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Estradiol does not directly regulate adipose lipolysis
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ABSTRACT
The mechanisms by which estradiol modulates adipose lipolysis are poorly understood. We
sought to measure basal and b3-stimulated indices of lipoysis (FFAs, glycerol) in vivo in E2
deficient or supplemented rats, and ex vivo with direct acute E2 exposure. For 2 weeks,
ovariectomized (OVX) and OVX rats treated with a daily oral dose of E2 (OVX E2) were pairfed to
SHAM controls (n D 12 per group). Adipocyte size was modestly (»40%) increased in OVX rats,
but did not reach significance (p D 0.2). After 2 weeks, half of the animals in each group
received an in vivo injection of saline or 1 mg/kg of the b3 agonist CL 316, 243. Serum FFA
concentrations, but not glycerol, were lower in OVX and OVX E2 rats compared with SHAM
controls (p D 0.02). A significant CL response was present in all groups (p<0.001) and HSL
activation was unaffected by OVX or OVX E2 in retroperitoneal (r.p.) or inguinal (iWAT) adipose
depots in vivo. Ex vivo, CL increased FFA and glycerol accumulation in the media as well as HSL
phosphorylation by several fold in r.p. and iWAT explants, but responses from OVX and OVX E2
rats were comparable to SHAMs. To assess whether E2 can directly affect lipolysis, r.p. and iWAT
tissue was treated with E2, CL or E2 C CL for 2, 4 or 8 hours using adipose tissue organ culture.
CL stimulated FFA release (p<0.001), but was unaffected by E2. Overall, our results indicate that
E2 does not directly regulate adipose tissue lipolysis.
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Introduction

Estradiol (17-b-estradiol, E2) is a steroid hormone capa-
ble of exerting genomic (chronic), and rapid/acute (non-
genomic) signaling in target cells.1 The pathways by
which E2 regulates adipose tissue metabolism are largely
unknown, despite the well-characterized binding of E2
to its nuclear receptor (estrogen receptor, ERa or b 2),
and a noted ability to influence food intake, energy
expenditure and physical activity.3 Estradiol loss, partic-
ularly during menopause in humans, has been shown to
cause a shift from subcutaneous to visceral fat storage
and derangements in lipolytic responsiveness.4,5 There is
some evidence in humans that E2 is antilipolytic through
its potentiation of insulin’s suppression of lipolysis,6 and
inhibition of catecholamine-stimulated lipolysis in sub-
cutaneous adipose tissue.7

Our understanding of the mechanisms by which
E2 regulates lipolysis in vivo are largely derived
from the ovariectomized (OVX) rodent model.
Whole-body circulating FFA concentrations are
decreased in OVX mice, but increased after treat-
ment with E2 for 60 d.8 Further evidence points to
visceral adipose tissue as a site of impaired lipolyis

in the absence of E2. Reduced adenylate cyclase
activity and cAMP production have been observed
in visceral adipose tissue from OVX animals.9 In
OVX mice, there is a reduced translocation of adi-
pose triglyceride lipase (ATGL) to the lipid droplet
and blunted Ser660 phosphorylation of hormone
sensitive lipase (HSL) in response to acute exer-
cise.10 In visceral adipocytes isolated from OVX ani-
mals, basal and catecholamine-stimulated lipolysis
are lower compared with controls, which is restored
after 4–30 d of E2 replacement.8,11-13 Few studies
have explored the relationship between E2 status
and subcutaneous adipose tissue lipolysis. In adipo-
cytes isolated from subcutaneous abdominal tissue
in humans, Epi-stimulated lipolysis is attenuated in
the presence of 100 nM E2 for 24 hours.14 In rats,
the evidence is equivocal; in one study, adipocytes
isolated from femoral subcutaneous adipose in OVX
rats were not different from SHAM controls in their
response to isoproterenol.9 In another study, OVX
rats showed a 50% reduction in b2-stimulated glyc-
erol release from subcutaneous adipose tissue, as
measured by microdialysis, which was restored after
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7 d of E2 treatment.15 Although these studies pro-
vide some insight into the effects of E2 loss on adi-
pose tissue metabolism, the majority fail to control
for hyperphagia by pair-feeding, thereby making it
difficult to conclude whether the chronic effects of
E2 on lipolysis are directly due to E2 per se, or
rather due to secondary effects subsequent to reduc-
tions in energy intake16 or changes in fat cell size.8

Altogether, the role of E2 on lipolysis is somewhat
discrepant, particularly regarding its ability to mod-
ulate subcutaneous adipose tissue.

