-Y.; Han, W.; Mesarwi, O.; Richardson, R.; Fu, Y.-Y.; Pasricha, P.J.; et al.
Carotid Body Denervation Prevents Fasting Hyperglycemia during Chronic Intermittent Hypoxia. J. Appl. Physiol. 2014, 117,
765–776. [CrossRef]

51. Kooijman, S.; van den Heuvel, J.K.; Rensen, P.C.N. Neuronal Control of Brown Fat Activity. Trends Endocrinol. Metab. 2015, 26,
657–668. [CrossRef] [PubMed]

52. Gonzalez-Hurtado, E.; Lee, J.; Choi, J.; Wolfgang, M.J. Fatty Acid Oxidation Is Required for Active and Quiescent Brown Adipose
Tissue Maintenance and Thermogenic Programing. Mol. Metab. 2018, 7, 45–56. [CrossRef] [PubMed]

53. Huang, Y.; Zhou, J.H.; Zhang, H.; Canfran-Duque, A.; Singh, A.K.; Perry, R.J.; Shulman, G.I.; Fernandez-Hernando, C.; Min, W.
Brown Adipose TRX2 Deficiency Activates MtDNA-NLRP3 to Impair Thermogenesis and Protect against Diet-Induced Insulin
Resistance. J. Clin. Investig. 2022, 132, e148852. [CrossRef] [PubMed]

54. Okamatsu-Ogura, Y.; Kuroda, M.; Tsutsumi, R.; Tsubota, A.; Saito, M.; Kimura, K.; Sakaue, H. UCP1-Dependent and UCP1-
Independent Metabolic Changes Induced by Acute Cold Exposure in Brown Adipose Tissue of Mice. Metabolism. 2020, 113, 154396.
[CrossRef]

55. Hankir, M.K.; Kranz, M.; Keipert, S.; Weiner, J.; Andreasen, S.G.; Kern, M.; Patt, M.; Klöting, N.; Heiker, J.T.; Brust, P.; et al.
Dissociation Between Brown Adipose Tissue 18F-FDG Uptake and Thermogenesis in Uncoupling Protein 1–Deficient Mice.
J. Nucl. Med. 2017, 58, 1100–1103. [CrossRef]

56. Timmons, J.A.; Wennmalm, K.; Larsson, O.; Walden, T.B.; Lassmann, T.; Petrovic, N.; Hamilton, D.L.; Gimeno, R.E.; Wahlestedt,
C.; Baar, K.; et al. Myogenic Gene Expression Signature Establishes That Brown and White Adipocytes Originate from Distinct
Cell Lineages. Proc. Natl. Acad. Sci. USA 2007, 104, 4401–4406. [CrossRef]

57. Crewe, C.; An, Y.A.; Scherer, P.E. The Ominous Triad of Adipose Tissue Dysfunction: Inflammation, Fibrosis, and Impaired
Angiogenesis. J. Clin. Investig. 2017, 127, 74–82. [CrossRef]

58. Alcalá, M.; Calderon-Dominguez, M.; Bustos, E.; Ramos, P.; Casals, N.; Serra, D.; Viana, M.; Herrero, L. Increased Inflammation,
Oxidative Stress and Mitochondrial Respiration in Brown Adipose Tissue from Obese Mice. Sci. Rep. 2017, 7, 16082. [CrossRef]

59. Choi, E.W.; Lee, M.; Song, J.W.; Kim, K.; Lee, J.; Yang, J.; Lee, S.H.; Kim, I.Y.; Choi, J.-H.; Seong, J.K. Fas Mutation Reduces Obesity
by Increasing IL-4 and IL-10 Expression and Promoting White Adipose Tissue Browning. Sci. Rep. 2020, 10, 12001. [CrossRef]

60. Kotzbeck, P.; Giordano, A.; Mondini, E.; Murano, I.; Severi, I.; Venema, W.; Cecchini, M.P.; Kershaw, E.E.; Barbatelli, G.;
Haemmerle, G.; et al. Brown Adipose Tissue Whitening Leads to Brown Adipocyte Death and Adipose Tissue Inflammation.
J. Lipid Res. 2018, 59, 784–794. [CrossRef]

