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Study Objectives: Sleep fragmentation (SF) is highly prevalent and has emerged as an important contributing factor to obesity and metabolic syndrome. We
hypothesized that SF-induced increases in protein tyrosine phosphatase-1B (PTP-1B) expression and activity underlie increased food intake, inflammation, and

leptin and insulin resistance.

Methods: Wild-type (WT) and ObR-PTP-1b-/- mice (Tg) were exposed to SF and control sleep (SC), and food intake was monitored. WT mice received a
PTP-1B inhibitor (RO-7d; Tx) or vehicle (Veh). Upon completion of exposures, systemic insulin and leptin sensitivity tests were performed as well as assessment
of visceral white adipose tissue (VWAT) insulin receptor sensitivity and macrophages (ATM) polarity.

Results: SF increased food intake in either untreated or Veh-treated WT mice. Leptin-induced hypothalamic STAT3 phosphorylation was decreased, PTP-1B
activity was increased, and reduced insulin sensitivity emerged both systemic and in vVWAT, with the latter displaying proinflammatory ATM polarity changes. All
of the SF-induced effects were abrogated following PTP-1B inhibitor treatment and in Tg mice.

Conclusions: SF induces increased food intake, reduced leptin signaling in hypothalamus, systemic insulin resistance, and reduced VWAT insulin sensitivity
and inflammation that are mediated by increased PTP-1B activity. Thus, PTP-1B may represent a viable therapeutic target in the context of SF-induced weight

gain and metabolic dysfunction.
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Statement of Significance

Chronic sleep fragmentation, a frequent occurrence in modern life and many diseases, induces increased activity of PTP-1B that leads to increased food
intake and plasma leptin levels, and visceral white adipose tissue inflammation and insulin resistance via PTP-1B-mediated pathways.

INTRODUCTION

Poor sleep quality and quantity have been implicated in the
high prevalence of obesity and associated morbidities around
the world."? In this context, chronic sleep fragmentation (SF),
as occurs in many sleep disorders or in suboptimal sleep con-
ditions, has been associated with increased propensity for
development of obesity and cardiometabolic disorders.>* We
and others have previously shown that SF leads to increased
food consumption, accelerated weight gain, along with emer-
gence of visceral white adipose tissue (VWAT) inflammation,
and insulin resistance through activation of complex tran-
scriptomic pathways and networks.”'2 In the context of better
understanding, the potential mechanisms underlying such met-
abolic alterations, evidence implicating protein tyrosine phos-
phatase 1B (PTP-1B) as altering hypothalamic leptin receptor
(ObR) sensitivity, and fostering increased orexigenic behaviors
and reduced satiety emerged.’* However, the potential role of
PTP-1B in vWAT inflammation and reduced insulin sensitiv-
ity was not explored. Indeed, dephosphorylation of JAK2 is an
important mechanism for terminating leptin signal transduction
and can be induced by increased PTB-1B activity.!*'® However,
induction of PTP-1B activity can also potentiate inflammatory
pathways and promote insulin resistance in vVWAT.'”?! Since
selective ablation of PTP-1B from adipocytes does not alter the
metabolic perturbations induced by high-fat diet,? and to fur-
ther explore the hypothesis that SF induces increased PTP-1B
activity in vWAT and in adipose tissue macrophages (ATM) and
that such changes promote the polarity shift in ATM from M2
to M1 and also contribute to adipose tissue insulin resistance
following SF in an ObR-dependent manner, we assessed the
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effect of treatment with a systemic PTP-1B inhibitor, selected
among 4-[(5-arylidene-4-ox0-3-thiazolidinyl)methyl]benzoic
acids,?*? as well as the effect of SF in ObR selective PTP-1B
deletion in transgenic mice.

METHODS

Animals

Male C57BL/6J mice weighing 22-25 g were purchased from
Jackson Laboratories (Bar Harbor, Maine). In addition, ObR-
Ires-Cre mice on a C57/B6 background (a generous gift from
Dr,. Martin Myers at the University of Michigan) and PTP1b fl/
fl mice on a C57/B6 background (developed and provided by
Dr. Ben Neel at the University of Toronto) were crossed to gen-
erate ObR-PTP-1b—/— mice that specifically lack PTP-1B in all
cells and tissues that express ObR. To ascertain the restricted
knockdown of PTP-1B in cells expressing ObR, we performed
PTP-1B activity assay experiments in wild-type mice (WT) and
in ObR-PTP-1b—/— (Tg) mice that confirmed the markedly
reduced PTP-1B activity in hypothalamus, liver and visceral
white adipose tissues, and adipose tissue macrophages (ATM)
but preserved PTP-1B activity in ectorhinal cortex of the trans-
genic mice, a brain region that has minimal expression of ObR-
positive cells (Figure 1; n = 5/group; Tg vs. WT: p < .001 for
all tissues except ectorrhinal cortex;**") All mice were housed
in a 12-hour light-dark cycle (light on 7:00 am to 7:00 pm)
at a constant temperature (24 + 1°C) and were allowed access
to food and water ad libitum. All the experimental procedures
took place after at least a week of habituation to the facility and
started at 8—9 weeks of age. The experimental protocols were
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Figure 1—Protein-tyrosine phosphatase-1B (PTP-1B) activity in
leptin receptor (ObR)-PTP-1b-/- transgenic (Tg) mice relative to
wild-type mice in various tissues. Significant reductions in PTP-1B
activity are apparent in ObR-expressing tissues, but not in ector-
rhinal cortex, in which ObR expression is low or null (n = 6/group).
Abbreviations: ATM, adipose tissue macrophages; VWAT, visceral
white adipose tissue.

approved by the Institutional Animal Use and Care Committee
and are in close agreement with the ARRIVE guidelines and
National Institutes of Health Guide in the Care and Use of
Animals. All efforts were made to minimize animal suffering
and to reduce the number of animals used.

