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evels of leptin in an additive manner in a diet induced animal model of obesity�

ora Zoth, Carmen Weigt, Ute Laudenbach-Leschowski, Patrick Diel ∗

epartment of Cellular and Molecular Sports Medicine, Institute of Cardiovascular Research and Sports Medicine, German Sports University, Cologne, Germany

r t i c l e i n f o

rticle history:
eceived 4 January 2010
eceived in revised form 7 March 2010
ccepted 8 March 2010

eywords:
besity
etabolic syndrome

eptin
strogens

a b s t r a c t

Estrogen replacement and physical activity have been demonstrated to reduce the risk to develop a
metabolic syndrome in postmenopausal women. In this study we investigate the combined effects of
endurance training and estrogen substitution in a rat animal model of diet induced obesity. Effects on
lipid and glucose metabolism were evaluated. Ovariectomized (OVX) or sham-operated (SHAM) female
Wistar rats were fed with a high fat diet (HF) for 9 weeks. After 3 weeks of overnutrition the OVX rats either
remained sedentary, performed treadmill training, received 17�-Estradiol (E2), or combined treatment.
The OVX rats had a greater increase in body weight and serum levels of cholesterol, triglyceride and
low-density lipoprotein cholesterol (LDL). These parameters could be reduced by E2 and more effectively
E2 in combination with exercise. Also the increase of visceral body fat and leptin could be improved by
hysical activity E2 and exercise. This combination showed synergistic effects. Serum levels of insulin could be reduced
by exercise training, E2 substitution revealed no significant changes.

Our results indicate that ovariectomy increases the susceptibility to develop obesity. In addition they
show that the combination of hormone replacement therapy (HRT) and physical activity may influence
parameters related to lipid metabolism positively in an additive manner. The results of this study provide
evidence that the combination of HRT with physical activity could be a very effective strategy to prevent

tabol
the development of a me

. Introduction

Metabolic syndrome, usually caused by overnutrition and a lack
f physical activity, represents a heterogeneous cluster of obesity-
elated diseases. The combination of hypertension, dyslipidemia
nd insulin resistance is clinically interpreted as an indicator for
ncreased risk of diabetes mellitus type 2 and cardiovascular dis-
ases [1,2]. During the first half of life mainly men are affected,
he female patients dominate from the age of 60 [3]. Especially the
ostmenopausal period tends to be a risk factor for cardiovascular
iseases because hormonal alterations are associated with changes

n metabolic situation [2,4]. In general it is well known that steroid
ormones have a huge impact on the development of the metabolic

yndrome [5]. There are many reports about the effects of andro-
ens [6,7]. In the meantime it is well known that estrogen deficiency
lays a role in the control of energy homeostasis in females [8]. It
eems to be involved in changes of body fat distribution, mobi-
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lization of fatty acids and glucose-absorbing capacity of different
tissues [9,10].

Ovariectomy in rats led to increases in energy intake, body
weight and fat mass, whereas estrogen substitution antagonized
these effects in a positive way [8,11,12]. Some studies have also
observed an overall insulin resistance in animals after ovariectomy,
and these effects could be prevented by hormone replacement ther-
apy (HRT) too [13].

Still, older women trust HRT for treating estrogen deficiency
symptoms. Although, Beral et al. [14] have opened up the discussion
about the negative overall risk-benefit ratio of HRT and alternative
strategies for the treatment of menopausal and postmenopausal
disorders. It is still discussed if targeted exercise training might be
a suitable alternative for HRT.

Exercise training in animals decreases fat deposition and
enhances insulin sensitivity [15,16]. According to Latour et al. [17]
physical training improved glucose stimulated insulin response and
increased glucose transporter concentration in skeletal muscle in
ovariectomized (OVX) rats as well. But the only existing study on

fat deposition and exercise training has shown an activity-induced
reduction in body fat content regardless of estrogen status [11].
Moreover, the interaction of estrogen substitution and exercise
training to modulate metabolic syndrome in OVX rats has only been
investigated in a limited number of studies [16].

http://www.sciencedirect.com/science/journal/09600760
http://www.elsevier.com/locate/jsbmb
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Table 1
Composition of the high fat diet (HF).

