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Abstract

Intermittent hypoxia (IH) induces activation of the integrated
stress response (ISR), but its role in IH-induced visceral white adipose
tissue (vWAT) insulin resistance is unknown. CHOP is activated by
chronic ISR, whereas GADD34 dephosphorylates the subunit of
translation initiation factor 2 (eIF2a), leading to termination of the
ISR. We hypothesized that CHOP/Gadd34 null mice would not
manifest evidence of insulin resistance after IH exposures. Eight-
week-old CHOP/GADD34 "/~ (double mutant [DM]) and wild-type
(WT) littermates were randomly assigned to IH or room air (RA)
exposures for 6 weeks. Glucose and insulin tolerance tests were
performed, and regulatory T cells (Tregs) and macrophages in vWAT
were assessed. Phosphorylated elF2a:total elF2a,, ATF4, XBP1
expression, and insulin-induced pAKT/AKT expression changes
were examined in VWATSs. Single GADD34 '/~ and PERK"'™ mice
were also evaluated. Body weight and vWAT mass were reduced in
DM and WT mice after IH. M1/M2 macrophages and inflammatory
macrophages (Ly-6chigh) were significantly increased in WT vVWAT
but remained unchanged in DM mice. Tregs were significantly
decreased in WT vWAT but not in DM mice. Systemic insulin

and glucose tolerance tests revealed insulin resistance in IH-WT

The endoplasmic reticulum (ER) is a

key intracellular organelle that mediates
protein translocation, folding, and post-
translational modifications. Perturbations in
ER function, a process commonly termed

but not in IH-DM mice. Similarly, decreased pAKT/AKT responses
to exogenous insulin emerged in IH-WT compared with RA-WT
mice, whereas no significant differences emerged in IH-DM
compared with DM-RA. Chronic ISR activation appears to
contribute to the insulin resistance and vVWAT inflammation that
characteristically emerge after long-term IH exposures in a murine
model of obstructive sleep apnea.

Keywords: intermittent hypoxia; integrated stress response;
obstructive sleep apnea; double-mutant GADD34/CHOP; PERK

Clinical Relevance

Hypoxia activates the integrated stress response (ISR), and
intermittent hypoxia induces metabolic dysfunction both
systemically and in visceral adipose tissues. The role of the ISR
in metabolic dysfunction in sleep apnea is unknown. We show
that the ISR may play a significant role in visceral adipose tissue
inflammation and metabolic dysfunction in the context of sleep
apnea.

“ER stress,” trigger the unfolded protein
response (UPR), and this UPR highly
coordinated set of intracellular signal
transduction events that are designed to
preserve or restore protein homeostasis is

usually denominated the integrated

stress response (ISR) (1). The ISR
characteristically involves the activation of
three signaling proteins: IREla (inositol-
requiring protein-la), PERK (protein
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kinase RNA [PKR]-like ER kinase), and
ATF6 (activating transcription factor 6).
Accumulation of unfolded proteins in the
ER fosters IREla oligomerization and
autophosphorylation of IREla, which
ultimately increase the splicing of XBP-1
(X box-binding protein-1) mRNA and
allow for synthesis of the XBP-1 protein.
PERK-induced phosphorylation of elF2a
also permits the preferential translation of
UPR-dependent genes, such as ATF4
(activating transcriptional factor 4), which
then regulate CHOP (transcriptional factor
C/EBP homologous protein) and GADD34
(growth arrest and DNA damage-
inducible-34) expression and activity.

In the context of ER stress, ATF6 is a
transcriptional factor that will translocate
to the Golgi compartment, where it is
cleaved by two proteases: SIP (serine
protease site-1) and S2P (metalloprotease
site-2 protease). The cleaved N-terminal
cytosolic domain of ATF6 then translocates
to the nucleus to bind the ATF/cAMP
response elements (CRE) and ER
stress—response elements (ERSE-1), leading
to the activation of important target genes
such as BiP, Grp94, and CHOP. Thus,
chronic ISR activation leads to downstream
ATF4 and CHOP activation, whereas
GADD34 dephosphorylates elF2a, leading
to termination of the protective early-phase
component of the ISR.

Chronic and highly prevalent disorders
such as obstructive sleep apnea (OSA) have
been associated with the presence of
metabolic dysfunction in general, and more
particularly with the presence of insulin
resistance and dyslipidemia (2-4). Recent
work from our laboratory and others has
suggested that sleep fragmentation (SF) and
intermittent hypoxia (IH) during sleep, the
major constitutive elements of OSA, serve
as major determinants of visceral white
adipose tissue (YWAT) insulin resistance
by inducing local inflammatory changes
involving polarization of adipose tissue
macrophages (5-7). In parallel with these
findings, both IH and SF have been shown
to induce the ISR in several target organs
associated with OSA-induced morbidities
(8, 9). It is now quite well established that
the ISR plays an important role in the
capacity of cells to deal with nutrient
fluctuations, and additionally that some
nutrients, such as saturated fats, induce the
ISR. For example, a high-fat diet will
chronically induce the ISR in both adipose
tissues and liver, and chronic ISR activation
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is mechanistically associated with evidence of
insulin resistance and metabolic dysfunction
(10). Thus, based on the aforementioned
observations, we hypothesized that IH-induced
metabolic perturbations in a murine model of
OSA would be mediated, at least in part, by
prolonged and sustained activation of the ISR.