In terms of rapid, non-genomic signaling, E2 has
been shown to directly and acutely activate Akt and
AMPK signaling in muscle17,18; however, it is uncer-
tain whether E2 acutely increases functional markers
of lipolysis (FFA, glycerol) and relevant signaling
pathways in adipose tissue. To address this, one
study infused conjugated estrogen (CE) for one
hour and found a reduced rate of glycerol appear-
ance from subcutaneous adipose tissue in postmeno-
pausal women.19 However, infusion of rats with the
E2 analog moxestrol had no effect on lipolysis.15

Therefore, it remains inconclusive whether E2 can
acutely modulate lipolysis in adipose tissue, and
whether there might be depot-specific responses
to E2.

The overall aim of this study was to determine the role
of E2 in regulating adipose tissue lipolysis under basal
and stimulated conditions. This was tested in subcutane-
ous and visceral adipose depots, using both in vivo and
tissue culture approaches. OVX rats were pairfed to
SHAM controls to control for differences in energy
intake imparted by E2 loss, to mitigate potential differen-
ces in weight gain due to hyperphagia as a confounding
factor.

Results

Pairfeeding does not prevent a greater body mass
increase in OVX rats, but daily estradiol treatment
slows the rate of gain in OVX rats

Daily caloric intake was similar between groups, indicat-
ing successful pair feeding (Fig. 1A). Despite this, body
mass was significantly increased in OVX and OVX E2
rats at week one. By week 2 OVX rats were still signifi-
cantly heavier, but OVX E2 rats were no longer different
from SHAM controls (Fig. 1B). Both OVX and OVX E2
groups had significantly more weight gain during weeks
1–2, and this decreased in all groups between weeks 2
and 3 (inset Fig. 1B). Interestingly, total r.p. fat pad mass
did not differ between groups, but OVX and OVX E2
rats had significantly more iWAT (3.66 § 0.25 and
3.14 § 0.15 versus 2.64 § 0.15 g, Table 1). Uterine mass
was significantly less in OVX and OVX E2 groups com-
pared with SHAM controls, indicating atrophy and suc-
cessful ovary removal in OVX and OVX E2 rats vs.
SHAM controls (0.67 § 0.07 g SHAM, 0.12 § 0.01 g
OVX and 0.12 § 0.01 g OVX E2). Circulating estradiol
levels at the time of terminal surgery, 24 hours without
administration of E2 or vehicle control, were 29.4 § 3.2,
16.5 § 2.5 and 26.0 § 5.0 pg/mL in SHAM, OVX and
OVX E2 groups.

Figure 1. Food intake (A), body mass (B) and (inset) rate of increase in body mass in SHAM, OVX and OVX E2 rats. Data are presented as
mean § SEM. Statistical significance is accepted at p < 0.05; y denotes significant difference compared with SHAM control within
weekly time point, z denotes significant difference compared with OVX within weekly time point.

Table 1. Fat pad mass and serum insulin in SHAM, OVX and OVX
E2 rats. Data are presented as mean § SEM; n D 12 for each
group. Statistical significance is accepted at p < 0.05; � denotes
significant difference compared with SHAM rats.