PTP-1B Inhibitor
The compound used for all experiments was the 4-{[5-(4-benzy-
loxybenzylidene)-2-(4-trifluoromethylphenylimino)-4-oxo-3-thi-
azolidinyl]methyl}benzoic acid (termed RO-7d) which was
previously reported.” Compound RO-7d showed to be a potent
inhibitor of recombinant human PTP1B with IC, value of 1.4 pM.
Moreover, compound RO-7d proved to increase the degree of
phosphorylation of insulin receptor and also promoted a high
level of glucose uptake when it was incubated in mouse C2C12
skeletal muscle cell cultures.”

Sleep Fragmentation

The device used to induce SF in rodents has been previously
described (catalog #Model 80390, Lafayette Instruments,
Lafayette, IN)® and employs intermittent tactile stimulation
of freely behaving mice in a standard laboratory mouse cage,
using a near-silent motorized mechanical sweeper. This method
prevents the need for human contact and intervention, introduc-
tion of foreign objects or touching of the animals during sleep,
and is therefore superior to other existing methods of sleep frag-
mentation. To induce moderate to severe sleep fragmentation
that is present in multiple sleep disorders, such as sleep apnea,
we chose a 2-minute interval between each sweep, implemented
during the light period (7 a.m. to 7 p.m.). The sweeper required
9 seconds to travel the distance of the cage. Of note, 3—4 mice
were housed in each SF cage to prevent isolation stress, and
all mice had ad libitum access to food and water. Sleep control
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mice (SC) were housed in the same conditions with the sweeper
turned off.

Body Weight and Food Intake

Body weight was measured twice a week and always at the same
time of the day (middle of the light cycle period). All animals
had free access to regular chow diet. Food intake was monitored
on a daily basis, by measuring the amount of food consumed
in each cage and dividing it by the number of animals for each
cage (usually 3—4 animals per cage). Food intake is presented
as grams/mouse/day.

Experimental Protocol

(a) In an initial set of experiments, we administered incre-
mentalintraperitoneal doses of the PTP-1B inhibitor
4-{[5-(4-benzyloxybenzylidene)-2-(4-trifluoromethylphenylim-
ino)-4-oxo-3-thiazolidinylJmethyl} benzoic acid (RO-7d) (25)
and assessed PTP-1B activity in both hypothalamus and vWAT
(Figure 1). We then assessed PTP-1B activity in these tissues
using the selected dose from the initial set of experiments up
to 24 hours after administration to ascertain the viability of
daily dosage (Figure 2). (b) After determination of optimal dos-
ing, C57/B6 mice were randomly assigned into four treatment
groups and were exposed to either SF or sleep control (SC) and
treated with either vehicle (Veh) or the PTP-1B inhibitor (Tx) at
a daily dose of 250 mg/kg/day. The 4 treatment groups are des-
ignated as: Veh-SC, RO-SC, Veh-SE, and RO-SF. After 14 days,
animals underwent insulin tolerance tests (ITT; see below)
and then hypothalamic and vWAT tissues were harvested and
subjected to PTP-1B activity measurements, adipocyte insulin
sensitivity (see below), and adipose tissue macrophage (ATM)
characterization using FACS procedures (see below). (c) ObR-
PTP-1b—/— mice and WT mice, all on a C57/B6 background,
were exposed to either SF or SC for 4 weeks after which ITT and
vWAT tissue-based assays were performed. In addition, PTP-1B
activity assays and plasma leptin levels were also assessed.

Tissue Harvesting

At the end of each exposure, mice were euthanized using CO,
exposures followed by cervical dislocation, the skull was rapidly
opened, and the brain was extracted, immediately placed on dry
ice, and the hypothalami and cortex were dissected under surgi-
cal microscopy and immediately snap frozen in liquid nitrogen
(n = 6 for each group). In addition, epididymal adipose tissue
was harvested, and blood was collected into EDTA-contianing
tubes and immediately centrifuged with plasma samples being
stored at —80°C until assay.

ITT and vVWAT Insulin Sensitivity Assays

Systemic ITT and vWAT adipocyte insulin sensitivity were
performed as previously described.?* In brief, the mice were
injected intraperitoneally with humulin (0.25 U/kg of body
weight) after 3 hours of fasting. Blood was collected via the
tail vein from each mouse, and blood glucose was measured
using an OneTouch Ultra2 glucometer (Life Scan; Milpitas,
California). Primary adipocytes were isolated using collagenase
digestion and flotation centrifugation and were incubated with
insulin at 0 or 5 nM at 37°C for 10 minutes with gentle vortex-
ing every 2 minutes. After two washes with cold Krebs—Ringer
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Figure 2—Protein-tyrosine phosphatase-1B (PTP-1B) activity in hypothalamus and visceral white adipose tissue (VWAT) 6 hours following
intraperitoneal administration of the PTP-1 inhibitor RO-7d at increasing doses (A) and temporal trajectory of the PTP-1B inhibition after
administration of a 250 mg/kg dose (B). n = 5-6 mice/dose or time point.

buffer (KRB), cells were lysed in radioimmunoprecipitation
buffer supplemented with protease and phosphatase inhibitor
mixture (Sigma, St Louis, Missouri) and vortexed briefly. The
supernatants were collected after centrifugation at 15000 g for
15 minutes at 4°C. Protein concentrations of the cell lysates
were determined using BCA kit (Life Technologies). The lysates
were separated on 4%—20 nitrocellulose membrane (Millipore,
Billerica, Massachusetts) and then transferred to nitrocellulose
membranes and incubated in blocking buffer (5% nonfat dry milk
in TBST) for 1 hour at room temperature. The membranes were
incubated with phospho-Akt (Ser473) antibody (Cell Signaling
Technology, Danvers, Massachusetts) or with Akt Antibody
(Cell Signaling Technology, Danvers, Massachusetts) overnight
at 4°C. Membranes were then washed 3 times for 10 minutes
each with 25 mM Tris, pH 7.4, 3.0 mM KCI, 140 mM NaCl,
and 0.05% Tween 20 (TBST), incubated with anti-rabbit IgG:
HRP-linked Antibody (Cell Signaling Technology, Danvers,
Massachusetts) in blocking buffer with gentle agitation for 1
hour at room temperature. Immune-reactive bands were visu-
alized using an enhanced chemiluminescence detection system
(Chemidoc XRS+; Bio-Rad, Hercules, California), and quanti-
fied by Image Lab software (Bio-Rad, Hercules, California).