Materials and Methods

Animals

All experiments were approved by The
University of Chicago Institutional Animal
Care and Use Committee (IACUC protocol
#72169). CHOP and GADD34 double-
mutant (DM) mice were generated by
crossing single mutants initially created in
David Ron’s laboratory (http://ron.cimr.
cam.ac.uk/RONMICE_JAX.html) (11, 12)
to produce mice that were heterozygous for
both mutations. Double heterozygotes were
then interbred to generate the homozygous
DMs on a C57BL/6] background. We also
used double-stranded RNA-activated
PERK " mice (13) and GADD34 '~ (11)
knockout mice, with both strains
originating from Dr. David Ron’s
laboratory. The animals were fed a normal
chow diet and housed in a controlled
environment with 12-hour light/dark cycles
(7:00 a.M. to 7:00 p.M.) at constant
temperature (24 * 0.2°C) with ad libitum
access to food and water. For all
experiments, the authors who performed
the experiment were blinded to the identity
of the mice being tested.

IH Exposures

Mice were exposed to IH as previously
described (14). Briefly, mice were subjected
for 12 hours during daylight to
IH/normoxia cycles of 3 minutes duration
(hypoxia, nadir of fractional inspired
oxygen concentration [Fig ]: 6.4% for 90 s
alternating with normoxia [Fip,, 21%] for
90 s) for 6 weeks. This IH profile is
associated with a reproducible nadir of
oxyhemoglobin saturations in the 65-72%
range. Normoxic (Fip, 21%) conditions
were used during the 12-hour lights-off
period. Control animals were exposed to
circulating room air (RA; Fip, 21%) during
daylight and the lights-off period.
Programmed gas concentrations were
circulated into each chamber, and an
internal O, analyzer measured the O,
concentration continuously. Deviations
from the fixed concentrations were

automatically corrected by a computerized
system of solenoid valves controlling gas
outlets that added either N, or O, from
adjoining connected reservoirs. Ambient
CO, in the chamber was maintained at less
than 0.01%, and humidity was also
maintained at 40-50% by circulating the
gas through a freezer and silica gel. The
mice were divided into three groups (DM
[CHOP '~ /GADD34 '~], PERK '*, and
GADD34 /"), and each group was exposed
to IH and RA for 6 weeks with the
corresponding wild-type (WT) controls.

Glucose Tolerance Test and Insulin
Assay

Intraperitoneal glucose tolerance tests
(GTTs) were performed at the end of the
6-week exposures. After 3 hours of fasting,
DM mice were injected with glucose (2 mg/g
body weight intraperitoneally). Water was
provided ad lib during the fasting period.
Blood samples were collected from the tail
vein in heparin-coated capillary tubes for
glucose determination at 0, 4, 15, 30, 60, 90,
and 120 minutes. Blood glucose was
measured using a OneTouch Ultra2
glucometer (LifeScan, Milpitas, CA).
Glucose responses during the GTTs

were evaluated by estimating the total

area under the glycemic responses versus
time. Blood samples for insulin
determination were also obtained from
the cut tip of the tail at the same
aforementioned time points after glucose
injection. Plasma insulin assays were
performed with ELISA kits (EMD Millipore,
Billerica, MA) according to the
manufacturer’s protocol. The appropriate
range for the insulin assay was 0.2-10 ng/ml,
with a limit of sensitivity of 0.2 ng/ml and
intra- and interassay variations of 3.73% and
10.52%, respectively. Insulin resistance was
determined using the homeostasis model
assessment (HOMA) equation (fasting
insulin wU/ml X fasting glucose mg/dl/405)
for time 0.

Insulin Tolerance Test

DM mice were injected intraperitoneally
with Humulin (0.25 U/kg of body weight)
after 3 hours of fasting at the end of IH
exposures. Blood was collected from the tail
vein of each mouse, and blood glucose was
measured using a OneTouch Ultra2
glucometer (LifeScan, Milpitas, CA).
Analysis of insulin tolerance test (ITT)
glycemic trajectories was conducted as
previously described (5).
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VWAT Insulin Responses and
Immunoblotting Procedures