Ingredients AmountHF diet

Dry matter (%) 96.2
Crude fat (%) 23.1

Fatty acids (%)
C12:0 0.02
C14:0 0.29
C16:0 5.15
C16:l 0.62
C18:0 2.83
C18:2 8.99
C18:3 3.19
C2O:O 0.37
C20:4 0.01

Cholesterol (mg/kg) 175
Crude protein (%) 22.5
Crude fibre (%) 4
Crude ash (%) 5.9
Nitrogen-freeextracts (%) 40.7
N. Zoth et al. / Journal of Steroid Biochem

So, in this context it is of interest to determine whether the
ffect of HRT on the classical cluster of metabolic syndrome can
e supported by exercise training.

Therefore, the mayor aim of this study was to investigate the
ombined effects of physical activity and estrogen replacement
n parameters related with insulin sensitivity, glucose and fat
etabolism in the animal model of the OVX Wistar rat. OVX

emale Wistar rats were fed with a high fat diet (HF) for 9 weeks.
eanwhile the animals either remained sedentary, performed

readmill training, received 17�-Estradiol (E2), or underwent both
xercise training and estrogen treatment. Sham-operated (SHAM)
nimals served as controls. Insulin sensitivity, HOMA-index, body
eight, subcutaneous and visceral body fat, leptin, serum levels of

nsulin and lipids (cholesterol, triglyceride, low-density lipoprotein
holesterol (LDL)) were investigated.

. Materials and methods

.1. Animals

Female Wistar rats (Janvier, Le Genest St Isle, France), weighing
00–220 g upon their arrival were housed in groups of five and had
libitum access to food (SSniff GmbH, Soest, Germany) and water.
hey were maintained under controlled conditions of illumination
12/12-h light/dark cycle) and room temperature (20 ± 1 ◦C, rela-
ive humidity 50–80%). All animal procedures were approved by the
ommittee on Animal Care and complied with accepted veterinary
edical practice.

.2. Animal treatment and tissue preparation

Previous studies have demonstrated that HF diet alone does not
nduce obesity in SHAM animals compared to animals on low fat
iet (data not shown). Therefore in this study on arrival all animals
ere fed with a HF diet (SSniff GmbH, Soest, Germany). It consisted

f pellet rat chow with a gross energy of 22.6 MJ/kg and metab-
lizable energy of 19.2 MJ/kg. The details of the diet, especially
he fatty acids, are presented in Table 1. After estrous synchro-
ization rats on the same cycle were sham-operated (n = 13), the
emaining were ovariectomized (n = 27). After 14 days of endoge-
ous hormonal decline, all animals were randomly assigned to
ne of the experimental groups for 6 weeks. A subset of OVX rats
n = 12) were treated with E2 (4 �g kg−1 day−1). The 17�-Estradiol
Estra-1,3,5(10)-trien-3,16�,17�-diol) provided by Sigma–Aldrich

Deisenhofen, Germany) was administered via ALZET® osmotic

ini pumps. Beyond that all treatment groups were subdivided
nto a sedentary and an exercise training group (Fig. 1).

At the end of the experiment all animals were decapitated after
ight anesthesia with CO2 inhalation. Blood samples were collected

Fig. 1. Experimental design. Experimental design of the study; SHAM = sham-operated
Starch (%) 6.7
Sugar/dextrines (%) 31.7

(complete blood after decapitation), uteri prepared free of fat and
visceral body fat deposits were excised. Altogether visceral body fat
content consisted of periovarian, perirenal, mesenteric and omen-
tal fat pads. Afterwards all wet weights were determined.

2.3. Exercise training protocol

Exercise training, in terms of endurance training, took place
on a motor-driven rodent treadmill (Columbus Instruments, Ohio,
USA) 5 days/week over 6 weeks. The intensity was progressively
increased from 10 min once a day at 22 m/min, 5% upgrade, up to
15 min twice a day at 25 m/min, 5% upgrade, after the first week
of practicing. All animals were urged to run. The exercise intensity
was chosen based on previous experiments.