Isolation and Analysis of Stromal-Vascular Fraction (SVF) in
Adipose Tissues

Epididymal fat pads and mesenteric adipose tissues were gen-
tly dissociated in KRB supplemented with 1% BSA after incu-
bation with collagenase (1 mg/mL; Worthington Biochemical
Corporation, Lakewood, New Jersey) at 37°C for 45 minutes
with shaking. Suspended cells were filtered through a 100-um
mesh and centrifuged at 500 g for 5 minutes to separate the
floating adipocytes from the stromal-vascular fraction (SVF)
pellet. SVF pellets were then resuspended in FACS buffer

SLEER Vol. 40, No. 9, 2017

(phosphate-buffered saline plus 2% fetal bovine serum), and 10°
cells were used for staining with fluorescence-conjugate primary
antibodies or control [gGs at 4°C for 30 minutes. Cells were then
washed twice and analyzed with a flow cytometer (Canto II; BD
Biosciences, San Jose, California). Data analysis was performed
using the FlowJo software (Tree Star, Ashland, Oregon). For flow
cytometry analysis, cells were fixed with 1% paraformaldehyde
solution for 30 minutes at 25°C and washed twice. Nonspecific
binding was blocked with FcR blocker at 1:50 concentration and
stained with specific antibodies for analysis. For surface staining,
we used the following fluoroconjugated antibodies: CD11b-PB,
F4/80-PE/Cy7, CD11c-APC, Ly-6¢c-APC/APC-Cy7, CD64-PE,
CD86-PerCP/Cy5 (BD Biosciences, San Jose, California).
Isotype controls were employed to establish background fluores-
cence. Data were acquired on a FACS Cantoll cytometer using
the FACS Diva 5.5 software (BD Biosciences) and analyzed
by FlowJo software (Tree Star). Adipose tissue macrophages
(ATMs) were defined as F4/80+ and CD11b+ cells, from which
M1 and M2 macrophages were identified as CD11c+ or CD206+
cells, respectively. In all of the experiments, macrophages were
identified as CD11b-F4/80 double positive cells. In addition,
proinflammatory activated monocytes were defined as Ly6ceh
(+) cells®! and resident ATM as CD64 (+).*

Plasma Leptin Levels

Leptin plasma levels were assessed in plasma obtained from blood
drawn at the end of each exposure (The assay was carried out using
a commercially available enzyme-linked immunosorbent assay
[ELISA] kit (Millipore, St. Charles, Missouri) according to the
manufacturer’ instructions. The linear range was 0.2 ng/mL up to
30 ng/mL with the sensitivity threshold at 0.05ng/mL (~3.13 pM).
The intra-assay variation coefficient was up to 1.76%, and the
interindividual coefficient of variation was 4.59%.
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Leptin Sensitivity and Signaling

For studies involving leptin signaling, SF and SC-exposed WT
and Tg mice were fasted for 8 hours (n = 6/experimental group),
always starting at 7:00 am and at 3:00 pm received a single
intraperitoneal injection (3 ng/g of body weight) of recombi-
nant mouse leptin (Sigma-Aldrich, St Louis, Missouri), with
normal saline being used as vehicle. All mice were sacrificed
60 minutes later, and the hypothalamus and vWAT were har-
vested and processed for protein extraction. To quantify leptin
signaling responses, immunoblotting for pSTAT3, STAT3 (Cell
Signaling) were performed as described previously."

PTP-1B Activity Assays

Tissue samples were subjected to PTP-1B activity assays using
a commercial kit (BPS Bioscience cat #30019, San Diego,
California) according to manufacturer’s protocol. The protein
concentration of supernatants was determined by DC protein
assay (Biorad, California). Results were expressed as absorb-
ance per mg tissue per minute.

Statistical Analysis
All data are reported as mean + SE. Repeated measures anal-
ysis of variance (ANOVA) was used to compare food intake
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Figure 3—(A) Body weight and (B) food intake in wild-type mice exposed to sleep fragmentation (SF) or sleep control (SC) for 14 days and
treated daily with either intraperitoneal (i.p.) vehicle (Veh) or the PTP-1B inhibitor, RO-7d (Tx) at a dose of 250 mg/kg (n = 8/experimental
group). SF-Veh developed increased food intake and weight gain starting within the first 7 days from initiation of SF (p < .01 vs all other
groups). (C) illustrates mean glycemic values over 120 min after i.p. administration of insulin in the four experimental groups, whereby sig-
nificantly attenuated glycemic responses emerged in SF-Veh treated mice, indicating systemic insulin resistance (SF-Veh vs. all three other
groups: p <.001). (D) shows pAKT/AKT changes 30 minutes after adding 5 nM insulin to visceral white adipose tissue (VWAT) dissociated
adipocytes mice in each of the experimental treatment groups when compared to 0 nM insulin. Significant attenuation of insulin receptor-in-
duced AKT phosphorylation was apparent in SF-Veh vVWAT adipocytes (SF-Veh vs. all three other groups: p < .001).
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and weight gain, one-way ANOVA on ranks (Kruskal-Wallis)
or Friedman tests followed by unpaired Student’s t-test with
Bonferroni correction were used to compare other time course
experiments. Comparison of all other quantitative data between
SF and SC conditions was performed using unpaired Student’s
t tests. For all comparisons, a p value < .05 was considered as
statistically significant. Statistics were performed using SPSS
Statistics 20.0 and Stata 14 for MAC.

