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ABSTRACT
Impaired ovarian function alters lipidmetabolism, ultimately resulting in increased visceral fat mass. Currently, we have a poor understanding

of alterations in signaling events regulating lipolysis after ovarian function declines. The purpose of this study was to determine if cellular

mechanisms regulating lipolysis are altered in mice after ovariectomy (OVX) and if OVX mice exhibit impaired lipolytic signaling when

stimulated by acute exercise. SHAM and OVXmice were divided into two groups: control (SHAM cont; OVX cont) or acute treadmill exercise

(SHAM ex; OVX ex). The omental/mesenteric (O/M) fat mass of all OVX mice was significantly greater than the SHAM mice. Serum glycerol

and blood glucose levels were significantly elevated in OVX cont compared to SHAM cont. Treadmill exercise increased serum glycerol levels

only in SHAMmice, with no exercise-induced change detected in OVX mice. NEFA levels were significantly elevated by acute exercise in the

SHAMand OVX groups. In O/M fat from both OVX groups there were significant increases in cytosolic ATGL and PLIN2 in the fat cake fraction

with concurrent reductions in PLIN1 in the fat cake compared to SHAM. Further, exercise induced significant increases in HSL Ser660

phosphorylation in SHAMmice, but not OVXmice. This suggests that reduced ovarian function has significant effects on critical lipolytic cell

signaling mechanisms in O/M adipose tissue. J. Cell. Biochem. 112: 3675–3684, 2011. � 2011 Wiley Periodicals, Inc.
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T he prevalence of obesity-related conditions, such as the

metabolic syndrome, has increased dramatically in recent

years. Android, or centripetal (i.e., visceral) obesity, is of particular

concern due to its high correlation with the development of obesity-

related conditions. While expansion of subcutaneous adipose tissue

depots may be metabolically favorable [Kim et al., 2007], studies

have linked visceral fat accumulation to increased incidence rates

of type 2 diabetes, cardiovascular disease, and risk of myocardial

infarction in both men and women [Yusuf et al., 2005]. In females,

fat storage in subcutaneous adipose tissue depots is favored over

visceral fat storage when ovarian function is normal [Nedungadi

and Clegg, 2009]. However, an increase in visceral fat mass is

observed when female sex steroid function is disrupted, such as

following menopause, hysterectomy, or breast cancer treatment

[Howard et al., 2005; Schneider et al., 2006]. For example, post-

menopausal women have a 60% chance of developing the metabolic

syndrome, while in age-matched pre-menopausal women the risk is

only 20–30% [Park et al., 2003]. However, little is known regarding

the mechanisms by which ovarian hormones impact metabolic

function of adipose tissue.

Adipose tissue mass is controlled by a balance between storage of

triglyceride (TAG) and breakdown of TAG via lipolysis. When

lipolysis is activated, such as during an acute bout of moderate

intensity exercise or during starvation, free fatty acids (FFAs),

the breakdown products of TAG, become key energy substrates for

peripheral tissues. However, in certain circumstances it is possible

to detect high levels of circulating FFAs at rest and it has been

suggested that the FFAs may contribute to increases in ectopic

fat storage. For example, we and others have shown that ovarian

hormone status in females impacts basal lipolytic function, with a

reduction in circulating female sex steroids resulting in elevated

levels of circulating glycerol [D’Eon et al., 2005; Wohlers and

Spangenburg, 2010]. Further, we have previously demonstrated an

increase in unstimulated glycerol release from isolated adipose
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tissue of OVX mice compared to SHAM mice [Wohlers and

Spangenburg, 2010]. In addition, other studies have also reported an

increase in circulating glycerol in sedentary female mice following

ovariectomy (OVX) [D’Eon et al., 2005]. One would expect that

metabolic abnormalities in adipose tissue during diminished female

sex steroid function could increase the risk for type 2 diabetes

or cardiovascular disease [Yusuf et al., 2005]. Indeed, adipocytes

isolated from OVX animals exhibit impaired in vitro lipolytic

responses to catecholamine stimulation, which are reversed with

17b-estradiol supplementation [D’Eon et al., 2005]. Together, these

findings support a role for female sex steroids in the metabolic

regulation of adipose tissue.

Complete catabolic breakdown of TAG is enzymatically regulat-

ed. First, adipose triglyceride lipase (ATGL), also known as desnutrin

and encoded by the gene PNPLA2, catalyzes the conversion of TAG

to diacylglycerol (DAG), releasing one FA [Villena et al., 2004;