VWATSs were collected from each
experimental group. Primary adipocytes were
then isolated using first collagenase digestion
followed by flotation centrifugation. Cells
were then incubated with insulin at 0 or 5 nM
at 37°C for 10 minutes with gentle vortexing
every 2 minutes as previously described (15).
After two washes with cold Krebs-Ringer
buffer, adipocytes were lysed in RIPA buffer
that was supplemented with a mixture of
protease and phosphatase inhibitors (Sigma,
St. Louis, MO) and vortexed briefly. The
supernatants were then collected after
centrifugation at 15,000 X g for 15 minutes
at 4°C. Protein concentrations were
evaluated using the BCA kit (Life
Technologies). Equal amounts of total
proteins from individual strains were
electrophoresed using SDS-PAGE gel
(4-20%) and transferred into a nitrocellulose
membrane (Millipore, Billerica, MA). After
the membrane transfer, incubation in
blocking buffer (5% nonfat dry milk in

25 mM Tris, pH 7.4, 3.0 mM KCl, 140 mM
NaCl, and 0.05% Tween 20 [TBST]) for

1 hour at room temperature was performed.
The membranes were incubated with
phospho-Akt (Ser473) antibody (1:1,000,
cat. no. 9271S; Cell Signaling Technology,
Danvers, MA), total Akt antibody (tAKT,
1:1,000, cat. no. 9272S; Cell Signaling
Technology), phosphor eukaryotic initiation
factor 2 (elF2a) o subunit (pelF2a, 1:500,
cat. no. 9721; Cell Signaling Technology),
total elF2a (telF2a, 1:1,000, cat. no. 5324;
Cell Signaling Technology), and activating
transcription factor 4 (AFT4, 1:500 dilution,
cat. no. NB100-852; Novus Biologicals,
Littleton, CO) overnight at 4°C. The
membranes were then triple washed (10 min
each) with TBST and incubated with
anti-rabbit IgG and horseradish
peroxidase-linked antibody (Cell Signaling
Technology) in blocking buffer for 1 hour
at room temperature. Immune-reactive
bands were subjected to an enhanced
chemiluminescence detection assay
(Chemidoc XRS+; Bio-Rad; Hercules, CA),
and digital images were quantified by Image
Lab software (Bio-Rad).

RNA Isolation and Quantitative
RT-PCR

Total RNA was isolated from vWAT using
automated RNA extraction (Promega,
Madison, WI) according to the

manufacturer’s protocol. The RNA quality
and integrity were assessed using the
Eukaryote Total RNA Nano 6000 LabChip
assay (Agilent Technologies, Santa Clara,
CA) on an Agilent 2100 Bioanalyzer.
Quantitative RT-PCR (qRT-PCR) gene
expression assays (TaqgMan; Applied
Biosystems, Foster City, CA) were
performed using TagMan gene expression.
cDNAs were synthesized from 500 pg of
VWAT total RNA using a High-Capacity
cDNA Archive Kit (Applied Biosystems)
according to the manufacturer’s
instructions. Gene expression was
quantified as the second step of a two-step
RT-PCR. Reaction conditions consisted of
preincubation at 50°C for 2 minutes and
95°C for 10 minutes, followed by 40 cycles
of 95°C for 15 seconds and 60°C for

1 minute. As a reference gene, 185
recombinant RNA was used to normalize
the expression ratios. All experiments were
performed in triplicate. The mean cycle
number (C,) values of the 18S C, and the
gene of interest C, were calculated. The
relative expression of the gene of interest
was calculated by the 272" method.

Flow Cytometry and vVWAT T
Regulatory Lymphocyte and
Macrophage Characteristics

After incubation with collagenase (1 mg/ml;
Worthington Biochemical Corp., Lakewood,
NJ) at 37°C for 45 minutes with shaking,
VWAT pads were dissociated in Krebs-Ringer
buffer supplemented with 1% BSA. The cells
were then filtered through a 100-pm mesh
and centrifuged at 500 g for 5 minutes to
separate floating adipocytes and stromal-
vascular fraction (SVF) pellets. The SVF
pellets were subsequently suspended in
fluorescence-activated cell sorting (FACS)
buffer (PBS plus 2% FBS). For flow-cytometry
analysis, SVF pellets were fixed with 1%
paraformaldehyde solution for 30 minutes at
25°C and washed twice. Nonspecific binding
was blocked with FcR blocker (1:50; Miltenyi
Biotec, San Diego, CA) and then samples were
stained with specific antibodies. For surface
staining, we used the following fluoro-
conjugated antibodies: CD11b-PB, F4/80-
PE/Cy7, CD11c-APC, Ly-6¢-APC/APC-Cy?7,
CD206-PE, and CD86-PerCP/Cy5 (BD
Biosciences, San Jose, CA). Isotype control
antibodies were also used to establish
background fluorescence. All antibodies were
obtained from BioLegend (San Diego, CA).
Data were acquired on a FACS Cantoll
cytometer using the FACS Diva 5.5 software
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(BD Biosciences). Analyses were then
performed offline using the FlowJo software
(Tree Star, Ashland, OR). vWAT
macrophages were defined as F4/80" and
CD11b" cells, and M1 and M2 macrophages
were then identified as CD11c" and CD206"
cells, respectively. Regulatory T cells (Tregs)
were identified as CD3 ", CD4", CD25"¢"*,
and Forkhead box P3" (FoxP3™), and
proinflammatory macrophages that derived
from bone marrow were identified as Ly6c™®*.