RESULTS

Pharmacological Experiments with RO-7d, a PTP-1B Inhibitor
Dose-response experiments in WT mice revealed asymptotic
PTP-1B inhibition in both hypothalamus and vWAT around
250 mg/kg dose and beyond (Figure 2). Furthermore, this dos-
age was associated with sustained PTP-1B inhibition lasting for
24 hours, such that a daily intraperitoneal dosage of 250 mg/kg
was employed in all subsequent experiments.

RO-7d Treatment Abrogates SF-Induced Hyperphagic Behaviors,
Weight Gain, Insulin Resistance, and vWAT Inflammation

As reported previously, increased food intake became sig-
nificantly increased after day 7 from the initiation of the SF

exposures and was singularly present in mice treated with
vehicle and exposed to SF (SF-Veh; p < .05 ANOVA) and
was accompanied by accelerated weight gain (Figure 3A and
B). In contrast, treatment with RO-7d (Tx) did not alter food
intake or weight gain (Figure 3A and B; n = 8/experimental
group) throughout the 2 weeks of SF exposures. Upon com-
pletion of 2-week SF exposures, ITT showed evidence of
systemic insulin resistance in SF-Veh treated mice, but such
findings were distinctly absent in SF-Tx mice (p < .001
SF-Veh vs. all three other experimental groups; Figure 3C).
Similar results emerged in vVWAT, whereby responses to
5 nM insulin resulted in attenuated pAKT—AKT ratios in
SF-Veh (p < .001 vs. all three groups) but not in SF-Tx.
In addition, Tx prevented SF-induced shift in vVWAT ATM
polarity toward a proinflammatory M1 phenotype along
with reduced counts of the proinflammatory Ly6C"eh (+)
ATM and reduced numbers of resident CD64 (+) ATM
(Figure 4). However, Tx did not alter the increases in plasma
leptin levels induced by SF (SC-Veh: 0.86 + 0.20 ng/ml;
SC-Tx: 0.89 + 0.18 ng/ml; SF-Veh:2.06 + 0.45 ng/ml;
SF-Tx: 1.94 £+ 0.43 ng/ml; SF vs. SC: p <.001; n = 6/exper-
imental group).
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PTP-1B Gene Deletion in ObR-Expressing Tissues Restores
SF-Induced Leptin Sensitivity and Attenuates Metabolic
Dysfunction and vVWAT Inflammation

As shown in Figure 1, PTP-1B activity levels in hypothalamus,
VvWAT, ad ATM were significantly reduced in Tg mice. SF expo-
sures for 4 weeks in Tg mice failed to elicit the increased food
intake and body weight accrual that was clearly apparent in WT
mice exposed to SF (Figure 5; n = 8—10/experimental group).
Similarly, SF exposures for 4 weeks resulted in the anticipated
reductions in systemic and vWAT insulin sensitivity which were
absent in Tg mice (Figure 5; n = 6/group). In addition, changes
in ATM polarity toward a M1 proinflammatory phenotype with

reciprocal changes in M2 polarity, and increased LyC6hieh (+)
macrophage counts were not present in Tg mice exposed to SF
(Figure 6). However, increased CD64(+) ATM counts occurred
in both SF-Tg and SF-WT, albeit of greater magnitude in the
latter group (Figure 6).

To further examine the effect of SF on ObR sensitivity in the
four experimental groups, we performed leptin injections and
found that SF-exposed WT mice exhibited significantly reduced
STAT3 phosphorylation in hypothalamus when compared to
SC-exposed mice (p < .001; n = 6; Figure 7A). However, Tg
mice exposed to SF exhibited similar pSTAT3:total STAT3
responses compared to Tg mice exposed to sleep control

—a— WT-SC
—o—Tg-SC — 5.5-
30+ ~O- WT-SF o
— ~<- Tg-SF 3 504
T 28- e
- B
%’ 26 - ﬁ il
=)
E 24 e o p
2 s
0 22- £
©
3
20 - e
18 T T T T T T T T T T T T T T
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time (days) Time (days)
P-AKT ™= == s o & s s = o o e
200 —=— SC-WT T-AKT — - — — — == e e e e
180 —@— SC-Tg
= ~o- SF-WT %
3 160 o SF-Tg ' SF-Tg SF-WT
E 140 -
o % 254
§ 120 A £ ]
3 100 S
(&) g 151
80 o
; 1.0+
60 <
g o5
40 <
0 20 40 60 80 100 120 S0 SCWT  SCTg  SFWT  SFTg
Time (min)
Figure 5—(A) Body weight and (B) food intake in wild-type and transgenic (Tg) mice exposed to sleep fragmentation (SF) or sleep control
(SC) for 4 weeks. Only SF-WT mice manifested increased food intake and weight gain (p < .001 vs. 3 other experimental groups; n = 8-10/
group). (C) illustrates mean glycemic values over 120 min after intrperitoneal (i.p.) administration of insulin in the four experimental groups,
whereby significantly attenuated glycemic responses emerged in WT-SF mice, indicating systemic insulin resistance (SF-WT vs. all three other
groups: p < .001; n = 8-10/group). (D) shows pAKT/AKT changes 30 min after adding 5 nM insulin to visceral white adipose tissue (VWAT)
dissociated adipocytes mice in each of the experimental treatment groups when compared to 0 nM insulin. Significant attenuation of insulin
receptor-induced AKT phosphorylation was apparent in SF-WT vWAT adipocytes (SF-WT vs. all three other groups: p <.001; n = 5-6/group).
Representative blots following 5 nM insulin are shown for SF-WT and SF-Tg illustrating the attenuated phosphorylated AKT responses in
SF-WT vWAT adipocytes.