SHAM OVX OVX E2

r.p fat pad mass (g) 3.62 § 0.31 3.48 § 0.25 3.41 § 0.22
iWAT fat pad mass (g) 2.67 § 0.15 3.67 § 0.25� 3.14 § 0.15
Insulin (pg/mL) 5.39 § 0.27 4.68 § 1.45 4.43 § 1.06
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Adipocyte cross-sectional area of iWAT from OVX
rats is slightly elevated

Since iWAT fat pad mass was greater in OVX rats vs the
SHAM or OVX E2 groups, we assessed adipocyte size
and number in subcutaneous and visceral fat depots in
OVX and OVX E2 rats. Although not statistically signifi-
cant, cross-sectional area was 40% and 26% greater in
iWAT from OVX rats compared with SHAM and OVX
E2 rats, respectively (Fig. 2A and B). We next measured
the frequency distribution of cross-sectional areas. OVX
rats tended to have a greater fraction of adipocytes over
6000 um2, but these changes were not significantly differ-
ent (Fig. 2C and D). Finally, mean adipocyte number was
increased 38% in OVX iWAT relative to SHAMs, but
this also did not reach statistical significance (data not
shown).

In vivo, basal and CL¡stimulated serum FFAs are
reduced in OVX and OVX E2 rats, but not glycerol or
HSL activation

To assess in vivo lipolytic response, rats were injected
with a body mass adjusted dose of CL 316, 243, a specific
b3 adrenergic agonist. Circulating FFAs under both basal
and CL¡stimulated conditions were reduced in OVX

and OVX E2 rats vs. the SHAM group, as indicated by a
significant group effect (Fig. 3A). This was unique to
FFAs, as glycerol concentrations were similar among
SHAM, OVX and OVX E2 groups in basal and CL stim-
ulated conditions (Fig. 3B).

Phosphorylation of HSL activation sites (Ser660 and
Ser563) following in vivo injection of CL were measured
by western blotting of r.p. (Fig. 4A–B) and iWAT
(Fig. 4C–D) samples in an effort to address potential
mechanisms underlying reduced FFAs. Adrenergic stim-
ulation increased HSL phosphorylation as expected;
however, there were no significant differences between
groups in either basal or CL¡treated phospho-HSL in
either depot. Total HSL content was not different
between groups (data not shown).

Circulating insulin is not different in OVX rats vs. E2-
treated OVX or SHAM controls

To determine whether the blunted FFA concentrations
observed in vivo in fasted OVX rats can be attributed
to a systemic factor suppressing lipolysis, we measured
circulating insulin concentrations in saline- treated
SHAM, OVX and OVX E2 rats. There were no differ-
ences in insulin concentrations between groups
(Table 1).

Figure 2. Adipocyte cross sectional area and relative frequency % histograms in r.p. and iWAT tissue. (A) Subcutaneous (iWAT) and r.p
cells tend to be larger in OVX rats (p D 0.262 and 0.292, respectively) and (B) shows representative images of H&E stains in both depots.
(C) Histogram of retroperitoneal white adipose tissue (r.p.) cross sectional area and (D) inguinal (iWAT). Data are presented as mean §
SEM; n D 5 per adipose depot per group.
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Ex vivo lipolytic response is normal in adipose
explants from OVX rats

To address whether depot-specific lipolytic alterations
exist as a function of E2 status, adipose tissue explant
experiments were conducted using subcutaneous
(iWAT) and visceral (r.p.) adipose from all 3 groups
(SHAM, OVX and OVX E2). CL significantly increased
FFA and glycerol accumulation in media from r.p. frag-
ments in all 3 groups, (Fig. 5A and B). There was a trend
toward group differences in FFA (p D 0.06) and glycerol
(p D 0.08) concentrations, but this was not significant.
Robust CL¡mediated increases in p-HSL Ser660 and

Ser563 were evident (Fig. 5C and D), but were not
affected by E2 status. There were no significant changes
in total HSL content between groups or with CL treat-
ment (data not shown).

A clear CL effect was also present in functional (FFA,
glycerol) and western blotting (p-HSL) measurements in
iWAT explants. Similar to the r.p. depot, increases in
FFA, glycerol and p-HSL Ser563 and Ser660 were not
different between SHAM, OVX, or OVX E2 groups
(Fig. 6A–D). Total HSL was not significantly different
across SHAM, OVX or OVX E2 groups (data not
shown).