Statistical Analysis

All data are reported as mean * standard
deviation. Comparisons of all quantitative
data groups were performed using unpaired
Student’s ¢ tests, nonparametric tests,

or ANOVA as appropriate. For all
comparisons, P < 0.05 was considered
statistically significant.

Results

Body Weight Changes after IH
Exposures

In this study, all three types of knockout
mice that were exposed to IH for 6 weeks
(DM, GADD34 ", and PERK ')
manifested minor and not statistically
significant body weight decreases compared
with WT mice, which when exposed to IH
underwent significant reductions in body
weight (WT-IH: 25.8 = 1.4 g versus WT-
RA:26.22 * 2.1 g, n = 11/group, P = 0.008;
DM-IH: 26.8 = 1.6 g versus DM-RA:

274 = 1.8 g, n = 20/group; P > 0.05;
PERK /"-TH: 24.1 = 1.1 g versus

PERK '"-RA: 24.7 + 1.3 g P > 0.05,

n = 11/group; GADD34 ™/~ -IH: 23.9 =
1.8 g versus GADD34 /"-RA: 24.5 + 2.1 g;
P > 0.05; n = 10/group).

IH Exposures and GTT and ITT
Responses

During GTTs, significantly higher peak
glycemic levels after glucose injection and
slower glycemic decline kinetics were
apparent in WT-IH mice compared with
WT-RA mice (Figure 1A; WT-IH versus
WT-RA: P < 0.001; n = 8/group). For DM
mice, no differences in blood glucose levels
were observed between mice exposed to IH
or RA (Figure 1B, DM-IH versus DM-RA:
P > 0.05; n = 8/group). Two-way ANOVA
showed significant two-way interactions of
glucose versus X IH (F = 12.42, P < 0.01)
at 10 and 30 minutes.
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Figure 1. Intraperitoneal glucose tolerance tests (GT Ts) and insulin tolerance tests (IT Ts). Adult male double-mutant (DM) mice (CHOP’/’/GADD34’/’)
and wild-type (WT) mice were exposed to either intermittent hypoxia (IH) or room air (RA) for 6 weeks. GTTs and IT Ts were performed, and fasting
homeostatic model assessment insulin resistance (HOMA-IR) was assessed. A and B illustrate GT T responses for WT and DM mice, and indicate that IH
induces abnormal glycemic responses in WT but not in DM mice (two-way ANOVA for repeated measures, P < 0.001). C and D show ITT experimental
results, revealing the presence of systemic insulin resistance in WT-IH mice but not in DM-IH mice (two-way ANOVA for repeated measures, P < 0.001).
Please note that glucose blood levels are shown as % of fasting baseline. (E) HOMA-IR values for WT and DM mice: HOMA-IR values were significantly
increased in WT-IH mice, whereas such changes were absent in DM-IH mice (P < 0.01, DM versus WT). (F) Representative Western blot for
phosphorylated Akt (p-AKT) and total Akt (tAKT) responses to 5 nM exogenous insulin in visceral white adipose tissue (WVAT) adipocyte lysates from adult
male DM mice (CHOP’/’/GADDSAF/’) and WT mice that were exposed to either IH or RA for 6 weeks. *P < 0.01; DM versus WT: P < 0.001, ANOVA.
Data are presented as mean = SD; n = 8-10/experimental group.

After insulin administration during insulin-induced glycemic responses were Similarly, fasting HOMA-estimated
ITT, WT-IH mice exhibited higher plasma apparent in DM mice (DM-IH versus insulin resistance (HOMA-IR) revealed
glucose levels, indicating the presence of DM-RA; P > 0.05; n = 8/group; Figure 1D).  significant increases in the WT-IH group
insulin resistance (WT-IH versus WT-RA:  Two-way ANOVA showed significant two-  (5.38 = 1.10) compared with the WT-RA
P < 0.001; n = 8/group; Figure 1C), way interactions of glucose X IH (F = 18.12,  group (3.59 * 1.25; P = 0.03; n = 8/group;
whereas no significant differences in < 0.002) at 60, 90, and 120 minutes. Figure 1E). The HOMA-IR values
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calculated for DM-IH mice (5.21 * 1.19;
n = 8/group) were similar to those obtained
for DM-RA mice (5.06 = 1.64; n = 8/group;
Figure 1E), and concurred with previous
reports of increased baseline HOMA-IR
values in CHOP /™ mice (6). For
GADD34 '™ mice, the HOMA-IR values
were similar after IH or RA exposures, and
similarly, no significant differences in
HOMA-IR were identified in PERK /" -TH
mice (1.13 * 0.11; n = 8/group) compared
with PERK/*-RA mice (1.16 * 0.60;

P > 0.05). In contrast, PERK*'* mice
exposed to IH displayed increased HOMA-
IR values (1.73 % 0.65; n = 8/group) versus
PERK /" -RA mice (0.99 * 0.33; n =
8/group; P < 0.01).