SLEER Vol. 40, No. 9, 2017

6 Sleep fragmentation, PTP-1B, and metabolic dysfunction—Gozal et al.

020z AIne L0 uo 1senb Aq GG8G88¢€/L | LXSZ/6/01A0eASqe-9o1e/daa|s/woo dno-ojwapeoe//:sdiy wolj papeojumoq



SC SF
= SC-WT
454 o SC-Tg
e SF-WT
40 4 [ o SF-Tg
8 S °
WT & 8 ] .
[&] (& 9 [ )
Esof .
| &8
25 : ;ﬁ’ p
20 " o o
15
SC—IWT SCI—Tg SF-\INT SF-TIg
75
70 . ;
g . °
8 g ;\?65 . & cé’
N N =60
T8 S 8 g i
55+
50 $~
45
SC:WT Sé-Tg SFI-WT SFLTg
['m sC-WT
800 1800 4 o SC-Tg
L4 ° e SF-WT
700 L% o 1600 - ° o SF-Tg
T 600+ . Z T 1400 3
g 5001 .: oo 2 %31200 °
400 - ] DU _>|-1000 L] o g
o rl )
300+ L[ ] o 800+ 5 .
200+ 600
SC—IWT Sé—Tg SFI—WT SFI»Tg SC:WT S(IZ-Tg SFI—WT Slé-Tg
Figure 6—Adipose tissue macrophage (ATM) characteristics in visceral white adipose tissue of transgenic (Tg) or wild-type (WT) mice
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M1 and M2 is shown. Data are shown as individual values for each mouse, (n = 5-6/experimental group). M1 and M2 are displayed of total
CD11(+)/F4/80(+) and show significantly increased M1 ATM and reduced M2 ATM in SF-WT mice when compared to all three other experi-
mental groups (p <.01). Significantly increased total VWAT M1 proinflammatory Ly6C"e" (+) ATM counts and CD64(+) resident macrophages
also emerged in SF-WT mice (p < .01 vs. other three groups).

conditions (Figure 7A; n = 6; p > .05). Plasma leptin levels
were markedly increased in SF-WT (Figure 7B; p <.001; n=38)
and only mildly increased in SF-Tg mice (p < .04 vs. SC-Tg
or SC-WT; p < .001 vs. SF-WT; n = 8; Figure 7B). Further
examination of SF-associated changes in PTP-1B activity in
hypothalamus revealed significant increases in both WT and Tg
mice, but the increases in Tg mice were markedly smaller in Tg
mice (Figure 8). SF also induced increases in PTP-1B activity
in the VWAT of WT mice, but such changes were not detectable
in Tg mice (Figure 8).

DISCUSSION
Obesity and metabolic dysfunction are a highly prevalent con-
dition and constitute a major threat to human health. In this
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context, disrupted sleep as occurs in sleep apnea has emerged
as a potentially important contributor to the generation of a
vicious cycle leading to increased food consumption, obesity,
and insulin resistance, the latter likely fueled by low-grade sys-
temic and vVWAT inflammatory processes.!**35 In a previous
study, we uncovered that mice exposed to chronic sleep frag-
mentation during their natural sleep period exhibited reduced
hypothalamic leptin receptor sensitivity, which was mediated
by increased PTP-1B activity.!* Here, we explored whether
pharmacological or genetically induced reductions in PTP-1B
expression and activity would lead to preservation of hypotha-
lamic ObR sensitivity and would attenuate the magnitude of
SF-induced effects on food intake, systemic, and vWAT insu-
lin resistance and inflammation. Taken together, our findings
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Figure 7—Sleep fragmentation-exposed wild-type (WT) mice but not
transgenic (Tg) mice develop hyperleptinemia and attenuation of lep-
tin receptor (ObR) signaling in the hypothalamus. (A) Representative
blots of p-STAT3 and t-STAT3 in hypothalamus of sleep fragmenta-
tion (SF)-WT, SF-Tg, sleep control (SC)-WT, and SC-Tg. p-STAT3/t-
STAT3 was attenuated after intraperitoneal leptin injection in SF-WT
mice but not the other groups (p <.01; n = 5/group). (B) SF-induced
ObR resistance as illustrated by elevated leptin plasma levels
emerged in both SF-WT mice (p <.0001 vs. SC-WT; n = 8) but was
also apparent, albeit to a significantly lesser degree in SF-Tg mice
(p <.05vs. SC-Tg; SF-Tg vs. SF-WT: p <.001).
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Figure 8—Protein-tyrosine phosphatase-1B (PTP-1B) activity in
hypothalamus and visceral white adipose tissue (VWWAT)of trans-
genic (Tg) or wild-type (WT) mice exposed to sleep fragmentation
(SF) or sleep control (SC) for 4 weeks. Significant increases in
PTP-1B activity emerged in SF conditions, particularly in WT mice
(SF-WT: p < .001 vs. all three other groups; n = 6-8/group) but
were also present in the hypothalamus (not in vVWAT) of Tg mice
albeit to a significantly lesser degree (SF-WT vs. SF-Tg: p < .001;
SC-Tg vs. SF-Tg: p <.05).

implicate PTP-1B as a major driver of not only the altered
energy homeostasis that ultimately results in obesity in the con-
text of fragmented sleep but also as a major contributor to met-
abolic dysfunction and vVWAT inflammatory processes.

Before we address the potential implications of our find-
ings, some methodological limitations are worthy of mention.
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First, we constrained the transgenic PTP-1B mouse model to
ObR-expressing tissues such that the role of PTP-1B in other
cellular targets was not explored. This is particularly relevant
since organ- or tissue-specific PTP-1B ablation has revealed
disparate effects on metabolic function.'®?*3¢ Furthermore, we
did not assess whether the inflammatory processes elicited by
SF underlie the increased expression and activity of PTP-1B.%
However, to circumvent such issues, we also performed parallel
experiments using a systemically administered PTP-1B inhib-
itor, and such experiments revealed substantial concordance
between the results in Tg mice and the findings in mice receiv-
ing the inhibitor compound.

