ENERGY BALANCE-OBESITY

Reduced Energy Expenditure and Increased
Inflammation Are Early Events in the Development of
Ovariectomy-Induced Obesity
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Menopause, an age-related loss of ovarian hormone production, promotesincreased adiposity and
insulin resistance. However, the diet-independent mechanism by which loss of ovarian function
promotes increased adipose tissue mass and associated metabolic pathologies remains unclear. To
address this question, we monitored food intake and weight gain of ovariectomized (OVX) mice
and sham OVX (SHM) mice for 12 wk. Although food intake was similar, OVX mice gained 25% more
weight than SHM mice. Moreover, the OVX mice accumulated 4.7- and 4.4-fold more perigonadal
and inguinal adipose tissue by weight, respectively, with 4.4-fold (perigonadal, P < 0.001) and
5.3-fold (inguinal, P < 0.01) larger adipocytes and no change in adipocyte cell number. OVX-
induced adiposity was coincident with an 18% decrease in metabolic rate during the dark phase
(P =0.001) as well as an 11% decrease during the light phase (P = 0.03). In addition, ambulatory
activity levels of OVX mice were decreased only during the dark phase (40%, P = 0.008). OVX mice
displayed evidence of immune infiltration and inflammation in adipose tissue, because perigonadal
andinguinal adipose depots from OVX mice had increased expression of TNFe, iNOS, CD11¢, and other
hallmarks of adipose tissue inflammation. In contrast, expression of the T cell marker CD3 (3.5-fold, P =
0.03) and Th1 cytokine interferon-y (IFNy) (2.6-fold, P = 0.02) were elevated in perigonadal but not sc
fat. Finally, histology revealed OVX-specific liver hepatic steatosis, coincident with increased PPARy
gene expression and downstream lipogenic gene expression. In summary, OVX in mice decreases
energy expenditure, without altering energy intake, resulting in adipocyte hypertrophy, adipose tissue
inflammation, and hepatic steatosis. (Endocrinology 150: 2161-2168, 2009)

enopause, the age-related loss of ovarian hormone pro-
duction, is associated with increased visceral adiposity
and related metabolic pathologies including insulin resistance,
type 2 diabetes, and cardiovascular disease (1-4). The personal
and public health impacts of menopause-associated disease are
significant, because women can now expect to spend nearly a
third of their lives in the menopausal state. These observations
highlight the importance of understanding the molecular and
physiological mechanisms that underlie menopause-associated
obesity and metabolic dysregulation. Currently, however, these
mechanisms remain unclear.
Rodent ovariectomy (OVX) is one approach to modeling hu-
man menopause and studying the metabolic consequences of loss
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of ovarian function. Studies in rodents consistently demonstrate
that OVX promotes obesity and its metabolic complications, in
particular insulin resistance. However, these studies have been in
large part confounded by OVX-induced hyperphagia (5-8),
which makes it difficult to distinguish the effects of OVX on
obesity and insulin resistance independently from the effects of
overnutrition. Using a pair-feeding paradigm, we recently re-
ported that estrogen repletion of OVX mice prevented gains in
adiposity independent of food intake (9), suggesting that altered
metabolic rate may be contributing to the obese phenotype in
OVX mice. Recent studies suggest that decreased energy expendi-
ture contributes to the increase in visceral adiposity in menopausal
women (10). However, the diet-independent mechanisms by which

Abbreviations: ACC-1, Acetyl-coenzyme A carboxylase-1; AT, adipose tissue; BW, body
weight; CLS, crown-like structure; DC, dendritic cell; FAS, fatty acid synthase; IFNvy, inter-
feron-v; INOS, inducible nitric oxide synthase; M®, macrophage; MCP-1, monocyte che-
moattractant protein-1; OVX, ovariectomy; PGAT, perigonadal adipose tissue; PPARy,
peroxisome proliferator-activated receptor-y; RANTES, regulated on activation normal T
expressed and secreted; SCAT, sc adipose tissue; SHM, sham OVX; Th1, T-helper 1.
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loss of ovarian function promotes increased adipose tissue (AT)
mass and insulin resistance remain largely undetermined.