Zimmermann et al., 2004]. Next, hormone sensitive lipase (HSL)

cleaves off a second FA, resulting in the breakdown of DAG to

monoacylglycerol (MAG). The last step in lipolysis is performed by

monoglycerol lipase (MGL), which separates the final FA from the

glycerol backbone [Fredrikson et al., 1986]. The acute regulatory

mechanism of ATGL is still relatively unknown, however interaction

with a protein known as comparative gene identification-58 (CGI-

58), which is encoded by the gene abhydrolase domain containing 5

(ABHD5), is critical for activation of ATGL [Lass et al., 2006]. Unlike

ATGL, the regulation of HSL has been well elucidated. Multiple

phosphorylation sites on HSL exist which serve either to activate or

inhibit HSL activity. Further, complete activation of HSL is

dependent upon translocation from the cytosol to the lipid droplet

(LD), which is the site of TAG storage. Beta adrenergic stimulation

results in protein kinase A (PKA)-induced phosphorylation of HSL at

serine 563, 659, and 660 (in rodents) residues, all of which activate

HSL, promote translocation of HSL, and enhance lipolysis by 2–3-

fold [Anthonsen et al., 1998]. In isolated rat adipocytes, mutational

analysis has determined that phosphorylation of Ser659 and Ser660

is necessary for lipolytic activation in response to isoproternol

stimulation [Anthonsen et al., 1998]. In addition, the ability of HSL

to interact with the LD is dependent upon PKA-phosphorylation of

perilipin (PLIN1), which undergoes a conformational change leaving

the LD exposed for access by HSL [Miyoshi et al., 2006]. PLIN1 is a

member of the PLIN gene family and is found to exclusively localize

to surfaces of intracellular lipid storage droplets. In this manner,

PLIN1 serves two roles: first to protect the LD from unstimulated

lipolytic breakdown, and secondly to enhance stimulated lipolysis

[Shen et al., 2009]. Further, PLIN1 interacts with the ATGL co-

activator CGI-58, releasing CGI-58 to bind to ATGL when lipolytic

activity is stimulated [Subramanian et al., 2004]. In the PLIN1 null

mouse, adipose tissue mass is severely reduced due to constitutively

active lipolytic function, demonstrating the importance of PLIN1 in

lipolytic regulation [Saha et al., 2004].

Thus, although numerous seminal investigations have shed

valuable light defining how these lipases are critical in the

regulation of both basal and stimulated lipolysis, we still have a

poor understanding of how these mechanisms are activated in

various conditions in which metabolic function of adipose tissue is

disrupted. Using the ovariectomized (OVX) mouse model, we

previously found sedentary animals exhibit increased circulating

levels of glycerol compared to SHAM mice, which suggests female

sex steroids may affect protein regulators of lipolytic function

[Wohlers and Spangenburg, 2010]. Unfortunately, the study left

unanswered questions that are critically important to defining the

regulation of cellular lipolytic responses in the OVX animals.

Specifically, we did not determine in vivo if stimulated glycerol

release would be impaired in the OVX mice, nor could we account

for the cellular location of these lipolytic proteins. Thus, the purpose

of the present study was to determine if physiological activation (i.e.,

acute exercise bout) of lipolysis would be reduced in the OVXmodel

due to low PLIN1 content. We hypothesized that PLIN1 content

would be reduced in OVX compared to SHAM animals resulting in a

lower corresponding release of glycerol in response to acute exercise

in the OVX mice. Further, a second purpose was to determine if

impairments in stimulated glycerol release in the OVX model were

due to alterations in the cellular location of critical lipolytic proteins

or due to changes in the composition of PLIN proteins found in the

fat cake fraction. For this aim, we hypothesized that OVX mice

would exhibit altered localization events of key lipolytic proteins

and/or potential changes in PLIN protein content compared to the

SHAM mice.

METHODS

ANIMALS

Twenty-seven 8-week-old C57/BL6 (Harlan) female mice were

divided into two groups, SHAM and surgical OVX. The OVX mice

(n¼ 14) underwent a bi-lateral OVX, a frequently used method to

disrupt the female sex steroid-signaling axis [Keck et al., 2007]. Our

lab has previously shown that this model decreases the levels of

circulating estrogens by 70% within 48 h [Sitnick et al., 2006] and

we also find substantial reductions in uterine weight (�80%;

unpublished data) in this model. Further, previous research has

shown that surgical removal of the ovaries frommice does not result

in changes in feeding patterns [Brown, 2008; Rogers et al., 2009;

Witte et al., 2011]. The SHAM group (n¼ 13) was subjected to a

SHAM surgery where they were anesthetized, but did not undergo

OVX. Mice were given ad libitum access to water and standard

rodent chow (Purina Laboratory Rodent Diet 5001: 23% protein,

4.5% fat, 6% fiber) and were housed in a temperature-controlled

room on a 12 h light/dark cycle. Mice were kept in standard cages for

8 weeks, at which point an acute bout of exercise was performed by

half of the mice in each group (n¼ 14). Mice did not undergo

exercise training; however, an acclimation period was included

prior to acute exercise testing in order to familiarize the animals

with the treadmill. Both groups underwent treadmill acclimation in

order to keep the environmental stimuli as equal as possible across

groups in the period prior to testing and sacrifice. To acclimate the

mice to the treadmill, mice were exposed to treadmill running for

6 days, beginning with 10mins at 10m/min and 58 incline, and

gradually increasing the running duration and speed each day until

by day 6 they were running for 35min (5mins at 25m/min followed

by 20mins at 28m/min, then 5mins at 20m/min). For the acute

bout of exercise, mice ran on the treadmill at 26m/min with a 58
incline until refusal to run, which was determined by continuous
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sitting (>1min) on the shock pad. There was no difference in total

run time between the SHAM and OVX animals. Other studies of

exercise-induced lipolysis have employed treadmill running

protocols which closely resemble the protocol employed in this

investigation [Schoiswohl et al., 2011]. Our treadmill running

protocol was selected based on the ability to induce lipolysis in

adipose tissue and ensuring that both groups were able to complete

the bout of exercise. Immediately following the acute exercise bout,

animals were sacrificed, tissues were collected and snap frozen in

liquid nitrogen, and then stored at �808C. The control animals

(n¼ 13) were exposed to the initial acclimation period to ensure the

same exposure to the treadmill. On the day of the acute treadmill test

the control groups were not subjected to treadmill running but were

still placed in the treadmill in a stationary fashion with an active

shock pad for a duration equivalent to the exercise groups. All

aspects of this study were approved by the University of Maryland

Institutional Animal Care & Use Committee (IACUC) Review Board.