The impact of our experiments on vVWAT was indeed remark-
ably similar to that reported in a previous study, whereby
diet-induced obesity mice exhibited an upregulation of PTP-1B
and tumor necrosis factor-a (TNFa) accompanied by a down-
regulation of PPARY2 in vWAT, and administration of TNFa
recombinant protein prevented PTP-1B reduction and inhibited
adipocyte differentiation in vitro.’” However, only normal chow
diet was employed herein to dampen the diet-associated effects
on metabolic function. Furthermore, we have previously shown
that SF induces increased expression of TNFa in vWAT, and
therefore this process could be conducive to the upregulation of
PTP-1B.° We have also suggested that the increased low-grade
inflammatory processes induced by chronic SF may be insti-
gated by alterations in gut microbiome and intestinal permea-
bility that in turn foster systemic inflammatory changes as well
as migration, activation, and polarization of VWAT ATM.!-38:39
Considering that the peripheral actions of PTP-1B in the con-
text of obesity and metabolic dysfunction are still insufficiently
resolved,' it will be important to further examine the sequence
of events leading to up-regulation of PTP-1B in vWAT adipo-
cytes and their role in insulin sensitivity. Furthermore, since
PTP-1B plays an important role in macrophage polariza-
tion,***? the cascade of events regulating PTP-1B expression
and activity in ATM will require future research, particularly as
it relates to changes in ObR sensitivity in ATM and the interac-
tions between ObR and PTP-1B in these inflammatory cells.***

Several studies in both humans and animal models have
shown that both shortened sleep duration and disrupted sleep
are associated with alterations in food intake and promote
increased obesogenic tendencies.”®4* In a recent study by
Ho et al, 9 days of SF for 18 hours/day was also associated
with altered glucose homeostasis provided that high-fat diet
was added to the sleep disruption.’® The present study focused
on chronic sleep fragmentation, a more prevalent sleep-related
condition that is pervasively encountered in several common
disorders (e.g., sleep apnea, depression, and asthma), all of
which have been associated with obesity and metabolic dys-
function. We previously showed that SF induces early changes
in the unfolded protein response that ultimately affect central
ObR-mediated hypothalamic function, eventually promoting
weight gain and metabolic dysfunction.!* However, since both
Tg and systemic inhibitor treatment as employed in the current
study do not resolve potentially different central and periph-
eral roles of PTP-1B in the metabolic phenotype induced by
SE, more specifically targeted approaches will be required in
future studies.
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The hypothalamus plays a critical role in appetite regulation
and energy metabolism that involve complex feedback sign-
aling loops and coordinated adaptive responses to maintain
energy balance, which involve ObR signaling.’! Current results
recapitulate our findings that mice exposed to SF develop
increased food intake and leptin resistance (high leptin levels
and reduced STAT3 phosphorylation after leptin injection)
and that such SF-induced effects were abolished by treatment
with a PTP-1B inhibitor or by targeted disruption of PTP-1B in
ObR-expressing cells. However, significant increases (albeit of
smaller magnitude) in hypothalamic PTP-1B activity emerged
in Tg mice exposed to chronic SF in the absence of parallel
increases in food intake or reductions in hypothalamic leptin
receptor sensitivity. These findings suggest that the physiologi-
cal effect of PTP-1B on food intake is indeed strictly dependent
on ObR signaling in the hypothalamus.

In summary, the documented increases in PTP-1B expression
and activity as elicited by SF exposures further suggest that
this signaling pathway operates as a major mechanism promot-
ing excessive food intake, weight gain, and both systemic and
vWAT metabolic dysfunction. Present findings further highlight
the role of preserved and intact sleep architecture in the regu-
lation of energy homeostasis and also provide further evidence
that PTP-1B inhibitors are capable of acting on hypothalamic
leptin-related pathways and could be proposed as potential
anti-obesity agents.

REFERENCES

1. Koren D, Dumin M, Gozal D. Role of sleep quality in the metabolic syn-
drome. Diabetes Metab Syndr Obes. 2016; 9: 281-310.

2. FatimaY, Doi SA, Mamun AA. Sleep quality and obesity in young sub-
jects: a meta-analysis. Obes Rev. 2016; 17(11): 1154-1166.

3. Buxton OM, Cain SW, O’Connor SP, et al. Adverse metabolic conse-
quences in humans of prolonged sleep restriction combined with circa-
dian disruption. Sci Transl Med. 2012; 4(129): 129ra43.

4. Morselli L, Leproult R, Balbo M, Spiegel K. Role of sleep duration in
the regulation of glucose metabolism and appetite. Best Pract Res Clin
Endocrinol Metab 2010; 24(5): 687-702.

5. Gharib SA, Khalyfa A, Abdelkarim A, Bhushan B, Gozal D. Integrative
miRNA-mRNA profiling of adipose tissue unravels transcriptional cir-
cuits induced by sleep fragmentation. PLoS One. 2012; 7(5): €37669.

6. Husse J, Hintze SC, Eichele G, Lehnert H, Oster H. Circadian clock
genes Perl and Per2 regulate the response of metabolism-associated
transcripts to sleep disruption. PLoS One. 2012; 7(12): €52983.

7. Baud MO, Magistretti PJ, Petit JM. Sustained sleep fragmentation
affects brain temperature, food intake and glucose tolerance in mice. J
Sleep Res. 2013; 22(1): 3—12.

8. Wang Y, Carreras A, Lee S, et al. Chronic sleep fragmentation promotes
obesity in young adult mice. Obesity (Silver Spring). 2014; 22(3):
758-762.

9. Zhang SX, Khalyfa A, Wang Y, et al. Sleep fragmentation promotes
NADPH oxidase 2-mediated adipose tissue inflammation leading to
insulin resistance in mice. Int J Obes (Lond). 2014; 38(4): 619-624.

10. Carreras A, Zhang SX, Peris E, Qiao Z, Wang Y, Almendros I, Gozal D.
Effect of resveratrol on visceral white adipose tissue inflammation and
insulin sensitivity in a mouse model of sleep apnea. Int J Obes (Lond).
2015;39(3): 418-423.

11. Poroyko VA, Carreras A, Khalyfa A, et al. Chronic sleep disruption
alters gut microbiota, induces systemic and adipose tissue inflammation
and insulin resistance in mice. Sci Rep. 2016; 6: 35405.