VWAT adipocyte insulin sensitivity was
assessed by changes in Akt phosphorylation
after exogenous insulin administration.
p-AKT/total/AKT ratios indicated the
presence of increased insulin resistance in
WT-IH mice compared with WT-RA.
However, were no significant differences in
insulin sensitivity with regard to vVWAT
adipocyte p-AKT/total/AKT ratios in DM-
IH mice compared with DM-RA mice
(Figure 1F; n = 8 per group).

ISR

Spliced XBP1 gene expression. To explore
the IRE1 signal pathway, we assessed spliced
XBP1 expression in the VWAT of all
experimental mouse groups exposed to
either ITH or RA. We observed that the gene
expression of spliced XBP1 was significantly
increased in WT-IH mice, but not in
DM-IH mice (Figure 2A). Similarly,
PERK '*-IH and GADD34 '~ -IH mice
did not show increases in spliced XBP1
expression, whereas such increases were
apparent in PERK"/*-TH and
GADD43™*/*-TH mice compared with RA-
exposed mice (Figures 2B and 2C,
respectively; n = 8/group).

p-elF2a and ATF4 Expression

To assess ER stress markers in our animal
models, we examined changes in p-eIlF2a
and ATF4 by Western blotting in vVWAT.
As shown in Figure 3A, the p-elF2a/elF2a
ratios were increased in WT-IH (2.61 *+
0.34 versus WT-RA: 0.89 = 0.03; n =
6/group; P = 0.01), but no changes emerged
in DM mice (DM-IH: 1.48 * 0.34 versus
1.38 * 0.21; n = 6/group; P > 0.45).
Similarly, no changes in p-elF2a/elF2a
ratios occurred in PERK /" -IH compared
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Figure 2. IH induces spliced XBP1 in WWAT. Adult male transgenic mice (DM CHOP ™/~ /GADD34 '~
[panel A], GADD34 ™~ [panel B], and PERK™" [panel CJ) and corresponding WT mice were exposed
to IH or RA for 6 weeks. Total RNA was isolated from VWAT and analyzed by qRT-PCR analysis for
XBP-1 mRNA expression. gPCR data were normalized to 18 s recombinant RNA as an internal

control. Spliced XBP1 expression was increased in all WT mice after IH but not in mutant mice. Data
are presented as mean * SD; n = 8/experimental condition; *P < 0.02. PERK, PKR-like endoplasmic

reticulum kinase; XBP1, X-box binding protein 1.

with PERK /" -RA mice, or in
GADD34 /" -IH compared with
GADD34 '~ -RA mice, whereas significant
increases in p-elF2a/elF2a ratios emerged
in both PERK""" and GADD34 """ mice
exposed to IH (P < 0.01; Table 1).
Expression of ATF4 was significantly
increased in WT-IH compared with WT-
RA mice (Figure 3B; P < 0.02), whereas no
significant changes were observed in DM
mice (DM-IH versus DM-RA: P > 0.05).
We also observed statistically significant
changes in IH in PERK™'" and
GADD34 """, but not in the corresponding
IH-exposed heterozygotes or null mice,
respectively (Table 1).

Treg Lymphocytes and Macrophages
in VWAT

Deregulation of ISR can actively participate
in the development and maintenance of
pathophysiological states, including
metabolic diseases (7, 16-18). In addition,

Khalyfa, Qiao, Gileles-Hillel, et al.: ISR, IH, and Adipose Tissue Metabolism

the accumulation of macrophages and
changes in their polarity in adipose tissues
correlate with increasing body weight and
insulin resistance (19). To examine the
impact of ISR on IH-induced vWAT
inflammation, we evaluated changes in
Treg lymphocytes and macrophages from
the DM and corresponding WT mice. As
anticipated based on previous findings (7),
not only were macrophages increased in
vWAT from WT-IH mice (29.4 * 1.0% in
IH versus 27.0 * 0.45% in RA; P < 0.034),
but their polarity was shifted toward M1, as
evidenced by increased M1/M2 ratios
(Figures 4A and 4B; P < 0.01; n =
8/experimental group). No changes in
either the number of macrophages or their
polarity emerged in DM mice (P > 0.05;
n = 8/group). Similarly, in single-gene
mutant mice (GADD34 or PERK),
increases in M1/M2 ratios occurred in WT
mice exposed to IH (GADD34*/*-IH
versus GADD34"/"-RA: P = 0.003; n = 6;
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Figure 3. Representative Western blots and quantitative densitometry analyses for elF2a and ATF4
proteins. DM mice (CHOP’/ ~/GADD34 ™/ ~) and WT mice were exposed to either IH or RA for 6 weeks.
(A) elF2a phosphorylation was increased by IH in WT-IH mice but not in DM-IH mice. Total proteins
were isolated from individual vVWATs from individual mice and immunoblotted against p-elF2« and total
elF2a. Representative immunoblots and a summary of signal intensity ratios across experimental groups
are shown. (B) Representative immunoblot for ATF4 protein and B-actin as the loading control in vVWAT,
and summary of signal intensities across experimental groups after normalization to B-actin as the
loading control. Significant increases in ATF4 expression occurred in WT-IH but not in DM-IH. Results
are expressed as fold change and represent mean + SD, n = 8/experimental group. Data are presented
as mean = SD. ATF4, activating transcription factor 4; elF2, eukaryotic translation initiation factor 2.