Obesity, and in particular visceral adiposity, is associated
with chronic AT inflammation, which is now implicated as an
underlying cause of obesity-associated metabolic pathology in
humans and rodents (reviewed in Refs. 11 and 12). Infiltration
of AT by immune cells appears to play a central role in the eti-
ology of AT inflammation and its pathological sequelae (13-15).
A hallmark feature of AT inflammation in mice is the recruitment
and accumulation of proinflammatory AT macrophages (M®s)
expressing the dendritic cell (DC) marker CD11¢ (13, 14, 16).
These M®s are recruited by chemokines, such as monocyte che-
moattractant protein-1 (MCP-1 or CCL2) and osteopontin, and
secrete TNFa, IL-6, nitric oxide (NO), and additional inflam-
matory, atherogenic and procoagulant mediators that are im-
plicated in the development of insulin resistance and vascular
complications of obesity (17, 18). More recently, T cell infiltra-
tion has been reported in chronically obese mice (15), and up-
regulated expression of the T helper 1 (Th1) cytokine interfer-
on-y (IFNy) has been associated with obesity (19). Intriguingly,
estrogen has anti-inflammatory and vasoprotective properties
(20), suggesting that loss of ovarian function could further pro-
mote such complications. Currently, the effects of OVX on AT
inflammation are entirely unknown.

The present study investigates proximate mechanisms of in-
creased adiposity and AT inflammation during the development
of OVX-induced obesity and insulin resistance. Employing a
mouse model in which food intake does not increase as a con-
sequence of loss of ovarian function, we identify reduced meta-
bolic expenditure as an early mechanism underlying OVX-in-
duced increases in adiposity (and associated insulin resistance).
In addition, we provide the first evidence supporting a role for T
cells and CD11c™ M®s in OVX-associated AT inflammation,
and we identify distinct depot-dependent inflammatory profiles
that are consistent with the inordinate contribution of visceral
AT to the development of metabolic complications in postmeno-
pausal women (21).

Materials and Methods

Animals

Sham-OVX (SHM) and OVX C57B/6] mice were purchased from
Charles River Laboratories (Wilmington, MA), with operations per-
formed at 10 wk of age. All animals were housed in an Association for
the Assessment and Accreditation of Laboratory Animal Care (AAA-
LAC)-approved animal facility with 12-h light, 12-h dark cycles and
given free access to water and food (phytoestrogen-free chow; Harlan
Teklad, Madison, WI). Mice were individually housed, food intake was
monitored daily, and body weight (BW) was monitored biweekly. After
12 wk, mice were fasted for 8 h and killed by cervical dislocation. Blood
was taken by cardiac puncture, and tissues were immediately harvested.

Plasma analyses

Blood glucose was measured with an automated glucometer (One
touch Ultra; LifeScan, Inc., Milpitas, CA), plasma insulin was deter-
mined using an ELISA with mouse insulin as a standard (Crystal Chem,
Downers Grove, IL), plasma estradiol levels were determined using an
ELISA (Cayman Chemical, San Diego, CA), and plasma triglycerides and
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nonesterified fatty acid levels were determined using commercial kits
(Wako Chemicals, Richmond, VA).

Indirect calorimetry

At 9-10 wk after operation, subsets of mice (n = 7 per group) were
placed in metabolic chambers (TSE Calorimetry Systems, Chesterfield,
MO) for 3 d with free access to food and water. This system is designed
to simultaneously and continuously monitor O, consumption, CO, pro-
duction, and ambulatory movement using a photobeam break system.
Data were collected every 3 min for 72 h, with the first 24 h considered
an acclimatization period and excluded from analyses. Oxygen con-
sumption was calculated per gram of metabolic BW, or (BW)%75,

Histology

Using a subset of mice (n = 4 per group), small pieces of dissected
perigonadal AT (PGAT), inguinal sc AT (SCAT), and liver were fixed in
4% formaldehyde, embedded in paraffin, sectioned, and stained with
hematoxylin and eosin. Digital images were acquired with an Olympus
DX51 light microscope.

Immunohistochemistry

Histological sections of PGAT were dewaxed in xylenes, rehydrated
through an ethanol series, and stained using avidin-biotin kits for TNFa
(Epitomics Inc., Burlingame, CA) and F4/80 (Vector Laboratories, Bur-
lingame, CA) following manufacturer’s instructions. Antibodies used
were rabbit antimouse TNFa (Abcam, Cambridge, MA), and rat anti-
mouse F4/80 (Serotec, Raleigh, NC). Sections were then counterstained
with hematoxylin. Tissue from TNFa knockout mice and nonimmune
IgG (rat) were used as negative controls.