ISOLATION OF PROTEIN FROM ADIPOSE TISSUE

The omental/mesenteric fat was homogenized on ice using a

protocol to separate the cytosolic and fat cake (i.e., proteins

associated with the LDs) fractions using previously described

methods with some slight modifications [Egan et al., 1992; Clifford

et al., 2000]. It should be noted that this procedure was used to first

demonstrate translocation of HSL from the cytosolic region to the LD

[Egan et al., 1992]. Fat was homogenized in Mueller buffer (50mM

HEPES (pH 7.4), 4mM EGTA, 10mM EDTA, 15mM Na4P2O7H2O,

100mM b-glycerophosphate, 25mM NaF, 5mM Na3VO4, and

1 protease inhibitor tablet/10ml (Roche, Indianapolis, IN)), then

centrifuged for 15min at 48C and 13,000 g. The supernatant

(cytosolic fraction) between the fat cake and the pellet was removed

using a syringe and placed into a separate tube. A second buffer

(50mM HEPES (pH 7.4), 4mM EGTA, 10mM EDTA, 15mM

Na4P2O7H2O, 100mM b-glycerophosphate, 25mM NaF, 5mM

Na3VO4, 0.05 g SDS, 0.01% Triton X, and 1 protease inhibitor

tablet/10ml) was added to the pellet, which was heavily vortexed

and then centrifuged for 15min at 48C and 13,000 g. The middle

layer (fat cake fraction) was again drawn off and placed in a fresh

tube. Previous investigations have eloquently shown that this

fractionation technique can be used to determine the cellular

location of critical regulators of lipolytic function [Egan et al., 1992;

Clifford et al., 2000]. Specifically, the fat cake fraction contains

proteins which are localized to the surface of lipid storage droplets,

while the cytosolic fraction contains the proteins located in

the cytosol [Greenberg et al., 1991]. Protein concentrations were

determined on the cytosolic and fat cake fractions using the BCA

protein assay (Pierce, Rockford, IL). To confirm proper isolation of

the fractions, western blotting for ERK1/2 (cytosolic specific [Zheng

and Guan, 1994]) and PLIN1 (LD specific [Greenberg et al., 1991])

was performed. We found ERK1/2 protein content was contained in

the cytosolic fraction and PLIN1 protein content was strictly

observed in the fat cake fraction (see Fig. 1).

WESTERN BLOTTING OF ADIPOSE TISSUE

Equal amounts of total protein (50mg) were resolved on 7.5% SDS–

PAGE gels and transferred to PVDF membranes as previously

described [Spangenburg et al., 2008; Wohlers et al., 2009; Wohlers

and Spangenburg, 2010]. Blots were visualized with Ponceau

S (Sigma Chemical, St. Louis, MO) to confirm equal loading of the

lanes (data not shown) and then blocked with 3% nonfat dry milk in

Tris-buffered saline with 0.1% Tween (TBS-T). In addition, in a

secondary fashion, gels were run and stained with Coomassie blue to

demonstrate equal loading of the samples (see Fig. 2). Membranes

were probed with antibodies for ATGL (Cell Signaling; 1:1,000),

PLIN1 (perilipin) (Cell Signaling; 1:500), CGI-58 (kind gift from

Dr. Dawn Brasaemle, Rutgers University; 1:25,000), or PLIN2

(ADRP) (Novus Biologicals; 1:1,000) in a buffer of 1–5% BSA in

TBS-T on a rocker at 48C overnight. Following incubation with the

primary antibody, membranes were washed in TBS-T (3� 5min)

and then incubated for 1 h with horseradish peroxidase-conjugated

rabbit secondary antibody (1:1,000) in 3% nonfat dry milk in TBS-T.

Next, membranes were washed in TBS-T (1� 10min, 3� 5min),

followed by enhanced chemiluminescence reagent (Pierce, Rock-

ford, IL). Membranes were visualized with a chemiluminescence

imager (Syngene, Frederick, MD) and quantified with Image J

software (NIH, Bethesda, MD).

BLOOD AND SERUM MEASURES

Non-esterified fatty acids (NEFA’s) were measured in serum using a

colorimetric assay (Wako Diagnostics, Richmond, VA). Glycerol

levels were determined in serum using a free glycerol determination

kit (Sigma–Aldrich, St. Louis, MO). Glucose levels in blood were

measured using a glucometer (LifeScan, Milpitas, CA). Insulin

levels were measured in serum using an ELISA kit (Millipore,

Billerica, MA).