PERK"/*-IH versus PERK ™' "-RA:
P =0.04; n = 5), but no significant changes
occurred in GADD34 ™'~ or PERK /" mice
exposed to IH (Table 2). Increases in
Ly6c"8" " cells were observed in WT-IH
mice, suggesting an increase in
proinflammatory monocyte recruitment
from the bone marrow to the yYWAT, and
such increases were absent in DM-IH mice
(P = 0.05; Figures 4C and 4D).

In addition, WT-IH mice showed
significant decreases in FoxP3" cells as
compared with WT-RA mice, suggesting a

decrease in the vVWAT Treg lymphocyte
population (P = 0.04; Figures 4E and 4F). In
contrast, IH did not alter the number or
relative proportion of FoxP3™ cells in the
vWAT of DM mice (Figure 4). Similar findings
emerged in single-mutant mice (Table 2).

Discussion
The chronic IH that characterizes OSA is

firmly believed to play a predominant role in
the pathophysiology of the morbidities

associated with this highly prevalent
condition, including excessive daytime
sleepiness, neurobehavioral deficits, and
cardiovascular and metabolic dysfunction
(20-25). Several lines of evidence have
linked deregulation of the ISR pathway to
obesity, insulin resistance, and type

2 diabetes (26-28). Here, we show that
chronic IH exposures activated the
initiators of UPR signal transduction
pathways (namely, PERKeIF2a-ATF4 and
IRE1-XBP-1S) in WT mice, and that such
IH-induced ISR activation was abrogated in
DM mice as well as in single-mutant

mice (PERK ™' and GADD34 /7).
Furthermore, IH not only increased the
number of macrophages in VWAT but
also shifted their polarity toward a
proinflammatory phenotype, as evidenced
by both the increases in M1/M2 and the
number of Ly-6¢™¢"" macrophages, which
remained unchanged in DM mice as well as
in single-mutant mice exposed to IH.
Conversely, FoxP3 " Treg lymphocytes were
significantly decreased in vVWAT of WT-TH
mice, but not in DM-IH mice. The functional
consequences of such changes were manifest
as increases in systemic and vVWAT adipocyte
insulin resistance in WT-IH, and despite the
fact that DM mice exhibited an altered
baseline metabolic and inflammatory
phenotype, the changes with TH were absent in
DM mice. Taken together, our current
findings support the concept that sustained
and prolonged activation of the ISR by TH
mimicking sleep apnea may promote the
development of metabolic derangements such
as insulin resistance and VWAT inflammation
(see Figure 5).

Before we discuss the potential
implications of the present study, some
methodological aspects deserve comment.
First, the IH-exposure paradigm has been
extensively used, with slight variations in
terms of cycle and daytime duration, and
Fip, nadir. Despite these minor differences,
overall, it has been shown that when IH is

Table 1. Western Blot Analyses of ISR in Visceral White Adipose Tissue of GADD34 and PERK Transgenic Mice Exposed to IH and

RA

GADD34"/*-RA GADD34"/*-lH GADD34 ' "-RA GADD34'"-IH

p-elf2a/elf2a
ATF4

0.85 = 0.09
0.58 = 0.024*

=
I+ 1+

0.1
0.07*

0.42 = 0.13*
0.59 * 0.028*

PERK*/*-RA PERK'/*-lH PERK’*-RA PERK~’*-IH

.20* 044 + 026 0.37 £ 0.28
0.50 £ 0.07 0.53 £0.15

Definition of abbreviations: ATF4, activating transcription factor 4; IH, intermittent hypoxia; ISR, integrated stress response; PERK, PKR-like endoplasmic

reticulum kinase; RA, room air.
*P < 0.05 IH versus RA.
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Figure 4. Inflammatory cells in VWAT after IH exposures. Epididymal fat pads were dissected, and stromal-vascular fraction cells were isolated and
subjected to FACS analyses. Adipose tissue macrophages were defined as F4/80" and CD11b™ cells, from which M1 and M2 macrophages were identified as
CD11c™ and CD206™ cells, respectively. In all of the experiments, macrophages were identified as CD11b-F4/80 double-positive cells. In addition, CD3*, CD4™,
CD25", and FoxP3""* cells were identified as regulatory T lymphocytes (Tregs), and proinflammatory bone-marrow—derived activated macrophages were defined
as LyBc™"* cells. (A and B) Example of flow-cytometry analysis for M1 and M2, and summary of M1/M2 ratios across all four experimental groups. (C and D)
Representative example of Lysc™™* proinflammatory macrophage flow cytometry and group summary. (E and F) Representative example of Treg flow cytometry
and summary of findings from the four experimental groups. Data are presented as mean = SD (n = 8/experimental group). *P < 0.01.
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Table 2. Flow-Cytometry Analyses of Treg Lymphocytes and Macrophages in Visceral White Adipose Tissue of GADD34 and PERK