Figure 4. Lipolytic signaling protein content in r.p. and iWAT depots (in vivo) from control or CL 316,243 treated rats. In the r.p. depot A)
p-HSL Ser660 and B) p-HSL Ser563; and in the iWAT depot C) p-HSL Ser660 and D) p-HSL Ser563. Data are presented as mean § SEM; n
D 6 for control and CL groups in SHAM, OVX and OVX E2. Statistical significance is accepted at p < 0.05; � denotes significant treatment
effect compared with own control.

Figure 3. Serum FFA (A) and glycerol (B) concentrations in control or CL 316, 243 treated rats. Data are presented as mean§ SEM; nD 6
for control and CL groups in SHAM, OVX and OVX E2 groups. Statistical significance is accepted at p < 0.05; � denotes significant Treat-
ment (CL) effect compared with own control (ie. SHAM CL vs. SHAM con); y denotes significant group effect compared with SHAM
control.
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Figure 6. FFA (A) and glycerol (B) concentrations in adipose tissue explant media from iWAT depots in control or CL 316,243 treated rats.
Panels C) and D) show protein content of p-HSL Ser600 p-HSL Ser563 in the iWAT depot. Data are presented as mean § SEM; n D 6 for
control and CL groups in SHAM, OVX and OVX E2 groups. Statistical significance is accepted at p < 0.05; � denotes significant treatment
effect compared with own control.

Figure 5. FFA (A) and glycerol (B) concentrations in explant media from r.p. depots in control or CL 316, 243 treated rats. Panels C) and
D) show protein content of p-HSL Ser600 p-HSL Ser563 in the r.p. depot. Data are presented as mean § SEM; n D 6 for control and CL
groups in SHAM, OVX and OVX E2 groups. Statistical significance is accepted at p < 0.05; � denotes significant treatment effect com-
pared with own control.
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Estradiol does not directly alter basal or
CL¡stimulated lipolysis in adipose tissue organ
culture (ATOC)

Since changes in circulating FFA concentrations were
observed in OVX rats, we conducted separate adipose
tissue organ culture (ATOC) experiments to assess
whether E2 has a direct effect on FFA release in isolated
adipose tissue. These experiments were performed sepa-
rately from the ex vivo experiments in which tissue was
harvested to assess basal and CL¡induced lipolysis in
SHAM, OVX and OVX E2 conditions. The ATOC
method utilizes »5–10 mg adipose fragments, first cul-
tured for 24 hours to wash out systemic factors, followed
by treatment to assess the direct effects of CL and E2 on
adipose tissue metabolism. In normal Sprague Dawley
female rats, treatment with E2 (10 nM) did not have a
significant effect on FFA accumulation in the media
from either adipose depot at 2, 4 or 8 hours (Fig. 7A and
B). As expected, CL markedly increased the accumula-
tion of FFA in the media, but this was not potentiated or
suppressed by E2. Thus, differences in lipolytic function
observed in Figure 3 do not appear to be directly due to
E2, at least at the particular doses used.

Discussion

Estradiol loss is associated with increased adiposity in
women.5,20 E2 or HRT administration can prevent adi-
pose accumulation in rodents,11,21-23 and preserve gynoid
fat distribution in women.24 However, the direct effects
of E2 on basal and catecholamine-stimulated lipolysis in
adipose tissue have been largely unexplored. In the pres-
ent study, OVX rats demonstrated lower circulating FFA
levels, suggestive of impaired lipolysis. However,

circulating glycerol concentrations were unaffected by
E2 and in vivo lipolytic responsiveness and HSL activa-
tion with CL 316, 243 were not reduced in OVX rats. Ex
vivo lipolysis and activation of HSL were not impaired in
r.p. or iWAT explants from OVX rats, or altered with
oral E2 treatment. Lastly, E2 did not directly increase
lipolysis in r.p. or iWAT tissue. Our findings suggest that
adipose tissue lipolysis is not directly altered by the pres-
ence or absence of E2.