Cell size and number

Adipocyte volume (mean * SEM) was calculated from adipocyte
cross-sectional area obtained from perimeter tracings of adipocytes on
digital images of histological sections using a graphics tablet pen and
Image J software (Sun Microsystems, Palo Alto, CA). For each mouse,
tracings were obtained from more than 100 adipocytes in each of three
separate sections. Adipocyte number was calculated from fat pad weight
and adipocyte volume as described (22).

RNA isolation, RT, and real-time quantitative PCR

Dissected tissues (with lymph nodes removed) were immediately
snap-frozen in liquid nitrogen and stored at —80 C. AT RNA was ex-
tracted using QIAGEN Lipid Mini kits (Valencia, CA), and liver RNA
was isolated using QIAGEN Mini kits according to manufacturer’s in-
structions. RNA was quantified and checked for purity using the Nano-
drop spectrophotometer (Nanodrop 1000, Wilmington, DE). First-
strand ¢cDNA was generated from 1 pg RNA using AMV Reverse
Transcriptase (Promega, Madison, WI), and real-time quantitative PCR
was performed using SYBR Green technology (Applied Biosystems
7300, Foster City, CA). Fold changes were calculated as 22T with the
average of 36B4 and cyclophilin B used as the endogenous control for AT
and the average of the endogenous control genes 36B4 and 18S used for
liver. Primer sequences are available upon request.

Statistical analyses

All data are presented as means = SEM. Treatment effects were as-
sessed for statistical significance (P = 0.05) by Student’s # tests (Excel) or
ANOVA followed by Tukey’s procedure for post hoc pair-wise com-
parisons (Systat version 10).

Results

Body weight, uterine weight, and fasting plasma
profiles

As confirmation of successful OVX-induced suppression of
endogenous estrogen production, OVX uterine weight was sig-
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TABLE 1. Physiological measurements of female SHM and
OVX mice 12 wk after operation

Variable SHM OoVvX
BW (g) 22.8 + 0.1 275 +0.1°
Uterine weight (g) 0.081 = 0.008 0.040 = 0.008*
Plasma estradiol (pmol/liter) 305.9 = 176 12.3 = 67
Glucose (mmol/liter) 5.8 +0.26 7.4 +0.42¢
Insulin (pmol/liter) 1453 + 234 207.8 £ 47.4
Triglycerides (mmol/liter) 0.34 + 0.04 0.34 + 0.03
NEFA (mmol/liter) 0.66 + 0.17 0.49 + 0.10

Plasma measures of glucose, insulin, and triglycerides were determined after an
8-h fast. NEFA, Nonesterified fatty acids. n = 7.

?P=0.05.

nificantly decreased compared with SHM mice. At 12 wk after
operation, OVX mice weighed 27.50 = 0.10 g, whereas the SHM
mice weighed significantly less at only 22.76 = 0.11 g. Fasting
plasma glucose levels were significantly elevated in the OVX
mice (7.4 = 0.42 mmol/liter vs. SHM 5.8 = 0.26 mmol/liter, P <
0.001). Average fasting insulin, triglyceride, and nonesterified
free fatty acids levels were not significantly different between the
groups. These data suggest that OVX mice compared with SHM
mice had alterations in glucose/insulin homeostasis. SHM and
OVX mice uterine weight, BW, and fasting plasma nutrient and
hormone levels are depicted in Table 1.

Energy intake, energy expenditure, and ambulatory
activity

Previous studies in rats have indicated that OVX induces hy-
perphagia (5-8). In contrast, we found no significant differences
in daily food intake, shown as weekly averages in Fig. 1A, with
the exception of wk 8 when OVX mice actually consumed less
than SHM mice. Importantly, this model gave us the opportunity
to study OVX-induced metabolic dysregulation that is indepen-
dent of food intake, something many previous rodent studies
have not done. We found that despite eating similar amounts of
food, OVX mice gained significantly more weight than SHM
mice over the course of 12 wk (Fig. 1B). More specifically, the
OVX mice gained almost twice as much BW per kilojoule con-
sumed (Fig. 1C), indicating an increased propensity to store en-
ergy as BW, or elevated feeding efficiency. Therefore, we used
indirect calorimetry to calculate energy expenditure. OVX mice
consumed significantly less oxygen than SHM mice, during both
the dark and light phases (Fig. 2A). Spontaneous physical activity
levels during the dark phase were significantly lower in the OVX
group, but there were no differences in the light phase (Fig. 2B).
Together, these results demonstrate that loss of ovarian function
in mice decreases 24-h energy expenditure and promotes less
ambulatory activity during the dark phase without altering en-
ergy intake.