61. Wu, C.; Cheng, W.; Sun, Y.; Dang, Y.; Gong, F.; Zhu, H.; Li, N.; Li, F.; Zhu, Z. Activating Brown Adipose Tissue for Weight Loss
and Lowering of Blood Glucose Levels: A MicroPET Study Using Obese and Diabetic Model Mice. PLoS ONE 2014, 9, e113742.
[CrossRef] [PubMed]

62. Farré, R.; Gozal, D.; Almendros, I. Human Experimental Models: Seeking to Enhance Multiscale Research in Sleep Apnoea.
Eur. Respir. J. 2021, 58, 2101169. [CrossRef] [PubMed]

63. Farré, R.; Montserrat, J.M.; Gozal, D.; Almendros, I.; Navajas, D. Intermittent Hypoxia Severity in Animal Models of Sleep Apnea.
Front. Physiol. 2018, 9, 1556. [CrossRef] [PubMed]

64. Courteau, A.; McGrath, J.; Walker, P.M.; Pegg, R.; Martin, G.; Garipov, R.; Doughty, P.; Cochet, A.; Brunotte, F.; Vrigneaud, J.-M.
Performance Evaluation and Compatibility Studies of a Compact Preclinical Scanner for Simultaneous PET/MR Imaging at 7
Tesla. IEEE Trans. Med. Imaging 2021, 40, 205–217. [CrossRef]

65. Nir, T.; Melton, D.A.; Dor, Y. Recovery from Diabetes in Mice by Beta Cell Regeneration. J. Clin. Investig. 2007, 117, 2553–2561.
[CrossRef]

66. Malik, A.N.; Czajka, A.; Cunningham, P. Accurate Quantification of Mouse Mitochondrial DNA without Co-Amplification of
Nuclear Mitochondrial Insertion Sequences. Mitochondrion 2016, 29, 59–64. [CrossRef]

67. Martin, M. Cutadapt Removes Adapter Sequences from High-Throughput Sequencing Reads. EMBnet. J. 2011, 17, 10–12.
[CrossRef]

68. Kim, D.; Pertea, G.; Trapnell, C.; Pimentel, H.; Kelley, R.; Salzberg, S.L. TopHat2: Accurate Alignment of Transcriptomes in the
Presence of Insertions, Deletions and Gene Fusions. Genome Biol. 2013, 14, R36. [CrossRef]

69. Anders, S.; Pyl, P.T.; Huber, W. HTSeq–a Python Framework to Work with High-Throughput Sequencing Data. Bioinforma. Oxf.
Engl. 2015, 31, 166–169. [CrossRef]

70. Love, M.I.; Huber, W.; Anders, S. Moderated Estimation of Fold Change and Dispersion for RNA-Seq Data with DESeq2.
Genome Biol. 2014, 15, 550. [CrossRef]

71. Subramanian, A.; Tamayo, P.; Mootha, V.K.; Mukherjee, S.; Ebert, B.L.; Gillette, M.A.; Paulovich, A.; Pomeroy, S.L.; Golub, T.R.;
Lander, E.S.; et al. Gene Set Enrichment Analysis: A Knowledge-Based Approach for Interpreting Genome-Wide Expression
Profiles. Proc. Natl. Acad. Sci. USA 2005, 102, 15545–15550. [CrossRef] [PubMed]

72. Liberzon, A.; Subramanian, A.; Pinchback, R.; Thorvaldsdóttir, H.; Tamayo, P.; Mesirov, J.P. Molecular Signatures Database
(MSigDB) 3.0. Bioinforma. Oxf. Engl. 2011, 27, 1739–1740. [CrossRef] [PubMed]