STATISTICAL ANALYSIS

All data are expressed as means� SEM. Statistical significance

was determined using t-tests with Sigma Stat statistical analysis

software (Systat Software, Inc., San Jose, CA). T-tests were chosen

for statistical analysis due to the a priori derived specific and

directional hypotheses. Specifically, the purpose of these experi-

ments was to determine if known lipolytic mechanisms in adipose

tissue failed to respond to a bout of exercise in the OVX mice.

A P-value of �0.05 was considered significant.

Fig. 1. Determination of appropriate isolation of cytosolic and fat cake frac-

tions fromO/M adipose tissue. The expression of total ERK1/2, a cytosolic protein,

appears only in the cytosolic fraction (Cyt), while PLIN1 (Perilipin), which is

known to be localized to the LD, appears only in the fat cake (FC) fraction.
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RESULTS

ANATOMICAL CHARACTERISTICS

No significant differences in body weights were detected between

the SHAM and OVX groups. Previously, we have found a small

significant difference of �9% and here we saw a non-significant

difference of �4% [Wohlers and Spangenburg, 2010]. However,

O/M fat mass was significantly greater in both the control OVX

(referred to as cont in tables/figures) and acute exercised OVX

(referred to as ex in tables/figures) groups compared to the control

SHAM and acute exercised SHAM groups. When fat mass was

normalized to body weight there were significant elevations in both

groups of OVX mice compared to the SHAM mice. No significant

differences in other tissue weights (i.e., heart, liver, skeletal muscle)

were detected (data not shown). No significant difference in total run

time was observed between the exercised OVX and SHAM groups

(Table IA).

BLOOD/SERUM ANALYSES

In line with our previously published data [Wohlers and Spangen-

burg, 2010], serum glycerol levels were significantly elevated

in control OVX mice compared to control SHAM mice (Table IB).

Here, an acute bout of exercise was performed to physiologically

stimulate lipolysis in the SHAM and OVX mice, with increases in

serum glycerol and NEFA acting as surrogate indicators of lipolytic

Fig. 2. A,B: ATGL protein content is up-regulated in the cytosolic fraction from O/M adipose tissue, but not the fat cake fraction, in OVX animals compared to SHAM

animals. A: ATGL protein content in different fractions isolated from O/M adipose tissue from control and acute exercised SHAM and OVX mice. Abbreviations for x-axis are as

followed and consistently displayed on all of the remaining figures: SC C¼ sham control cytosolic fraction, SC FC¼ sham control fat cake fraction, SE C¼ sham exercised

cytosolic fraction, SE FC¼ sham exercised fat cake fraction, OC C––OVX control cytosolic fraction, OC FC––OVX control fat cake fraction, OE C––OVX exercised cytosolic fraction,

OE FC––OVX exercised fat cake fraction. A representative ATGL blot is shown below the graph. In addition, in this figure a coomassie stained gel is depicted to demonstrate equal

loading of the samples from each group. N¼ 5/group. �Indicates significantly different from SC C (P< 0.05). B: ATGL percent localization to the cytosolic and fat cake fractions.

Within each bar, the grey area indicates ATGL localization to the fat cake fraction and the black area indicates localization to the cytosolic fraction. Abbreviations for x-axis are

as followed and consistently displayed on all of the remaining figures: SC––SHAM control, SE––SHAM exercised, OC––OVX control, OE––OVX exercised.

TABLE I. (A/B) OVXMice Exhibit Significant Differences in Anatomic andMetabolic Parameters When Compared to the SHAMMice (N¼ 6–

7/group)

A Body weight (BW) O/M fat mass (FM) FM/BW Run time (min)

SHAM cont 22.92� 0.50 0.278� 0.017 0.012� 0.0008
SHAM ex 22.47� 0.69 0.264� 0.024 0.012� 0.0008 36.5� 4.3
OVX cont 23.42� 0.52 0.710� 0.061� 0.030� 0.002�

OVX ex 23.60� 0.50 0.632� 0.084� 0.026� 0.003� 38.8� 9.99

�Indicates significantly different from SHAM cont.

B Glycerol (mg/ml) NEFA (mmol/L) Glucose (mg/dl) Insulin (ng/ml)

SHAM cont 309.22� 14.02 0.664� 0.066 137.17� 3.36 0.627� 0.230
SHAM ex 424.34� 43.80� 0.887� 0.068� 111.29� 7.92� 0.634� 0.244
OVX cont 390.69� 37.33� 0.513� 0.085 152.57� 7.30� 0.460� 0.219
OVX ex 417.88� 21.07� 1.003� 0.101�� 100.71� 7.84�� 0.390� 0.089
�Indicates significantly different from SHAM cont.
��Indicates significantly different from OVX cont (P< 0.05).
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activation. Glycerol levels were significantly elevated in control