12. Gozal D, Qiao Z, Almendros I, et al. Treatment with TUGS891, a free
fatty acid receptor 4 agonist, restores adipose tissue metabolic dysfunc-
tion following chronic sleep fragmentation in mice. Int J Obes (Lond).
2016; 40(7): 1143-1149.

SLEER Vol. 40, No. 9, 2017

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

9 Sleep fragmentation, PTP-1B, and metabolic dysfunction—Gozal et al.

. Hakim F, Wang Y, Carreras A, et al. Chronic sleep fragmentation during

the sleep period induces hypothalamic endoplasmic reticulum stress
and PTP1b-mediated leptin resistance in male mice. Sleep. 2015; 38(1):
31-40.

. Cho H. Protein tyrosine phosphatase 1B (PTP1B) and obesity. Vitam

Horm 2013; 91: 405-402.

. Xue B, Pulinilkunnil T, Murano I, et al. Neuronal protein tyrosine phos-

phatase 1B deficiency results in inhibition of hypothalamic AMPK and
isoform-specific activation of AMPK in peripheral tissues. Mol Cell
Biol. 2009; 29(16): 4563-4573.

. Bence KK, Delibegovic M, Xue B, et al. Neuronal PTP1B regu-

lates body weight, adiposity and leptin action. Nat Med 2006; 12(8):
917-924.

. Cheng A, Uetani N, Simoncic PD, et al. Attenuation of leptin action

and regulation of obesity by protein tyrosine phosphatase 1B. Dev Cell.
2002; 2(4): 497-503.

. Grant L, Shearer KD, Czopek A, et al. Myeloid-cell protein tyrosine

phosphatase-1B deficiency in mice protects against high-fat diet and
lipopolysaccharide-induced inflammation, hyperinsulinemia, and endo-
toxemia through an IL-10 STAT3-dependent mechanism. Diabetes.
2014; 63(2): 456-470.

. Ali MI, Ketsawatsomkron P, Belin de Chantemele EJ, et al. Deletion of

protein tyrosine phosphatase 1b improves peripheral insulin resistance
and vascular function in obese, leptin-resistant mice via reduced oxidant
tone. Circ Res. 2009; 105(10): 1013-1022.

Tsou RC, Rak KS, Zimmer DJ, Bence KK. Improved metabolic pheno-
type of hypothalamic PTP1B-deficiency is dependent upon the leptin
receptor. Mol Metab. 2014; 3(3): 301-312.

Zabolotny JM, Kim YB, Welsh LA, Kershaw EE, Neel BG, Kahn BB.
Protein-tyrosine phosphatase 1B expression is induced by inflammation
in vivo. J Biol Chem. 2008; 283(21): 14230-14241.

Owen C, Czopek A, Agouni A, et al. Adipocyte-specific protein tyrosine
phosphatase 1B deletion increases lipogenesis, adipocyte cell size and
is a minor regulator of glucose homeostasis. PLoS One. 2012; 7(2):
€32700.

Ottana R, Paoli P, NaB3 A, et al. Discovery of 4-[(5-arylidene-4-oxo-
thiazolidin-3-yl)methyl]benzoic acid derivatives active as novel potent
allosteric inhibitors of protein tyrosine phosphatase 1B: In silico studies

and in vitro evaluation as insulinomimetic and anti-inflammatory agents.

Eur ] Med Chem. 2016; doi:10.1016/j.ejmech.2016.10.063.

Ottana R, Maccari R, Mortier J, et al. Synthesis, biological activity

and structure-activity relationships of new benzoic acid-based protein
tyrosine phosphatase inhibitors endowed with insulinomimetic effects
in mouse C2C12 skeletal muscle cells. Eur ] Med Chem. 2014; 71:
112-127.

Ottana R, Maccari R, Amuso S, et al. New 4-[(5-arylidene-2-arylimino-
4-ox0-3-thiazolidinyl)methyl]benzoic acids active as protein tyrosine
phosphatase inhibitors endowed with insulinomimetic effect on mouse
C2C12 skeletal muscle cells. Eur ] Med Chem. 2012; 50: 332-343.
Scott MM, Lachey JL, Sternson SM, Lee CE, Elias CF, Friedman JM,
Elmquist JK. Leptin targets in the mouse brain. J Comp Neurol. 2009;
514(5): 518-532.

De Matteis R, Dashtipour K, Ognibene A, Cinti S. Localisation of leptin
receptor splice variants in mouse peripheral tissues by immunohisto-
chemistry. Proc Nutr Soc 1998; 57: 441-448.

Nair D, Zhang SX, Ramesh V, Hakim F, Kaushal N, Wang Y, Gozal D.
Sleep fragmentation induces cognitive deficits via nicotinamide adenine
dinucleotide phosphate oxidase-dependent pathways in mouse. Am J
Respir Crit Care Med. 2011; 184(11): 1305-1312.

Carreras A, Kayali F, Zhang J, Hirotsu C, Wang Y, Gozal D. Metabolic
effects of intermittent hypoxia in mice: steady versus high-frequency
applied hypoxia daily during the rest period. Am J Physiol Regul Integr
Comp Physiol. 2012; 303(7): R700-R709.

Sargis RM, Neel BA, Brock CO, Lin Y, Hickey AT, Carlton DA, Brady
MJ. The novel endocrine disruptor tolylfluanid impairs insulin signa-
ling in primary rodent and human adipocytes through a reduction in
insulin receptor substrate-1levels. Biochim Biophys Acta. 2012; 1822:
952-960.

Epelman S, Lavine KJ, Randolph GJ. Origin and functions of tissue
macrophages. Immunity. 2014; 41(1): 21-35.

020z AIne L0 uo 1senb Aq GG8G88¢€/L | LXSZ/6/01A0eASqe-9o1e/daa|s/woo dno-ojwapeoe//:sdiy wolj papeojumoq



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Tamoutounour S, Henri S, Lelouard H, et al. CD64 distinguishes mac-
rophages from dendritic cells in the gut and reveals the Th1-inducing
role of mesenteric lymph node macrophages during colitis. Eur J
Immunol. 2012; 42(12): 3150-3166.