AT expansion

After normalizing for total BW, PGAT (4.7-fold, P < 0.001)
and SCAT (4.4-fold, P < 0.001) depot weights were significantly
increased in the OVX mice compared with SHM (Fig. 3A). OVX
mice tended to store more fat in PGAT as compared with SCAT;
in contrast, body fat was more equally distributed between the
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FIG. 1. OVX mice gain more weight despite similar food intake. Average daily
food intake (A) and weight gain expressed as a percentage of starting weight (B)
were determined for SHAM (triangles) and OVX (circles) mice. Feeding efficiency
was calculated as milligrams of BW gained per kilojoule of energy consumed (C).
Error bars indicate sem. n = 22. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

two depots in SHM (treatment X depot interaction: trend, P =
0.08) (Fig. 3A). Adipocyte volume was 4.4-fold greater in PGAT
(P < 0.001) and 5.3-fold greater in SCAT (P < 0.01) of OVX
mice (Fig. 3B). In addition, when adipocyte number was cal-
culated, there were no significant differences between SHM
and OVX mice in either depot (data not shown), indicating
that the increased AT weight in OVX mice reflects adipocyte
hypertrophy.

AT inflammatory state

We next used the AACt method of real-time PCR to determine
the relative mRNA expression of immune cell markers, chemo-
kines, and inflammatory cytokines (relative to the endogenous
control genes cyclophilin B and 36B4) in PG and SCAT from
SHM and OVX mice. We found that expression of the T cell
marker CD3 was significantly up-regulated (3.7-fold, P = 0.03)
in PGAT from OVX mice relative to SHM mice, strongly sug-
gesting T cell infiltration (Fig. 4A). M® markers F4/80 and
CD11b were up-regulated 1.7- and 2.3-fold, respectively, and
the DC marker CD11c¢ was elevated more than 6-fold (Fig. 4A)
compared with SHM mice. These results are consistent with the
preferential infiltration of CD11¢™ ATM®s into PGAT of OVX
mice. T cell and DC recruitment to PGAT was coincident with
up-regulated expression of the lymphokine regulated on activa-
tion normal T expressed and secreted (RANTES or CCLS5), the
chemokines MCP-1 (3.2-fold) and osteopontin (2-fold), as well
as induction of the proinflammatory cytokines IFNvy (2.4-fold),
TNFa (3.6-fold), IL-18 (4.2-fold), and IL-6 (7.5-fold) (Fig. 4A).
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induced obesity. Additionally, in contrast to PGAT,
we detected no induction of IFNy gene expression,
and we detected an actual down-regulation of RAN-
TES in SCAT (Fig. 4B). This down-regulation ap-
peared to be specific for RANTES, because the che-
mokines MCP-1 and osteopontin were significantly
up-regulated in SCAT in response to OVX (Fig. 4B).
Osteopontin gene up-regulation was in fact greater
in SCAT (4.6-fold) than in PGAT (treatment X de-
potinteraction, P = 0.05). Up-regulated F4/80 (1.7-
fold), CD11b (3.1-fold), and CD11c¢ (3-fold) gene
expression in SCAT indicate the recruitment of
CD11c¢* M®s (Fig. 4B). However, the magnitude of
CD11c expression in SCAT was significantly less

FIG. 2. OVX mice have decreased oxygen consumption and ambulatory activity levels. TSE
calorimeters were used to measure 48-h average oxygen consumption (A) and spontaneous
physical activity (B) of SHAM (white bars) and OVX (black bars) mice during the dark phase
(1900-0700 h) and the light phase (0700-1900 h). Consumption is normalized for
metabolic BW [(BW in kilograms) ©7°]. Error bars indicate sem. n = 7. *, P < 0.05; **, P <

0.01; ***, P < 0.001.

Inducible nitric oxide synthase (iNOS) mRNA was also in-
creased 2.1-fold, coincident with a 75% reduction in arginase
expression, a negative regulator of NO production and a marker
of alternative (M2) M® activation (23).