OVX mice compared to control SHAM mice. When compared to

the control group, there was a non-significant 14% (28% when

normalized to O/M fat mass) increase in glycerol levels in response

to exercise in the OVX animals and a significant 34% (41% when

normalized to O/M fat mass) increase in the SHAM animals. No

significant difference in serum NEFA levels was detected between

control SHAM and OVX mice (Table IB). In contrast, the acute

exercise bout resulted in significant elevations in serum NEFA levels

in both SHAM and OVX groups when compared to their control

counterparts, with no differences detected across groups in response

to exercise. When compared to the control group, there was a 95%

(119% when normalized to O/M fat mass) increase in NEFA levels

in response to exercise in the OVX animals and a 34% (41% when

normalized to O/M fat mass) increase in the SHAM animals. The

finding of an exercise-induced increase in NEFA levels without an

increase in glycerol levels in the OVXmice was surprising; however,

this may be the result of a reduction in futile cycling. Blood glucose

levels were significantly elevated in the control OVXmice compared

to the control SHAM mice (Table IB). The acute bout of exercise

resulted in significant reductions in blood glucose in both the SHAM

and OVXmice, with no difference observed between the two groups.

No differences in insulin levels were detected between any groups

(Table IB).

PROTEIN CONTENT IN O/M ADIPOSE TISSUE

ATGL. In a previous study, we detected elevations in ATGL

protein content in total cell lysates isolated from the visceral adipose

tissue of OVX animals. The elevation in ATGL coincided with

elevated levels of circulating glycerol [Wohlers and Spangenburg,

2010]. Further, recent data have suggested that ATGL is a critical

mediator of exercise-induced lipolysis [Huijsman et al., 2009]. Thus,

we sought to expand our previous findings to determine if ATGL

distribution between the cytosolic and fat cake fraction was altered

in the OVXmice and to investigate whether an acute bout of exercise

would alter the location of ATGL in SHAM or OVX mice. In

agreement with our previous data, ATGL protein content was

significantly elevated in the cytosolic fraction in both groups of

OVX mice compared to control SHAM mice. The exercised SHAM

mice had significantly greater cytosolic ATGL protein content

than the control SHAM mice, however, no effect of acute exercise

on ATGL protein content was observed in OVX mice (Fig. 2A).

In addition, to determine if localization of ATGL was altered

between groups we calculated the percent of total ATGL that was

present in each fraction. However, we did not find any significant

differences between groups (Fig. 2B).

CGI-58. CGI-58 is a known regulator of ATGL through direct

protein interaction, enhancing activation of ATGL [Lass et al., 2006].

Therefore, we measured CGI-58 protein content to determine

whether the capacity for ATGL activation is altered by acute exercise

or by OVX. As expected, CGI-58 protein content was primarily

found in the fat cake fraction compared to the cytosolic fraction in

all groups, with no between group differences detected. Thus, loss of

ovarian function or performance of an acute exercise bout did not

alter CGI-58 protein content in O/M adipose tissue (Fig. 3A). In

addition, to determine if localization of CGI-58 was altered between

groups we calculated the percent of total CGI-58 that was present in

each fraction. However, we did not find any significant differences

between groups (Fig. 3B).

HSL Ser660. In the mouse, induction of HSL-mediated lipolysis

is dependent upon phosphorylation of Ser660, thus to determine if

HSL was associated with the increased levels of circulating glycerol

we used a phosphorylation site specific antibody for HSL. In O/M

adipose tissue, we found elevated levels of HSL Ser660 phosphory-

lation in the cytosolic fraction of exercised SHAMmice compared to

control SHAM mice (Fig. 4A). In the SHAM mice, the increase in

HSL660 phosphorylation in the fat cake fraction of exercised mice

did not reach statistical significance (P¼ 0.08). However, we found

no changes in HSL Ser660 phosphorylation in the control OVXmice

nor did we observe a response to acute exercise (Fig. 4A).

PLIN1 (Perilipin). PLIN1 is exclusively localized to the lipid

storage droplet and plays an important role in the regulation of basal

Fig. 3. A,B: CGI-58 protein is mostly contained in the FC fraction and does not differ between SHAM and OVX animals. A: CGI-58 protein content in O/M adipose tissue from

control and acute exercised SHAM and OVX groups. A representative CGI-58 blot is shown below the graph. N¼ 5/group. B: CGI-58 percent localization to the cytosolic and fat

cake fractions. Within each bar, the grey area indicates CGI-58 localization to the fat cake fraction and the black area indicates localization to the cytosolic fraction.
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and stimulated lipolysis [Granneman et al., 2009]. We have

previously shown PLIN1 protein content in a total cell lysate to

be reduced in O/M adipose tissue of mice following OVX [Wohlers

and Spangenburg, 2010]. In the present study, we sought to

determine if PLIN1 protein content/localization in the fat cake

fraction is altered in the OVX mice or by an acute exercise bout.

Since PLIN1 was not detected in the cytosolic fraction (Fig. 1) only

the fat cake fraction is shown. Confirming our previous findings,

PLIN1 protein content in the fat cake fraction was significantly

reduced in both OVX groups compared to the SHAMmice. The acute

exercise bout did not result in alterations in PLIN1 protein content in

SHAM or OVX mice (Fig. 5).