73. Cho, K.W.; Zamarron, B.F.; Muir, L.A.; Singer, K.; Porsche, C.E.; DelProposto, J.B.; Geletka, L.; Meyer, K.A.; O’Rourke, R.W.;
Lumeng, C.N. Adipose Tissue Dendritic Cells Are Independent Contributors to Obesity-Induced Inflammation and Insulin
Resistance. J. Immunol. 2016, 197, 3650–3661. [CrossRef] [PubMed]

http://doi.org/10.1152/japplphysiol.01133.2013
http://doi.org/10.1016/j.tem.2015.09.008
http://www.ncbi.nlm.nih.gov/pubmed/26482876
http://doi.org/10.1016/j.molmet.2017.11.004
http://www.ncbi.nlm.nih.gov/pubmed/29175051
http://doi.org/10.1172/JCI148852
http://www.ncbi.nlm.nih.gov/pubmed/35202005
http://doi.org/10.1016/j.metabol.2020.154396
http://doi.org/10.2967/jnumed.116.186460
http://doi.org/10.1073/pnas.0610615104
http://doi.org/10.1172/JCI88883
http://doi.org/10.1038/s41598-017-16463-6
http://doi.org/10.1038/s41598-020-68971-7
http://doi.org/10.1194/jlr.M079665
http://doi.org/10.1371/journal.pone.0113742
http://www.ncbi.nlm.nih.gov/pubmed/25462854
http://doi.org/10.1183/13993003.01169-2021
http://www.ncbi.nlm.nih.gov/pubmed/34620681
http://doi.org/10.3389/fphys.2018.01556
http://www.ncbi.nlm.nih.gov/pubmed/30459638
http://doi.org/10.1109/TMI.2020.3024722
http://doi.org/10.1172/JCI32959
http://doi.org/10.1016/j.mito.2016.05.003
http://doi.org/10.14806/ej.17.1.200
http://doi.org/10.1186/gb-2013-14-4-r36
http://doi.org/10.1093/bioinformatics/btu638
http://doi.org/10.1186/s13059-014-0550-8
http://doi.org/10.1073/pnas.0506580102
http://www.ncbi.nlm.nih.gov/pubmed/16199517
http://doi.org/10.1093/bioinformatics/btr260
http://www.ncbi.nlm.nih.gov/pubmed/21546393
http://doi.org/10.4049/jimmunol.1600820
http://www.ncbi.nlm.nih.gov/pubmed/27683748


Int. J. Mol. Sci. 2022, 23, 15462 16 of 16

74. Röszer, T. Understanding the Biology of Self-Renewing Macrophages. Cells 2018, 7, 103. [CrossRef] [PubMed]
75. Poroyko, V.A.; Carreras, A.; Khalyfa, A.; Khalyfa, A.A.; Leone, V.; Peris, E.; Almendros, I.; Gileles-Hillel, A.; Qiao, Z.; Hubert, N.;

et al. Chronic Sleep Disruption Alters Gut Microbiota, Induces Systemic and Adipose Tissue Inflammation and Insulin Resistance
in Mice. Sci. Rep. 2016, 6, 35405. [CrossRef]

http://doi.org/10.3390/cells7080103
http://www.ncbi.nlm.nih.gov/pubmed/30096862
http://doi.org/10.1038/srep35405

	Introduction 
	Results 
	Body Composition and Food Consumption 
	Glucose Tolerance Testing 
	Brown Adipose Tissue Composition 
	Brown Adipose Tissue Transcriptional Profile 
	Brown Adipose Tissue Glucose Metabolism 

	Discussion 
	Methods and Materials 
	Animals and Hypoxic Exposures 
	In Vivo Micro-PET–MRI Scanning 
	PET/MRI Image Processing 
	Glucose and Insulin Tolerance Tests 
	Immunohistochemistry 
	Western Blot Analysis 
	Mitochondrial DNA Quantification 
	RNA-Seq and Analysis 
	Real-Time PCR 
	Isolation of Stromal Vascular Fraction (SVF) and Flow Cytometry Analysis 
	Statistical Analysis 

	Conclusions 
	References