2.4. Determination of serum lipids

Blood samples were collected at the day of decapitation,
centrifuged and serum was stored at −20 ◦C. Serum levels of choles-
terol, high-density lipoprotein cholesterol (HDL) and low-density
lipoprotein cholesterol (LDL) were determined via photometric

systems using DIALAB (Wiener Neudorf, Austria). Serum levels of
triglyceride were analyzed by colorimetry using ABX Pentra (ABX
Diagnostics Montpellier, France).

, OVX = ovariectomized, E2 = treated with 17�-Estradiol, ex = exercise, no ex = rest
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Fig. 2. Effects of estradiol treatment and physical activity on the uterine wet
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Fig. 3. Effects of estradiol treatment and physical activity on the body weight.
eights. SHAM = sham-operated, OVX = ovariectomized, E2 = treated with 17�-
stradiol, ex = exercise, no ex = rest, data shown are means ± S.E.M. Mean values
ere significantly different for the following comparisons: * vs OVX no ex (p ≤ 0.05),

* vs OVX no ex (p ≤ 0.01)

.5. Determination of leptin, insulin and HOMA-index

Leptin levels were measured by an Enzyme-Immunoassay
Alpco diagnostics, Salem NH) which utilizes two specific poly-
lonal antibodies for mouse and rat leptin. The practical sensitivity
f the assay was 10 pg/ml and the intra-assay variation coeffi-
ient was 4.4%. Serum levels of insulin were assessed with an
nzyme-Immunoassay (Alpco Diagnostics, Salem, NH) in which
ouse monoclonal antibodies for insulin were used. The practical

ensitivity of the assay was 0.06 ng/ml and the intra-assay varia-
ion coefficient was 3.7%. The evidence of insulin resistance was
rovided by the Homeostasis model assessment (HOMA-index).
herefore the mathematical model of Matthews et al. [18] was used.

.6. Statistical analysis

All available data were sampled in a SPSS-Database and sta-
istically evaluated by SPSS 16.0 (SPSS, Chicago). The values
re presented as arithmetic means ± S.E.M. Significant differences
mong all groups were calculated using one-way ANOVA with a
ollowing Tukey’s HSD test.

. Results

.1. Body and tissue weights

The effectiveness of ovariectomy was proved by uterine wet
eights as OVX rats showed a 6 to 7 fold lower uterine wet weight

ompared to SHAM rats. Treatment with E2 led to a strong stim-
lation of uterine wet weights (each p ≤ 0.05). Interestingly, each
xercise training group tended to show higher uterine wet weights
han the ones who stayed sedentary (Fig. 2).

After the experiment OVX rats without exercise training
evealed the highest body weights. Their values were about 20%
igher than those of SHAM rats. This OVX induced body weight
ain could be reversed by exercise training (7%, ns) or by E2 sub-
titution (14%, p ≤ 0.01). The strongest reduction was observed in
VX rats with combined intervention (16%, p ≤ 0.001) (Fig. 3).

.2. Serum levels of lipids
Fig. 4 demonstrates serum levels of cholesterol, triglyceride, LDL
nd HDL. Compared to SHAM rats, estrogen deprivation by ovariec-
omy resulted in a significant increase in serum levels of cholesterol,
riglyceride and LDL (each p ≤ 0.05). This negative course could be
SHAM = sham-operated, OVX = ovariectomized, E2 = treated with 17�-Estradiol,
ex = exercise, no ex = rest, data shown are means ± S.E.M. Mean values were sig-
nificantly different for the following comparisons: ** vs OVX no ex (p ≤ 0.01), *** vs
OVX no ex (p ≤ 0.001), + vs OVX ex (p ≤ 0.05), ++ vs OVX ex (p ≤ 0.01)

hindered by exercise training or estrogen replacement. In addition,
combined exercise training and substitution of E2 brought about
the greatest reduction in serum levels of cholesterol and LDL (ns.).

Regarding serum levels of HDL no significant changes were
observed (Fig. 4).