PLIN2

(also known as adipose differentiation-related protein (ADRP/ADFP)

Genetic ablation of PLIN1 results in a significant up-regulation of

PLIN2 protein content on the LD [Tansey et al., 2001]. However, the

up-regulation of PLIN2 does not confer the LD the same protection

from lipolytic degradation, nor does PLIN2 act as an effective means

for enhancing stimulated lipolysis [Tansey et al., 2001]. In our

model, we observed both an elevation in resting circulating glycerol

and a decrease in PLIN1 protein content in OVX mice, therefore we

hypothesized that PLIN2 may be replacing PLIN1 on the LD. In both

OVX groups, there was a significant increase in PLIN2 protein

content in the fat cake fraction compared to the SHAM groups. No

effect of acute exercise on PLIN2 protein content was observed in

SHAM or OVX groups (Fig. 6).

DISCUSSION

Here, we demonstrate that in the OVX mice there are significant

alterations in critical cellular regulators of lipolytic function in O/M

adipose tissue when compared to SHAM mice. As with our own and

others previous findings [D’Eon et al., 2005; Wohlers and

Spangenburg, 2010], we observed an increased in O/M fat mass

in the OVXmice. The elevated fat mass in the OVXmice was coupled

with increased circulating glycerol and glucose levels under control

conditions, with no differences in insulin levels observed. An acute

bout of exercise resulted in significantly higher glycerol levels in

exercised SHAMmice compared to control SHAMmice, however, no

significant effect of exercise on glycerol levels was observed in OVX

mice. This suggests that the OVX mice cannot further enhance the

release of glycerol from the adipose tissue during this exercise bout.

In both SHAM and OVX mice, an acute bout of exercise resulted in

quantitatively similar reductions in blood glucose levels compared

to control counterparts, indicating an equivalent response from the

Fig. 6. PLIN2 or ADRP protein content is significantly elevated in O/M adipose

tissue of OVX animals compared to SHAManimals. Since PLIN2 is localized to the

LD and was not detected in the cytosolic fraction, only the fat cake fraction is

shown. A representative ADRP blot is shown below the graph. N¼ 5/group.
�Indicates significantly different from SC FC and SE FC (P< 0.05).

Fig. 4. Phosphorylation of HSL (Ser660) in the cytosolic fractions from O/M

adipose tissue is up-regulated in response to acute exercise only in the SHAM

animals and not the OVX animals. A representative HSL Ser 660 blot is shown

below the graph. N¼ 4/group. �Indicates significantly different from SC C

(P< 0.05).

Fig. 5. PLIN1 (Perilipin) protein content in O/M adipose tissue is significantly

reduced in OVX animals compared to SHAM animals. Since PLIN1 is localized to

the LD and was not detected in the cytosolic fraction, only the fat cake fraction

is shown. A representative Perilipin blot is shown below the graph. N¼ 5/

group. �Indicates significantly different from SC FC and SE FC (P< 0.05).
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two different groups of mice. Cytosolic ATGL protein content was

elevated in control and exercised OVX mice compared to control

SHAM mice. However, there was no increase in ATGL protein

content in the fat cake fraction in response to exercise in either

group. There was significantly more of the phosphorylated form of

HSL (Ser660) in the cytosolic fraction of exercised SHAM mice

compared to control SHAM mice. However, no increase in HSL

Ser660 phosphorylation was observed in OVX mice in response to

acute exercise. Lastly, PLIN1 protein content in the fat cake fraction

was reduced, while PLIN2 protein content in the fat cake fraction

was elevated, in OVX mice compared to SHAM mice. These data

demonstrate that signaling mechanisms that regulate basal and

stimulated lipolytic function are impaired in OVX mice compared to

SHAM mice, suggesting a critical role for female sex steroids in the

regulation of lipolytic function.

We, and multiple other investigators, have previously reported

increases in visceral fat mass coupled with elevations in basal

circulating glycerol, and glucose levels in OVX mice [D’Eon et al.,

2005; Wohlers and Spangenburg, 2010]. These metabolic changes

qualitatively resemble changes reported in post-menopausal women

who are not taking hormone replacement therapy [Panotopoulos

et al., 1997]. The elevation in circulating glycerol levels in the

control OVX mice suggests that lipolysis is elevated even under

resting conditions. A similar finding has been confirmed in

adipocytes from humans [Nicklas et al., 1996]. In addition, multiple

other studies have reported estrogens to reduce adipose tissue

lipolytic function in females [Tchernof et al., 2004; Van Pelt et al.,

2006]. In particular, a reduction in ovarian hormones results in

increased basal lipolytic rate in adipocytes isolated from human

omental adipose tissue [Tchernof et al., 2004]. The acute bout of

exercise resulted in a smaller, non-significant increase in glycerol

levels in the OVX mice compared to the SHAM mice. Further, NEFA

levels were elevated in both the OVX and SHAMmice in response to

acute exercise, with a greater percent increase compared to the

control group in the OVX mice. Due to the observed alterations in

serum glycerol and NEFA levels, we explored potential alterations

in localization of key lipolytic proteins in the SHAM and

OVX mice.