The in vivo effects of E2 on lipolysis are sparse and
yield conflicting results. In humans, Van Pelt et al. found
that acute conjugated estrogen (CE) infusion reduced
basal glycerol release from subcutaneous adipose depots
in postmenopausal women by 8–16%,19 yet found no dif-
ferences in systemic, circulating glycerol6 following CE
infusion.19 In rats, Darimont et al. reported a 50%
decrease in basal lipolysis in parametrial adipose tissue
8 d post-OVX, as measured by in situ microdialysis.15 In
contrast to humans, reduced basal lipolysis was increased
after 7 d of subcutaneous E2 injection. In our OVX and
OVX E2 rats, in vivo serum FFA, but not glycerol con-
centrations were reduced 2 weeks post-surgery vs.
SHAM controls. Daily E2 supplementation did not
restore FFA concentrations. Reduced FFAs could be
caused by insulin-mediated suppression of lipolysis;
however, several studies in accordance with ours, show
similar circulating insulin in human subjects with and
without CE infusion and between intact and OVX
rodents.8,10,19,25

Multiple factors could account for in vivo discrepan-
cies between studies: sampling of subcutaneous vs. para-
metrial fat pads, CE vs. E2 administration, or species-
specificity in b-adrenergic receptor distribution among
female humans and rodents.26 Additionally, all studies
previous to ours quantified glycerol accumulation or rate

Figure 7. Time course of FFA release in control or CL 316,243 treated adipose fragments. Adipose tissue harvested from r.p. (A) and
iWAT (B) were treated ex vivo with CL (1 uM), E2 (10 nM), or CL C E2 (1 uM C 10 nM) for 2, 4 and 8 hrs. Data are presented as mean §
SEM; nD 6 for control and CL groups in SHAM, OVX and OVX E2 groups. Statistical significance is accepted at p< 0.05; y denotes signif-
icant difference compared with control at specific time point.
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of appearance as the sole functional lipolysis marker. It is
possible that E2 loss or repletion affect glycerol and FFA
efflux or metabolism differently.27 Measuring serum
FFAs in circulation imposes limitations to our interpre-
tations, as FFA uptake by peripheral tissues, such as adi-
pose and/or liver, and oxidation by muscle and liver
were not measured and would presumably affect sys-
temic concentrations. Furthermore, specific activities of
HSL and adipose triglyceride lipase (ATGL) were not
measured. While pHSL Ser563 and Ser 660 phosphoryla-
tion residues are commonly measured to assess adrener-
gic activity, it is possible that E2 could be eliciting an
effect on enzyme activity at the dose administered in
vivo or ex vivo.

Whether E2 status affects catecholamine response in
vivo has been sparsely examined and the findings are
equivocal. Treatment of female and male rats with E2
has been reported to increase lipolytic responsiveness to
catecholamines in isolated adipocytes.13,28 In humans, a
single dose of E2 attenuated catecholamine-stimulated
lipolysis in femoral subcutaneous adipose.7 In our hands,
CL was equally effective in increasing whole-body lipoly-
sis in SHAM, OVX and OVX E2 rats. Unlike
Darimont et al.,15 who found increased responsiveness of
subcutaneous adipose to isoproterenol infusion after 7 d
of E2 injection, we did not observe an augmentation of
serum FFA or glycerol in OVX E2 rats after 2 weeks of
treatment.

To gain insight into depot-specific lipolytic responses
in OVX rats, we sampled visceral (r.p.) and subcutaneous
(iWAT) tissues from saline and CL¡injected groups to
assess HSL signaling. In vivo, CL increased HSL phos-
phorylation in r.p. adipose tissue at Ser660 and Ser563,
but were not different across groups. Observations were
similar in iWAT. A low dose of ethinyl E2 for 10 d or
high dose for 3 d have each been observed to increase
HSL activity in rats with intact ovaries.13 However, our
study and others8 suggest that E2 may not directly regu-
late HSL, since total HSL, p-HSL Ser660 and 563 protein
content in adipose and HSL mRNA expression in adipo-
cytes did not change with OVX or OVX E2.8

In vitro, visceral adipocytes from OVX rodents have
shown reduced catecholamine responsiveness.9 In vivo
E2 treatment of 4–30 d augmented in vitro adipocyte
lipolytic response to various b2 agonists in OVX E2 rats
vs. OVX.11,29-31 Each of these studies examined adipo-
cytes isolated by collagenase, devoid of additional cell
types and typical crosstalk in adipose tissue. In our study,
using explants, there were no differences in FFA or glyc-
erol release, or HSL phosphorylation in either adipose
depot regardless of E2 status. The changes we32 and
others.7,14 have observed in subcutaneous tissue suggest
it may be more affected by the chronic absence of E2.