Transgenic Mice Exposed to IH and RA

GADD34*/*-RA  GADD34*/*-IH

M1 (%) 194 * 26 22.6 + 3.9*
M2 (%) 65.2 + 3.6 63.5 + 2.5

M1/M2 ratio 0.27 + 0.0* 0.32 = 0.04*
Foxp3* (%CD3") 225+ 11.95°  17.93 + 2.30*
Ly6c MFI 1,005 + 118* 1,238 + 36.4*

GADD34/"-RA  GADD34 /~-IH PERK*/*-RA
218 = 3.8 206 = 2.7 15.29 + 2.66*
65.2 = 2.5 66.1 = 3.4 71.13 = 3.04*
0.30 = 0.01 0.28 = 0.02 0.32 = 0.03"

13.69 = 2.44 13.80 = 3.54 17.9 = 1.81*
1,080 = 150 1,110 = 117.01 1,012 + 40*

PERK*/*-IH PERK/*-RA PERK™/*-IH
19.36 + 2.16* 18.33 = 2.49 18.11 £ 2.06
68.21 + 2.67* 68.87 + 3.20 67.96 + 3.51

0.41 = 0.02* 0.40 = 0.04 0.42 = 0.02

13.8 = 0.61* 1417 = 0.93 14.33 = 0.94
1,315 £ 43.80*  833.11 = 52.85  908.05 = 75.23

Definition of abbreviations: IH, intermittent hypoxia; MFI, mean fluorescent intensity; PERK, PKR-like endoplasmic reticulum kinase; RA, room air.

*P < 0.05 IH versus RA.

applied for prolonged periods of time
(spanning weeks to months), it induces
adverse metabolic consequences, such as
hyperlipidemia and insulin resistance, even
in lean C57BL/6] mice, along with
structural and cellular remodeling of
adipose and vascular tissues (22, 29-31).
Such tissue remodeling appears to be
mediated by oxidative stress and
downstream activation of inflammation
(32), which appears to involve ISR-related
pathways (9). However, the mechanistic
role of sustained ISR in the deleterious
metabolic consequences of OSA has not
been investigated, and the current work
provides novel and important insights into
this issue. Second, in addition to examining
systemic changes in glucose disposition as
reporters of insulin sensitivity changes, we
also explored vVWAT adipocytes to further
highlight the role of the ISR in cellular
tissue substrates. Third, we systematically
assessed three types of transgenic mice in
which different aspects of the ISR were
targeted. Thus, the consistency of the
responses to IH across all three murine
models further reinforces the assumption
that the ISR plays a critical role in chronic
IH. Finally, we noticed a trend toward
increased body weight and HOMA-IR in
normoxic DM mice. In this regard, a higher
body and vWAT mass have been previously
reported in both CHOP and GADD34 (33)
single-deletion mutant mice. However,
despite the higher vVWAT mass, CHOP™/~
mice did not show evidence of insulin
resistance. In addition, the impact of
GADD34 deletion on glucose metabolism
was recently investigated at different time
points in the natural life span (7), and
GADD34 ™'~ mice exhibit higher insulin
sensitivity until the age of 3 months, which
could participate in the process of VWAT
accretion (33). As such, considering the
alterations in adipose tissue mass and
increased risk for developing insulin
resistance, the absence of IH-induced changes
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in insulin sensitivity or inflammatory cell
characteristics in the mutant mice needs to be
viewed with caution, since some of the
underlying baseline abnormalities could mask
the IH response. However, considering that
high-fat diets and obesity are highly prevalent
among patients with OSA, it might be of
interest to pursue studies on the role of ISR in
experimental models in which diet and TH are
examined concurrently.

The evidence pointing to an important
role of the ISR in metabolic homeostasis is
not novel. Indeed, activation of the ISR has
been implicated in the pathogenesis of
obesity and diabetes in both hepatic and
white adipose tissues (34, 35). The ER
plays critical roles in a wide range of
processes, including I) synthesis, folding,
modification, and transport of proteins; 2)
synthesis and distribution of phospholipids
and steroids; and 3) storage of calcium ions
(36). Perturbations of any of these
functions can result in misfolded or
unfolded proteins, which then accumulate
in the ER until they are properly folded or
destroyed (37). In general, when the ER is
overwhelmed by the accumulation of
misfolded or unfolded proteins (i.e., ER
stress), the ISR is activated and the
expression of chaperones is upregulated
to help fold the ER proteins (38, 39).
Dysregulation of ER integrity as induced by
a high-fat diet can actively participate in
the development and maintenance of
metabolic diseases (40). However, we are
unaware of any studies examining the role
of long-term ISR activation in IH-induced
insulin resistance and vVWAT inflammation.