3.3. Body fat

After 9 weeks of HF diet the OVX rats revealed the highest vis-
ceral body fat content and according to this also the highest serum
levels of leptin. Both parameters could be lowered with exercise
training or estrogen replacement (Fig. 5). But the most effectual
reduction could be reached with the combined intervention of
hormone supplement and exercise training (each p ≤ 0.001). Partic-
ularly, serum levels of leptin decreased by a factor 5–5.5 compared
to the sedentary OVX rats. Interestingly, the serum levels of leptin
were more responsive to the intervention than the visceral body
fat contents (Fig. 5).

3.4. Glucose metabolism

Six weeks of intervention did not have any influence on the glu-
cose metabolism. Neither serum levels of insulin nor HOMA-index
showed significant differences compared to the SHAM groups.
Thus, OVX rats without exercise training tended to have the high-
est levels of insulin which could be suppressed by exercise training.
Interestingly, the treatment of E2 was ineffective. Concerning the
HOMA-index no significant changes were assessed (Fig. 6).

4. Discussion

The role of estrogen in the regulation of energy homeostasis
in females is well established. They seem to have an influence on
both carbohydrate and lipid metabolism [19]. On the other had it is
also well known that physical activity has beneficial effects on the
metabolic syndrome [20]. In this study we wanted to investigate
the combined effects of physical activity and estrogen treatment in
a dietary induced model of obesity in OVX Wistar rats. As expected
ovariectomy resulted in lowered uterine wet weights compared
to those of SHAM rats whereas estrogen substitution raised them
again (Fig. 2). This demonstrates that an adequate delivery of
E2 is achieved by the use of osmotic mini pumps, as an agree-

ment to earlier results [21]. After 9 weeks of HF diet OVX rats
of the present study exhibited some symptoms of the metabolic
syndrome, namely, adiposity through increased visceral body fat
content (Fig. 4). In addition there was a nonsignificant increase of
serum levels of insulin in untreated and untrained animals (Fig. 5).
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Fig. 4. Effects of estradiol treatment and physical activity on the serum levels of chole
E2 = treated with 17�-Estradiol, ex = exercise, no ex = rest, data shown are means ± S.E.M
SHAM ex (p ≤ 0.01); B ** vs SHAM ex (p ≤ 0.01); C ** vs SHAM ex (p ≤ 0.01), ++ vs SHAM n

Fig. 5. Effects of estradiol treatment and physical activity on visceral body fat
content and serum levels of leptin. SHAM = sham-operated, OVX = ovariectomized,
E2 = treated with 17�-Estradiol, ex = exercise, no ex = rest, data shown are
means ± S.E.M. Mean values were significantly different for the following compar-
isons: A * vs OVX no ex (p ≤ 0.05), *** vs OVX no ex (p ≤ 0.001); B * vs OVX no ex
(p ≤ 0.05), ** vs OVX no ex (p ≤ 0.01), *** vs OVX no ex (p ≤ 0.001)
sterol, triglycerides, HDL and LDL. SHAM = sham-operated, OVX = ovariectomized,
. Mean values were significantly different for the following comparisons: A** vs

o ex (p ≤ 0.01); D no significance

In agreement to earlier studies of our group [22] OVX nontrained
rats possessed a significant higher final body weight compared to

SHAM and E2 treated animals (Fig. 3). As demonstrated in a previ-
ous study the increase in body weight is not caused by hyperphagia
[23]. This effect was prevented, in part, by exercise or E2, but most
effectively by combined treatment (Fig. 3). This observation indi-
cates that the prevention of weight gain cannot only be the result