Pedersen et al. found that women taking HRT had signif-
icantly elevated a2A antilipolytic receptor mRNA which
was specific to subcutaneous fat.14 Subcutaneous adipose
tissue explants from healthy subjects treated with
100 nM E2 for 24 hours also showed elevated a2A
mRNA and receptor binding, coupled with an attenuated
response of isolated adipocytes to epinephrine.14 Taken
together, this would suggest that E2, at least in humans,
could attenuate lipolytic response to catecholamines by
upregulating the a2A antilipolytic system, thereby acting
as a brake on FFA and/or glycerol release. To gain more
insight and further examine possible mechanisms behind
direct, acute effects of E2 on lipolysis, we treated isolated
iWAT and r.p. adipose fragments (ATOC) from female
rats with E2 or E2 C CL for up to 8 hrs ex vivo and mea-
sured FFA release. At the E2 dose administered (10 nM),
there was no direct effect on stimulating lipolysis either
with or without CL.

In conclusion, basal and b3-stimulated FFA, but not
glycerol, mobilization in OVX and OVX E2 rats were
lower than SHAM controls in vivo, in the absence of any
change in circulating insulin concentrations. Ex vivo,
basal and CL¡stimulated lipolysis and HSL activation
were not impaired in subcutaneous or visceral adipose
from OVX rats. Neither in vivo or ex vivo indices of
lipolysis were altered by physiologic doses of E2 for
2 weeks, but the interaction between SHAM, OVX, OVX
E2. Acute E2 had no direct effect on indices of lipolysis,
or CL¡induced lipolysis in either adipose depot in vitro.
Thus, changes in adiposity and circulating FFA in the
absence of E2 do not seem to be due to the loss of a direct
stimulatory effect of E2 on lipolysis.

Methods

Animal care

All procedures were approved by the University of
Guelph Animal Care Committee and followed Canadian
Council for Animal Care guidelines. Female Sprague
Dawley rats were purchased from Charles River Labora-
tories at 4 months of age, »250 g. Two days before
arrival, all rats underwent either bilateral ovariectomy
(OVX; 24 animals total) or SHAM surgery (SHAM; 12
animals total) under ketamine–atropine–xylazine anes-
thesia by Charles River technicians. Proper technical sur-
gery was verified during terminal experiments by
recording uterine weight, which was significantly atro-
phied in OVX and OVX E2 rats vs. SHAM controls
(0.67 § 0.07 g SHAM, 0.12 § 0.01 g OVX and 0.12 §
0.01 g OVX E2).

SHAM and OVX animals were housed 4 animals per/
cage in a temperature (23�C) controlled room on a
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12:12 hour standard light- dark cycle. All rats consumed
a phytoestrogen-purified, soy protein free diet (Harlan
2020X) with 16% of calories from fat. Since OVX rats
become markedly hyperphagic post-surgery, a pair-feed-
ing regime was used. All rats had body mass recorded
weekly. For the 2–8 hour lipolysis time course experi-
ments, female Sprague Dawley rats (with ovaries intact)
were received from Charles River at »250–300 g and
were acclimated in similar housing conditions for one
week before final experiments. These rats were allowed
ad libitum access to Harlan 2020X diet and were not
fasted before tissue harvesting.

Estradiol dosing protocol

Half of the OVX rats (n D 12) were assigned to oral
E2 treatment on a daily basis. Rats were administered
a dose of 17-b-estradiol (E2) delivered via chocolate
hazelnut spread (Nutella), as described by Ingberg
et al. (Ingberg et al. 2012). A concentrated stock solu-
tion was made weekly by dissolving powdered E2 in
sesame oil, which was further diluted and mixed to
yield a dose of 28 mg E2/5 mL sesame oil/1 g nutella
spread per kg body mass each day. All rats consumed
the dose of E2 in less than a minute. SHAM and OVX
rats not receiving E2 received a similar amount of
Nutella with sesame oil as a control.