In our study, we preferentially used DM
mice (CHOP™'"/GADD34 /") to more
extensively target and encompass the
chronic ISR pathway activation by IH, and
thus better explore its role in IH-induced
changes in insulin sensitivity within vVWAT.
Our findings indicate that DM mice may be
protected from IH-induced metabolic and
proinflammatory effects, even though

definitive conclusions cannot be drawn
regarding the underlying baseline metabolic
alterations that develop in these mice.
CHOP and GADD34 can activate
downstream PERK homodimerization and
autophosphorylation during chronic ISR
activation. CHOP is a bZIP transcription
factor whose expression is strongly induced
by ER stress, and it also acts as a
proapoptotic transcription factor. It has
been shown that the PERK pathway is
necessary for upregulating CHOP expression,
and PERK activation may reflect the
attenuation of translation through
phosphorylation of elF2a, whereas protein
folding and the degradation capacity increase
(41). On the other hand, GADD34 is a
stress-inducible regulatory subunit of a
phosphatase complex that is known to
dephosphorylate p-elF2a, thereby allowing
recovery from the global suppression of
protein synthesis. Overexpression of a
constitutively active form of GADD34 that
dephosphorylates elF2a attenuates elF2o
phosphorylation and severely inhibits ATF4
induction. This suggests that GADD34
functions as an important negative-feedback
regulator of the PERK signaling pathway
(42). Thus, DM mice would not only
maintain the protective phosphorylated state
of elF2a but also mitigate the effects of CHOP,
thereby playing an extensive and protective
role in chronic IH conditions. Surprisingly,
even mice with single mutations of ISR-related
genes (ie., PERK " or GADD34 /™) were
also protected from IH-induced metabolic and
proinflammatory consequences, a finding that
further supports the potential role of chronic
ISR activation in IH.

The visceral adipose tissue depot is a
central player in metabolic regulation through
the production and release of multiple
adipokines, and extensive crosstalk with other
organs and tissues (43, 44). In this context,
chronic low-grade inflammation in adipose
tissues is a key process for the emergence of
insulin resistance (45, 46), and hypoxia can
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Figure 5. Schematic diagram illustrating the effects of intermittent hypoxia on metabolic function

using both WT and DM knockout mice.

amplify this phenomenon via recruitment
and polarization of macrophages within the
VWAT (47). Furthermore, adipocytes and
inflammatory cells, such as macrophages,
show a high degree of interaction in obesity
(43). Thus, the reduced capacity of the
adipose tissues to preserve their homeostatic
function in obesity is caused by impairment
of key cellular functions, among which is
included ISR deregulation in adipocytes (48).
Indeed, sustained ISR activation is
mechanistically implicated in adipose tissue
inflammation and insulin resistance in
various settings, including aging, obesity,
and high-fat diet, and interventions aimed at
reducing the ISR have resulted in either

prevention of metabolic dysfunction or
restoration of insulin sensitivity (49, 50).

In the current study, we explored
evidence pointing to activation of the ISR by
IH using multiple approaches. At the mRNA
level, splicing of XBP1 mRNA (8) has been
implicated in obesity-induced insulin
resistance and type 2 diabetes (9-11). When
ER stress occurs, IREla promotes alternative
XBP-1 mRNA processing, involving the
removal of a 26-nucleotide intron. This
process results in the production of spliced
XBP-1 (XBP-1 s), which is a powerful gene
transactivation factor, particularly relative to
lipogenic genes. In the current experiments,
IH induced increased XBP-1 s expression in

WT-IH mice, but this was prevented in
mutant mice. Since elF2a phosphorylation
contributes to the reduced formation of
translational preinitiation complexes and
activates the translation of ATF4, which
accumulates under stress and activates CHOP
expression (51), we assessed both events and
uncovered their enhanced presence in WT-
IH mice, but not in the targeted mutant mice.

In WT-IH mice, we found an increase
in the global number of macrophages
detected in the SVF and a decrease in Treg
lymphocytes. IH-induced changes in both
M1 macrophages and Treg lymphocytes
were conspicuously absent in DM mice
exposed to IH. However, we should point
out that the normoxic DM mice already
exhibited fewer proinflammatory
macrophages despite having higher M1/M2
ratios, even if such ratios do not change in
IH, indicating that the genotype effect is
robust and may restrict our ability to draw
definitive conclusions regarding the role of
IH-induced ISR in macrophage polarity.
Taken together, these findings suggest that
VvWAT inflammation likely contributed to
the insulin resistance in WT-IH mice.

Conclusions

As shown in Figure 5, physiological and
pathological conditions can disrupt ER
homeostasis, resulting in an accumulation
of misfolded and unfolded proteins. This
study shows that the ISR is potentially
involved in insulin resistance and vVWAT
inflammation induced by long-term IH
mimicking OSA. H

Author disclosures are available with the text
of this article at www.atsjournals.org.
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