In adipose tissue, 95% of all lipolytic activity is controlled by the

lipases HSL and ATGL [Schweiger et al., 2006]. When ATGL is

genetically ablated in the mouse model, total TAG hydrolase activity

in white adipose tissue is reduced by 82% [Haemmerle et al., 2006],

while in contrast over-expression of ATGL in adipocytes results in

increased basal and beta-adrenergic stimulated lipolysis [Zimmer-

mann et al., 2004]. In our study, we found increased ATGL protein

content in the cytosolic fraction of O/M adipose tissue from OVX

mice, which may explain the elevated basal glycerol levels in the

OVXmice. While the increase in glycerol release without an increase

in HSL phosphorylation may seem counterintuitive, multiple studies

have demonstrated that glycerol release can occur when ATGL is

over-expressed [Zimmermann et al., 2004], or when HSL expression

is absent. Specifically, Ryden et al. [2007] found inhibition of HSL

attenuates, but does not prevent, increases in glycerol release from

stimulated adipocytes. In addition, unstimulated glycerol release is

also elevated under conditions of PLIN1 ablation [Zhai et al., 2011],

suggesting that the combination of increased ATGL and decreased

PLIN1 is a potential contributor to the increased serum glycerol

values in the control OVX animals. During the acute exercise bout,

we did not find a large increase in serum glycerol values in the OVX

animals compared to the SHAM animals. This could potentially be

explained by the low levels of HSL phosphorylation in the OVXmice

coupled with the low PLIN1 content since both HSL and PLIN1 work

synergistically to increase lipolytic rate. Alternatively, the reduced

glycerol response in the OVX animals during the exercise bout may

have been a result of increased glycerol kinase activity, which would

prevent the release of glycerol into circulation. Glycerol kinase

was originally thought to be absent from adipose tissue, however

multiple studies have demonstrated an increase in glycerol kinase to

occur in the obese state in animal models as well as in humans

[Taylor et al., 1979; Stern et al., 1983; Chakrabarty et al., 1984].

Albeit, at this time there is no evidence to indicate if glycerol kinase

is elevated in the OVX model and this needs to be tested. Finally,

ATGL also has acylglycerol transacylase activity [Jenkins et al.,

2004], and can play a role in the formation of TAG and DAG, thus

contributing to futile cycling between TAG storage and breakdown.

It is possible that we are detecting indices of futile cycling in the

OVX mice. Potentially, this may have been observed when NEFA

levels increased in the OVX mice in response to acute exercise

without a substantial increase in serum glycerol levels. This suggests

that higher serum NEFA values may not be derived from an increase

in lipolytic rate. Thus, perhaps the exercise bout in the OVX mice

reduced the acylglycerol transacylase activity of ATGL thereby

releasing fatty acids that may have undergone re-esterification

under the control conditions. While we do not have a measure to

directly indicate futile cycling, our findings may suggest that under

conditions where adipose tissue lipolysis is stimulated (i.e., exercise),

there is a decrease in re-esterification in OVX mice and thus a

reduction in futile cycling. The dual role of ATGL in lipolysis and

TAG formation may explain how the OVX animals demonstrated

increases in fat mass in spite of what appears to be an elevation in

basal lipolytic rate. We are currently conducting further detailed

studies in order to elucidate the effects of reduced female sex

steroids and acute exercise on ATGL function as well as the potential

role of futile cycling in the regulation of adipose tissue function by

female sex steroids.

The increase in ATGL in the OVXmice is in line with observations

in humans [Steinberg et al., 2007]. At the mRNA level, they reported

an increase in ATGL in visceral fat from obese post-menopausal

females and obese males. Further, they did not detect a change in

mRNA or protein content of CGI-58, an activator of ATGL, which is

in agreement with our findings [Steinberg et al., 2007]. We did not

detect significant changes in ATGL protein content in the fat cake

fraction in either SHAM or OVX mice in response to the acute bout

of exercise. However, this is in agreement with other observations

which have also shown that ATGL localization to the LD is

unaffected by isoproternol stimulation, with the greatest proportion

of ATGL protein residing in the cytoplasm [Zimmermann et al.,

2004]. Thus, at this time it is clear that our understanding of ATGL

function needs to be further clarified in future studies.

HSL phosphorylation at the Ser660 site, the primary regulatory

site for activation [Anthonsen et al., 1998], results in HSL

translocation from the cytosol to the LD where it may contribute

JOURNAL OF CELLULAR BIOCHEMISTRY ESTROGENS INFLUENCE ADIPOCYTE SIGNALING 3681



to lipolytic breakdown of stored TAG [Watt et al., 2006]. We found

elevated levels of the phosphorylated form of HSL (Ser660) in the

cytosolic fraction (P¼ 0.08 in the fat cake fraction) from SHAM

mice in response to the acute exercise bout. In contrast, no

significant change in HSL Ser660 phosphorylation was detected in

OVX mice in response to acute exercise. No difference in HSL

phosphorylation (Ser660) was observed between SHAM and OVX

mice under basal conditions, suggesting that HSL is not responsible

for the elevated serum glycerol levels in the OVXmice. However, the

failure to increase HSL Ser660 phosphorylation may partially

explain the inability of the OVX mice to significantly increase

glycerol release in response to an acute bout of exercise. In

adipocytes isolated from OVX mice and OVX mice supplemented

with 17b-estradiol, D’Eon et al. [2005] showed no difference in total

HSL between groups and suggested that changes in HSL content

were not responsible for the increased catecholamine stimulated

lipolysis in the mice supplemented with 17b-estradiol. However,

they did not measure HSL phosphorylation status or localization of

HSL, which is critical to examining HSL activity. Our observation in

OVXmice of an inability to increase HSL Ser660 phosphorylation in

response to an acute bout of exercise suggests that dysfunction of

upstream regulators of HSL play a role in altered lipolytic activation

in adipose tissue when female sex steroids are reduced.