Terminal surgeries and in vivo lipolysis assessment

Animals were not fasted overnight before terminal
experiments to avoid increases in baseline lipolysis in
experiments with adipose explants or adipose tissue
organ culture (ATOC). Rats were anaesthetized with an
intraperitoneal injection of pentobarbital sodium (6 mg
per 100 g body mass). Half of each SHAM, OVX or
OVX E2 group (n D 6) received a body mass adjusted
saline injection and had »200 mg from each depot parti-
tioned toward explant experiments (detailed below). The
other half (n D 6) of each group of animals received a
1 mg/kg dose of the b3 agonist CL 316,243 (CL) to assess
in vivo lipolytic function. This compound has been used
in other studies to stimulate lipolysis in white adipose tis-
sue.33,34 30 minutes post-saline or CL injection, inguinal
adipose tissue (iWAT) was removed as a representative
subcutaneous depot; retroperitoneal (r.p.) adipose tissue
was harvested from behind the kidneys as a representa-
tive visceral depot. Total fat pads were carefully removed
from each animal and weighed. iWAT and r.p. samples
were frozen for subsequent analysis and stored at
¡80�C. A terminal blood sample was obtained via car-
diac puncture, left at room temperature for 30 minutes
and centrifuged at 1500 x g for 10 minutes to collect

serum, which was then stored at ¡80�C for subsequent
analyses.

Histological analysis

Five micrometer sections were mounted on 1.2- mm
Superfrost slides, stained with modified Harris hematox-
ylin and eosin stock with phloxine (Fisher Scientific),
and imaged (Olympus FSX 100 light microscope,
Olympus, Tokyo, Japan). Two images per depot from
each animal (»250–300 total cells) were captured and
used to determine cross-sectional area (ImageJ software,
National Institute of Mental Health, Bethesda, MD). An
estimation of cell number was calculated as described
previously.17,24 Briefly, the diameter of the cell (deter-
mined from cross-sectional area) was used and cells were
assumed to be spherical; thus the adipocyte volume
could be calculated. The density of the lipid in the cell
(0.915 g/mL) was then used to calculate the mass of a
single cell.35 Finally, the mass of the fat pad was divided
by the mass of a single cell to estimate cell number.

Adipose tissue explants

To assess lipolysis in vitro, adipose tissue explants from
SHAM, OVX and OVX E2 rats were prepared immedi-
ately after terminal surgeries. Adipose tissue (iWAT and
r.p.) was harvested from saline-injected rats and »
150 mg placed into petri dishes with 3 mL of M199 sup-
plemented with 1% antibiotic/antimycotic, 2.5 nM dexa-
methasone, 0.1 g/L L-glutamine and 2% BSA. Tissue was
cut into »50 mg fragments and left to equilibrate for
2 hours in a cell incubator at 37 �C and 95% CO2/5% O2.
Following 2 hours, cultures were treated with sterile H2O
(control) or 1 mM CL 316,243 for another 2 hours. At
the end of the experiment, 200 mL of media was col-
lected, adipose tissue was rinsed in ice-cold PBS,
strained, frozen in liquid nitrogen and stored at ¡80�C
for further analyses. Tissue mass was recorded to nor-
malize FFA and glycerol accumulation per gram of adi-
pose tissue.