Mokhlesi B, Ham SA, Gozal D. The effect of sex and age on the comor-
bidity burden of OSA: an observational analysis from a large nationwide
US health claims database. Eur Respir J. 2016; 47(4): 1162—1169.

De Bernardi Rodrigues AM, da Silva C de C, Vasques AC, et al;
Brazilian Metabolic Syndrome Study (BRAMS) Investigators.
Association of sleep deprivation with reduction in insulin sensitivity as
assessed by the hyperglycemic clamp technique in adolescents. JAMA
Pediatr. 2016; 170(5): 487-494.

Briangon-Marjollet A, Weiszenstein M, Henri M, Thomas A, Godin-
Ribuot D, Polak J. The impact of sleep disorders on glucose metabo-
lism: endocrine and molecular mechanisms. Diabetol Metab Syndr.
2015; 7: 25.

Agouni A, Mody N, Owen C, et al. Liver-specific deletion of protein
tyrosine phosphatase (PTP) 1B improves obesity- and pharmacologi-
cally induced endoplasmic reticulum stress. Biochem J. 2011; 438(2):
369-378.

Song DD, ChenY, Li ZY, Guan YF, Zou DJ, Miao CY. Protein tyros-
ine phosphatase 1B inhibits adipocyte differentiation and mediates
TNFa action in obesity. Biochim Biophys Acta. 2013; 1831(8):
1368-1376.

Khalyfa A, Wang Y, Zhang SX, Qiao Z, Abdelkarim A, Gozal D. Sleep
fragmentation in mice induces nicotinamide adenine dinucleotide phos-
phate oxidase 2-dependent mobilization, proliferation, and differenti-
ation of adipocyte progenitors in visceral white adipose tissue. Sleep.
2014; 37(5): 999-1009.

Kheirandish-Gozal L, Peris E, Wang Y, Tamae Kakazu M, Khalyfa

A, Carreras A, Gozal D. Lipopolysaccharide-binding protein plasma
levels in children: effects of obstructive sleep apnea and obesity. J Clin
Endocrinol Metab. 2014;99(2):656—663.

Gozal D. Lipopolysaccharide-binding protein plasma levels in children:
effects of obstructive sleep apnea and obesity. J Clin Endocrinol Metab.
2014; 99(2): 656—663.

Heinonen KM, Bourdeau A, Doody KM, Tremblay ML. Protein tyrosine
phosphatases PTP-1B and TC-PTP play nonredundant roles in mac-
rophage development and IFN-gamma signaling. Proc Natl Acad Sci U
S A.2009; 106(23): 9368-9372.

Kozicky LK, Sly LM. Phosphatase regulation of macrophage activation.
Semin Immunol. 2015; 27(4): 276-285.

SLEER Vol. 40, No. 9, 2017

43. Pike KA, Hutchins AP, Vinette V, et al. Protein tyrosine phosphatase 1B
is a regulator of the interleukin-10-induced transcriptional program in
macrophages. Sci Signal. 2014; 7(324): ra43.

44. O’Rourke L, Yeaman SJ, Shepherd PR. Insulin and leptin acutely reg-
ulate cholesterol ester metabolism in macrophages by novel signaling
pathways. Diabetes. 2001; 50(5): 955-961.

45. Dib LH, Ortega MT, Fleming SD, Chapes SK, Melgarejo T. Bone mar-
row leptin signaling mediates obesity-associated adipose tissue inflam-
mation in male mice. Endocrinology. 2014; 155(1): 40—46.

46. Naylor C, Petri WA Jr. Leptin regulation of immune responses. Trends
Mol Med. 2016; 22(2): 88-98.

47. Jung CM, Melanson EL, Frydendall EJ, Perreault L, Eckel RH, Wright KP.
Energy expenditure during sleep, sleep deprivation and sleep following
sleep deprivation in adult humans. J Physiol 2011; 589(Pt 1): 235-244.

48. Nedeltcheva AV, Kilkus JM, Imperial J, Kasza K, Schoeller DA, Penev
PD. Sleep curtailment is accompanied by increased intake of calories
from snacks. Am J Clin Nutr 2009; 89(1): 126—133.

49. St-Onge MP, McReynolds A, Trivedi ZB, Roberts AL, Sy M, Hirsch J.
Sleep restriction leads to increased activation of brain regions sensitive
to food stimuli. Am J Clin Nutr 2012; 95(4): 818-824.

50. Ho JM, Barf RP, Opp MR. Effects of sleep disruption and high fat intake on
glucose metabolism in mice. Psychoneuroendocrinology. 2016; 68: 47-56.

51. Elmquist JK, Elias CF, Saper CB. From lesions to leptin: hypothalamic
control of food intake and body weight. Neuron 1999; 22(2): 221-232.

FUNDING
DG is supported by the Herbert T. Abelson Chair in Pediatrics.

SUBMISSION & CORRESPONDENCE INFORMATION

Submitted for publication February, 2017

Submitted in final revised form May, 2017

Accepted for publication June, 2017

Address correspondence to: David Gozal, MD, MBA, Department of
Pediatrics, Pritzker School of Medicine, The University of Chicago, KCBD,
Room 4100, 900 E. 57th Street, Mailbox 4, Chicago, IL 60637, USA.
Telephone: +(773) 702-3360; Fax: +(773) 926-0756; Email: dgozal@uchi-
cago.edu

DISCLOSURE STATEMENT

None declared.

10 Sleep fragmentation, PTP-1B, and metabolic dysfunction—Gozal et al.

020z AIne L0 uo 1senb Aq GG8G88¢€/L | LXSZ/6/01A0eASqe-9o1e/daa|s/woo dno-ojwapeoe//:sdiy wolj papeojumoq


mailto:dgozal@uchicago.edu?subject=
mailto:dgozal@uchicago.edu?subject=