Fig. 6. Effects of estradiol treatment and physical activity on serum levels of insulin
and HOMA-index. SHAM = sham-operated, OVX = ovariectomized, E2 = treated with
17�-Estradiol, ex = exercise, no ex = rest, data shown are means ± S.E.M.
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f exercise training but also of metabolic changes under control
f estradiol. Observations about the combined effects of E2 and
hysical activity are controversial. Some previous studies could
ot share the present observations [17,24,25]. In a similar study
ith OVX Sprague–Dawley rats only E2 substitution reduced body
eight gain in the OVX, exercise training did not have any influ-

nce [17]. In contrast our data presented in this paper are in line
ith earlier studies where similar effects were observed in Wistar

ats. There the animals had been on a normal phytoestrogen free
iet and were trained by volunteer wheel running [22]. A possi-
le explanation for the controversial results could be that the other
roups did not prove the rodents’ body composition. According to
icard et al. [26] the OVX induced weight gain is ascribed to an
ncreased visceral body fat content of OVX rats. The results of the
resent study are in line with this proposition. As shown in Fig. 5A
he significant reduction of body weight by combined E2 treatment
nd training is in line with the data regarding visceral body fat.
xercise training alone lowered visceral body fat content of OVX by
8% in combination with E2 even by 34%. Moreover, trained OVX
ats showed nearly the same visceral body fat content as seden-
ary intact rats. This indicates that exercise training has a strong
nfluence on lowering body fat accumulation following a decrease
n estrogen levels. A similar study with Sprague–Dawley rats pro-
ided additive effects of exercise training and E2 treatment on the
isceral body fat content [16]. These findings are in agreement with
hose of other studies [27,28].

The reduction in fat deposition with training in OVX rats raises
he question of whether the level of leptin is improved in these rats.
eptin is characterized as an adipocytokine that is mainly expressed
n adipose tissue [29]. Leptin plays an important role in regulating
ppetite and energy expenditure [30]. It is able to resist insulin
ecretion and features a positive correlation with body fat content
31]. In our study ovariectomy resulted in significantly elevated lev-
ls of leptin (Fig. 5B). Increase of leptin levels could be antagonized
y exercise and estrogen replacement and most efficiently in com-
ination together. The effect of estrogen treatment and training is

n line with the visceral body fat content in these groups (Fig. 5A).
t is well known that serum levels of leptin reflect adiposity levels
32].

As an essential component of the metabolic syndrome blood
ipid profiles were also investigated in this study. Ovariectomy
esulted in an increase in serum lipid levels. Cholesterol, triglyc-
ride and LDL levels showed significant changes (Fig. 4). This is
n line with reports in literature [16,28]. Exercise training and E2
reatment resulted in a reduction of the OVX increased levels of
hese factors whereas serum levels of HDL remained unaffected.
he beneficial effects of estrogens on blood lipid profile have been
nown for a long period of time [33]. Also physical activity is
ell known to effect blood lipid profiles in a positive manner

34]. Even we could not observe significant combinatory effects
n our study; we believe that the combination of both may also
esult in additive effects with respect to the prevention of arte-
iosclerosis. To prove this hypothesis future investigations in the
ardiovascular tissue of these animals are ongoing. Interestingly,
ur HF diet does not seem to influence glucose metabolism in the
xposed animals. Neither serum levels of insulin nor HOMA-index
howed significant changes in OVX rats compared to SHAM rats.
owever, OVX nontrained rats tended to have the highest levels
f insulin (not significant), which could be taken as an indica-
ion that they were progressively developing an insulin-resistant
ondition (Fig. 6). Obviously the treatment period of the present

tudy was too short to demonstrate insulin resistance. E2 treat-
ent has no effect on serum levels of insulin, but interestingly

xercise training could lower them. The results of other studies
o not conform to our observations. Latour et al. [17] for exam-
le found significant increased levels of insulin in OVX rats after

[

[
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8 weeks of treatment which could not be influenced by exercise
training.

In summary, the results of the present short experiment indi-
cated that a combined treatment with estrogen and exercise
training is able to influence parameters related to lipid metabolism
in OVX rats positively. In contrast glucose metabolism remains
unaffected by E2 treatment. Here, exercise training seems to have
the strongest effect. As a conclusion we believe that our data pro-
vides some evidence that HRT combined with physical activity
could be a very effective strategy to prevent the development of
a metabolic syndrome induced by overnutrition. Also as a conse-
quence we believe that the data indicates that the dose of estrogen
used in HRT can be lowered if treatment is combined with training.
This is in agreement with earlier studies of our group on animal
bones [12].
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