Analysis of representative histological sections of PGAT re-
vealed M®s arranged in visible crown-like structures (CLSs),
consistent with M®s engulfing dead adipocytes (24) in all OVX
mice examined (four of four), whereas no CLSs were visible in
PGAT of SHM mice (zero of four, data not shown). Further
immunohistochemical studies on adjacent sections of PGAT
from OVX and SHM mice demonstrated that CLS-associated
ATMOs (F4/807 cells) were synthesizing readily detectable lev-
els of TNFa protein (Fig. 4C).

The gene expression profile of OVX-induced inflammatory
changes in SCAT was distinct from that observed in PGAT (com-
pare Fig. 4, B with A). Most notably, we detected no increase in
CD3 gene expression (Fig. 4B), suggesting that T cell infiltration
is not a feature of SCAT in the early development of OVX-
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FIG. 3. OVX mice display evidence of increased AT weight and adipocyte
hypertrophy. PGAT and SCAT depots were weighed and normalized for total BW
(A), and average adipocyte cell volume (B) was calculated for SHM (white bars)
and OVX (black bars) mice. Error bars indicate sem. n = 4-6. **, P < 0.01;

**% P <0.001.
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LIGHT than that measured in PGAT (Fig. 4A, treatment X

depot interaction, P = 0.01), suggesting that in re-
sponse to OVX, recruitment of CD11¢™ ATM®s is
less robust in SCAT as compared with PGAT (see
Discussion).

In notable contrast to PGAT, neither IL-1B nor
IL-6 genes were significantly up-regulated in SCAT
in response to OVX (Fig. 4B). The effect of OVX on
expression of the M2 markers IL-10 and arginase was essentially
identical in SCAT as compared with PGAT. Together these re-
sults suggest that OVX-induced AT inflammation is more severe
in PGAT than in SCAT.

Liver lipogenesis and inflammation

Adipose tissue inflammation and M® infiltration are corre-
lated with increased fat deposition in liver (25), a pathology that
is itself associated with the development of insulin resistance,
independent of adiposity (26). Therefore, we examined livers
from SHM and OVX mice for evidence of hepatic steatosis. His-
tological analyses revealed enlarged lipid droplets in livers from
OVX mice, compared with SHM (Fig. 5A). Expression of the
transcription factor peroxisome proliferator-activated recep-
tor-y (PPARYy) was elevated over 10-fold (P = 0.002), and
mRNA levels of the downstream lipogenic genes fatty acid syn-
thase (FAS) and acetyl-coenzyme A carboxylase-1 (ACC-1) were
increased 2.5-fold (P = 0.02) and 1.6-fold (P = 0.05), respec-
tively (Fig. 5B). Steatotic livers of OVX mice also displayed ev-
idence of inflammation, because TNFa (1.8-fold, P < 0.001),
osteopontin (1.9-fold, P = 0.03), and MCP-1 (1.8-fold, P =
0.01) gene expression were elevated (Fig. 5B).

Discussion

Human menopause is associated with increased visceral adipos-
ity and elevated risk of metabolic disease, but molecular mech-
anisms remain unclear. Rodent OVX is one approach to model
human menopause and study the effects of loss of ovarian func-
tion. Prior studies in rodents have shown that OVX increases
adiposity and insulin resistance, but these studies have primarily
been performed in rats, which become hyperphagic (5-8),
thereby confounding metabolic studies. We have previously
shown that estrogen repletion of OVX mice decreases AT mass
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OVX mice is potentially relevant to humans
because postmenopausal women display
marked decreases in energy expenditure with-
out increases in food intake (10). However, it
is important to note that in comparison with
humans, rodent brown AT is thought to have
a more significant role in energy metabolism
and could be contributing to the observed
changes in overall metabolic rate observed in
this mouse model of menopause.

Analysis of spontaneous activity levels in-
dicated that the decrease in energy expendi-
ture seen in OVX mice in the dark phase is
associated with lower ambulatory activity.
Decreased activity with loss of ovarian func-
tion is consistent with studies of ERa knock-
out mice (28) and OVX rats (29). It is note-
worthy, however, that there was still a
decrease in oxygen consumption during the
light phase, a time when the mice are presum-
ably sleeping, and there were no differences in
activity levels, suggesting that OVX decreases
energy expenditure via both activity-depen-
dent and independent mechanisms. This is

CLSs synthesize TNFa.

compared with pair-fed OVX mice (9). We now expand those
findings to a mouse model of menopause where OVX and SHM
mice ate ad libitum but consumed equivalent amounts of food.
We demonstrate that compared with SHM, OVX mice display
decreased energy expenditure, resulting in dramatic adipocyte
hypertrophy and PGAT and SCAT expansion.