Lipolytic regulation is multi-faceted with important regulatory

steps defined by proteins that coat the LD’s within adipocytes. PLIN1

is the primary LD associated protein involved in the regulation of

adipocyte lipolysis [Shen et al., 2009]. In the fat cake fraction

isolated from the OVX mice, we found significant reductions in

Perilipin or PLIN1 protein content and elevated ADRP or PLIN2

protein content in O/M adipose tissue compared to the SHAM mice.

These changes in PLIN1 and PLIN2 protein content in the OVX mice

would have substantial effects on the regulation of lipolytic

function. For example, the reduction in PLIN1 protein content may

explain the lack of HSL response in OVX mice following the acute

exercise bout. In adipocytes, the presence of PLIN1 on the LD has

been shown to be critical for HSL translocation to the LD in order to

promote catecholamine stimulated lipolytic activity [Miyoshi et al.,

2006]. Thus, in the OVX mice where PLIN1 content is significantly

reduced, activation and translocation of HSL may be impaired as a

result. Other studies have demonstrated an effect of female sex

steroids on lipolytic function. For example, reduced adipocyte

PLIN1 content in OVX mice corresponds to impaired ex vivo

catecholamine activated lipolysis, suggesting reduced lipolytic

function in adipose tissue following OVX [D’Eon et al., 2005]. Our

data extend the findings of D’Eon et al. by demonstrating that

reduced female sex steroid levels also impair lipolysis when

activated in vivo by a physiological stimuli (i.e., exercise). Although

under most circumstances very little, if any, PLIN2 is found in

mature adipocytes, there are suggestions that during states of

increased FFA flux there is elevated content of PLIN2 associated

with the LD’s [Bickel et al., 2009]. Further, alternative explanation

for PLIN2 appearing in the fat cake may be that PLIN2 can displace

PLIN1 under conditions of extended lipolytic activation resulting in

PLIN2 associating with LD’s formed during re-esterification of the

FAs [Gross et al., 2006]. Further, an increase in PLIN2 expression

is observed in the PLIN1 knockout mouse, suggesting that PLIN2

may be up-regulated in circumstances where PLIN1 is reduced

[Tansey et al., 2001]. Even though PLIN2 is not typically found in

mature adipocytes, due to the unique metabolic phenotype of the

OVX mouse there appears to be a plausible explanation for the

increased PLIN2 protein content.

LIMITATIONS

One limitation to our findings is that adipocyte lipolysis was not

directly measured. However, circulating glycerol levels are often

used as an indicator of lipolysis [Hurley et al., 1986; Lonnqvist et al.,

1990; Haemmerle et al., 2006; Jocken et al., 2007; Huijsman et al.,

2009; Schoiswohl et al., 2011], and coupled with the findings of

D’Eon et al. [2005] and our own [Wohlers and Spangenburg, 2010]

which demonstrate increased basal glycerol release from adipose

tissue isolated from OVX animals, it does appear that unstimulated

lipolysis appears to be elevated in the OVX animal. Another

limitation to our study comes from the fractionation technique used

to separate cytosolic and LD (fat cake) proteins. We chose to use this

technique in hopes of capturing the localization of ATGL and HSL in

our animals. Although isolation of the adipocytes from each group

would have been ideal, staining of primary adipocytes is extremely

difficult due to the large size of the LD, resulting in very little visible

cytoplasmic volume [Malide, 2008]. In addition, we were concerned

that the adipocyte isolation process might result in movement of the

Fig. 7. Summary of lipolytic protein content in adipose tissue from SHAM and OVX mice. OVX mice exhibit a reduction in perilipin protein content and an increase in ADRP

protein content on the LD. Further, an increase in cytosolic ATGL protein content is observed in animals following OVX.
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proteins independent of the effects induced by exercise. Finally, we

measured our targets in protein isolated from whole adipose tissue

rather than from isolated adipocytes. Since CGI-58 and PLIN2 have

been detected in the stromal vascular fraction of adipose tissue,

we cannot be completely certain that some of the protein signal was

not coming from cells other than the adipocytes themselves.

As summarized in Figure 7, the data presented here provide novel

evidence that a reduction in female sex steroids results in

impairment of stimulated lipolytic signaling and alterations in

PLIN protein content in O/M adipose tissue. Using a physiological

stimulus (acute exercise) to activate lipolysis, we determined that

exercise fails to further elevate circulating levels of glycerol, which

appears to be a result of dysfunctional lipolytic signaling. These data

suggest that significant reductions in female sex steroid levels not

only alter lipid partitioning, but also compromise key lipolytic

functions in the adipose tissue. Thus, it is imperative that we begin to

critically examine the role of sex steroids in the regulation of

adipose tissue dynamics to allow for the development of a treatment

to prevent metabolic disorders in females experiencing reduced

ovarian function.
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