Adipose tissue organ culture

A separate set of experiments was completed using
female Sprague Dawley rats to assess the direct and com-
bined effects of E2 and CL on adipose tissue lipolysis.
Adipose tissue organ culture (ATOC) is a well-character-
ized method used to analyze isolated changes in adipose
tissue metabolism.36 We used this approach to wash out
any effects of circulating E2 on lipolysis before testing
for direct effects. Animals in the fed state were anaesthe-
tized with an intraperitoneal injection of pentobarbital
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sodium (6 mg per 100 g body mass), and iWAT and r.p.
depots were excised. Four separate dishes per. depot
were prepared with »200 mg sections of adipose tissue.
Tissue in each dish was minced into 5–10 mg fragments
and placed into 4.5 mL M199 supplemented with 1%
antibiotic/antimycotic, 50 mU insulin and 2.5 nM dexa-
methasone. Samples were left to equilibrate for 24 hours
at 37�C, at which point the media was removed and
changed to M199 supplemented with the same doses of
antibiotic and dexamethasone, 2.5% bovine serum albu-
min (BSA) and no insulin. For the 2–8 hour time course
experiment, one dish per depot was treated with each of
the following conditions: i) sterile H2O (control), ii)
1 mM CL 316,243, iii) 10 nM 17-b-estradiol, or iv) 1 mM
CL 316,243 plus 10 nM 17-b-estradiol. At 2, 4 and
8 hours, 200mL of media was sampled and snap frozen
for later analysis. After 8 hours, tissue was rinsed with
ice-cold phosphate buffered saline (PBS), strained, and
adipose tissue minces collected and frozen in liquid
nitrogen and stored at ¡80�C for later analysis.

Western blotting

Clamp-frozen iWAT and r.p. adipose samples were
homogenized in a 2: 1 volume-to-weight ratio of NP40
cell lysis buffer supplemented with Protease Inhibitor
Cocktail (PIC) and phenylmethylsulfonyl fluoride
(PMSF) using a Fast Prep-24 Homogenizer. Lysed sam-
ples were centrifuged for 15 minutes at 2500 g at 4�C to
separate the protein supernatant and remaining fat cake.
The protein concentration of the supernatant was deter-
mined using the BCA method and the CV for this assay
is accepted at <5%. Equal amounts of protein (20 mg)
were loaded and separated on 10% acrylamide gels and
wet transferred onto nitrocellulose membrane for 1 hour
at 200 mA. Membranes were blocked in Tris buffered
saline–0.01% tween (TBST) supplemented with 5% non-
fat dry milk at room temperature for 1 hour with gentle
shaking, rinsed with TBST and further incubated in
TBST plus 5% BSA-diluted primary antibodies (1:1000)
overnight at 4�C with gentle shaking. After 24 hours
membranes were briefly washed in TBST and then incu-
bated in TBST–1% non-fat dry milk supplemented with
HRP conjugated secondary antibody (donkey anti-
rabbit) for 60 minutes at room temperature. Bands were
visualized using ECL and captured using the a Innotech
Imaging system. Each membrane was stained with pon-
ceau and imaged to confirm equal loading.

Free fatty acid and glycerol concentrations

Free fatty acid (FFA) and glycerol concentrations in
serum from saline and CL¡injected rats, and from all

ATOC/explant media samples, were measured using
commercially available kits (Wako Diagnostics, HR
Series NEFA(HR), Sigma, MAK117) as described
previously.37,38

Insulin and estradiol ELISAs

Serum samples from saline-injected SHAM, OVX and
OVX E2 rats were analyzed for insulin concentration in
duplicate, using a commercially available kit (Millipore
EZMRI-13K), as described previously.39,40 Accuracy and
intra-assay comparisons were validated using 2 quality
control standards (run in triplicate) provided with each
kit. Terminal serum samples were analyzed for estradiol
concentration in all groups, using a commercially avail-
able kit (Abcam, 108667).

Statistics

All data are expressed as mean § SEM. For comparing
caloric intake and body mass, a 2-way repeated measures
ANOVA was used to assess group differences at each
week and the interaction between Group x Time was
analyzed. For measures involving CL 316,243 treatment
in explants from SHAM, OVX and OVX E2 groups, a 2-
way ANOVA was used and the interaction between
Group x Treatment (CL) was analyzed. A 2-way repeated
measures ANOVA was used to assess differences in the
2, 4 and 8 hour ATOC time course experiment. For adi-
pocye size measured by frequency distribution histo-
grams, one way ANOVAs were run at each bin size, per
depot. Tukey’s post hoc test was used in both ANOVA
tests if significant differences were detected. In cases
where data failed the Shapiro-Wilk test, a log36 transfor-
mation was applied to normalize data. All a values were
set to a D 0.05 and significant differences are indicated
using symbols visible in the figure legends.
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