While this manuscript was in preparation, another study was
published confirming that OVX mice do not become hy-
perphagic and display decreased energy expenditure after 24 wk
(27). Importantly, the decrease in energy expenditure seen in the

B OSHAM WOVX
15 LR

H

I

&

=

H

© 5 *

.2 ) * A - *kd
PPARy FAS ACC-1 Crsteopontin MCP-1 TNFa

FIG. 5. OVX mice display early hepatic steatosis and inflammation. A,
Representative hematoxylin and eosin staining demonstrates more lipid droplet
development in liver sections from OVX mice. B, Liver gene expression
determined using quantitative real-time PCR (relative to the average of the
endogenous genes 18S and 36B4). Error bars indicate sem. n = 7-10. *, P < 0.05;
** P<0.01; *** P<0.001.

again consistent with human data demon-
strating menopause-associated decreases in
free-living energy expenditure, 24-h energy
expenditure, and activity levels, as well as sleeping energy ex-
penditure (10).

To gain further insight into the metabolic pathology associ-
ated with loss of ovarian function in mice, we investigated in-
flammatory changes occurring in AT of SHM and OVX mice,
because the infiltration and proinflammatory activation of im-
mune cells in AT is now recognized as an underlying cause of
obesity complications (7-9). The present study provides, to our
knowledge, the initial characterization of AT inflammation in a
mouse model of menopause. A strength of our data are the ab-
sence of potentially confounding effects of either overnutrition
(e.g. hyperphagia) or high-fat feeding, both of which can activate
the innate immune system independent of adiposity (13, 30). Our
data indicate that OVX-associated increases in adiposity and
insulin resistance (elevated fasting blood glucose levels) are co-
incident with the up-regulation of monocytic cell chemoattrac-
tants (MCP-1, osteopontin, and RANTES), the accumulation of
proinflammatory ATM®s (e.g. F4/807/CD11b*"/CD11c¢™ cells),
and the up-regulation of proinflammatory mediators (TNF-a,
IL-1B, IL-6, and NO) implicated in the development of insulin
resistance (31, 32). Moreover, immunohistochemistry indicated
that M®s arranged in CLSs are at least one source of the excess
TNFa being produced in perigonadal AT from OVX mice.

Concomitant with these proinflammatory changes, we noted
down-regulation of arginase, a marker of M2 (alternative) M®
polarization. This proinflammatory profile is highly similar to
the phenotypic switch of ATM®s toward M1 (classic) polariza-
tion that is coincident with the development of insulin resistance
in obese insulin-resistant male mice. We and others have demon-
strated that a hallmark of this phenotypic switch is the accumula-
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tion of F4/80%/CD11b*/CD11¢™ ATM®s that express high levels
of TNFaq, iNOS, and other inflammatory mediators (13, 14). No-
tably, abrogation of CD11c™ ATMs protects against the develop-
ment of obesity-associated insulin resistance in male mice (33). Our
data strongly suggest that a similar phenotypic switch in ATM pop-
ulations and polarization occurs in response to OVX.

Intriguingly, in contrast to AT of male mice made obese by a
high-fat diet (13), AT of OVX mice did not up-regulate gene
expression of IL-10, an inflammation-suppressive cytokine that
protects adipocytes from the deleterious effects of TNFa (14).
Because IL-10 gene expression can be induced by lipopolysac-
charide (34), this difference may reflect the induction of IL-10 in
male mice by high-fat diet-induced endotoxemia (13).

In addition to alterations in ATM® phenotype, OVX was
associated with elevated expression of the T cell marker CD3, the
Th1 cytokine IFNYy, and the lymphokine RANTES (CCL3) in
PGAT (but not in SCAT). T-helper cells play a critical role in
orchestrating immune response by modulating and coordinating
thelocal inflammatory responses of antigen-presenting cells such
as M®s and DCs. In the traditionally dichotomous Th1/Th2
paradigm, local secretion of IFNy by Th1 cells activates classical
proinflammatory responses of M®s and DCs, including up-reg-
ulation of M1 cytokines such as TNFa and IL-18. Rocha et al.
(15) recently reported that Th1 lymphocytes regulate inflamma-
tory responses in AT of obese male mice and demonstrated a role
for IFNy production in inflammation-driven insulin resistance.
Indeed, in the present study, gene expression of M® markers
F4/80 and CD11b was comparable in PGAT and SCAT after
OVX, but CD11c™ gene expression was significantly greater in
PGAT. This result suggests that M1 polarization of ATM®s is
more robust in PGAT as compared with SCAT of OVX mice. In
support of this notion, gene expression of M1 cytokines (e.g.
TNFa, IL-18, andIL-6) was also significantly greater in PGAT as
compared with SCAT. Because Th1 activity contributes to M1
polarization, we propose that the attenuated M1 polarization
state of ATM®s in SCAT reflects the relative absence of Th1
recruitmentand Th1 cytokine (IFNvy) expression. A caveat of our
study is that we measured cytokine gene expression in whole AT
and thus cannot distinguish cytokine production by ATM®s
from cytokine production by other AT cells.

Visceral AT mass is directly associated with increased inflam-
matory cytokine production and metabolic dysfunction (13). Re-
cent human data demonstrate that visceral AT contributes to the
metabolic complications of menopause (35). In the current pa-
per, we demonstrate that OVX results in a greater inflammatory
tone in visceral AT, characterized by infiltration and proinflam-
matory activation of and CD11c¢* ATM®s and T cells and spec-
ulate similar alterations may in part explain the metabolic com-
plications associated with menopause.

T cell involvement in OVX-associated bone loss is well doc-
umented, because studies have demonstrated that the increase in
bone TNFa in OVX mice reflects TNFa gene expression in T
lymphocytes (reviewed in Ref. 36). Moreover, these reports im-
plicate IFNy production as a mediator of inflammatory actions
on bone that are observed in the absence of ovarian hormones.
Here, we have expanded these observations by suggesting that
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lymphocytes and IFNy production also play important roles in
OVX-associated AT inflammation.

Obesity and AT inflammation are highly associated with a
variety of metabolic pathologies (37), including liver steatosis
and nonalcoholic steatohepatitis (25). A number of murine mod-
els with hepatic steatosis display elevated levels of PPARyin liver
(38-42). Consistent with a role for PPARyin facilitating hepatic
lipid deposition, liver-specific delivery of PPARYy in vivo, using a
viral vector, results in hepatic steatosis (43). In the present study,
livers from OVX mice displayed visible steatosis that was coincident
with a remarkable 10-fold elevation in hepatic PPARy expression.
PPARy overexpression in hepatocytes turns on a program increas-
ing lipogenic gene expression (44). Indeed, we observed higher ex-
pression of two genes involved in lipogenesis, FAS and ACC-1, in
livers from OVX mice. Consistent with our observations, admin-
istration of estrogen to genetically obese (ob/ob) mice down-regu-
lates expression of FAS and ACC-1 in liver and decreases hepatic
triglyceride levels (45). In light of these observations, our results
strongly suggest that a mechanism by which OVX mice develop
hepatic steatosis is via up-regulation of PPARY.

As reported in studies of diet-induced nonalcoholic steato-
hepatitis (46), OVX-induced hepatic steatosis in the present
study was associated with induction of hepatic TNFa and os-
teopontin expression. The latter is a Th1 cytokine implicated in
the progressive pathophysiology of hepatic inflammation and
cancer (37, 38) as well as the development of insulin resistance
(47) and atherosclerosis (48). Our results demonstrate that loss
of ovarian function in mice promotes osteopontin production in
both AT and liver, making these tissues potentially important
contributors to the elevated circulating levels of osteopontin pre-
viously reported in OVX rodents (49).

We conclude that OVX in mature female mice is associated
with decreased energy expenditure, AT expansion, and hepatic
steatosis. We are the first, to our knowledge, to identify distinct
depot-dependent inflammatory profiles that support a role for T
cells and CD11c¢™ M®s in OVX-associated AT inflammation,
highlighting the loss of ovarian function as a metabolic risk fac-
tor that can promote a deleterious state of chronic inflammation,
even in the absence of dietary changes. These data provide one
potential explanation for the increased susceptibility to meta-
bolic diseases observed with menopause and suggest future clin-
ical studies should investigate menopause-associated changes in
AT cell populations and cytokine production. Moreover, these
data suggest that OVX mice will display a compromised homeo-
static response to a metabolic challenge, such as high-fat diet,
that predisposes to the development of obesity and insulin re-
sistance. If confirmed in human studies, these observations
would be clinically relevant to the growing menopausal popu-
lation in a society defined by energy overconsumption. Future
studies will address these predictions.
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