
INTRODUCTION

One emerging issue of great concern in reproductive health and
obesity is the intergenerational implications of obesity, as well as
consumption of fat diet during pregnancy. There is evidence from
epidemiological and animal studies suggesting that the intrauterine
environment in obese women can impact on both female and male
offspring. It is becoming apparent, therefore, that a woman's
nutritional and metabolic status during pregnancy can programme
her daughter or son, and in the case of the daughter when she
reaches childbearing age, she can in turn impose an effect on the
next generation (1). Previous research has shown that too much or
too little nutrition during fetal life resulted in profound and
permanent changes in their development - including alterations in
the structure of the liver, brain and pancreas - that increase their
susceptibility to developing various diseases later in life, including
obesity, diabetes and cardiovascular disease. Krasnow et al. (2),
using a mouse model to examine how consumption of a HF diet
during pregnancy affects body composition in the newborn,
showed that on the day of birth, babies born to females who had
consumed HF food had more body fat, less lean mass, and smaller
livers than the newborns of females that consumed low-fat food.

Adipose tissue is an important source of hormones that
influence both metabolism and reproduction (3). It is well

known that both obesity and excessive leanness are associated
with reproductive dysfunction. Recent investigations have
yielded new information on the endocrine role of white adipose
tissue (WAT) via the expression of protein messengers known as
adipokines (4). Although adipose tissue secretes a variety of
factors, only leptin and adiponectin (and possibly resistin,
adipsin, and visfatin) are primarily produced by adipocytes and
can therefore be properly classified as adipokines. Wronska et
al., (5) observed that metabolic effects of short-term calorie
restriction with subsequent refeeding in WAT depots of young
and old Wistar rats was associated with increase in serum leptin
concentration. Adiponectin secretion is related to the abundance
of the adipose tissue and is regulated by autocrine and endocrine
factors, predominately by gonadal steroids (6, 7). The
production and secretion of adiponectin is inversely correlated to
the severity of obesity. Women display higher circulating
adiponectin levels than men, and weight loss in both is
characterized by increases in adiponectin levels in the plasma
(8). Adiponectin was first described in 1995 as adipocyte
complement-related protein of 30 kDa (Acrp30) (9).
Adiponectin mediates its action in the periphery principally
through two receptors, AdipoR1 and AdipoR2 (9). The effects of
adipokines on the process of ovulation and ovarian
steroidogenesis have not been extensively studied, however
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there are data concerning their action on female reproduction
(10-11). Chabrolle et al. (13) found that AdipoR1and AdipoR2
mRNA was present in theca and granulosa cells, and that
adiponectin receptors were detected in human granulosa cells
and mediated adiponectin's action of increasing production of
progesterone (P4) and oestradiol (E2) via insulin-like growth
factor (IGF) I. Smolinska et al., (14) found that adiponectin
regulates the expression of StAR, CYP11A1and HSD3B1genes
and secretion of P4 and andrones by the porcine endometrial and
myometrial tissue explants during early pregnancy and the
oestrous cycle.

Whereas most studies of obesity and infertility focus on the
female partner, evidence suggests a significant effect of obesity
upon male reproductive function (15). Based on the role of
adiponectin in the ovary, there are data showing expression of
adiponectin in the testis. Caminos et al. (16) found adiponectin
mRNAexpression in Leydig cells, whose levels were marginally
regulated by pituitary gonadotropins. Furthermore, Ocon-Grove
et al. (17) reported expression of AdipoR1and AdipoR2mRNA
in chicken testis, adding that sexual maturation was likely
associated with an up-regulation of testicular AdipoR1 and
AdipoR2, and consequent influences on steroidogenesis,
spermatogenesis, Sertoli cell function, and spermatozoa motility.
Page et al. (6), as well as Lanfranco et al. (18), showed that
increased testosterone (T) levels in humans were inversely
correlated with circulating adiponectin levels.

In the presented study, we set out to answer the question of
how a HF diet fed to adult female Wistar rats during pregnancy
and lactation: 1) influences plasma adiponectin and steroid
hormone (Tand E2) levels in dams and both sexes of offspring;
2) influences adiponectin and its receptors AdipoR1 and
AdipoR2 protein expression in dams and both sexes of
offspring gonads.

MATERIAL AND METHODS

Reagents and antibodies

Tris, Na-deoxycholate, Nonidet NP-40, sodium dodecyl
sulfate (SDS), protease inhibitors (EDTA-free), dithiothreitol
(DTT), Tween 20, bromophenol blue, 1 bromo-3-chloro-
propane, and Western blotting luminol reagent (cat. # sc-2048)
were obtained from Sigma-Aldrich (St. Louis, MO, USA). A
Bradford protein assay kit was obtained from Bio-Rad
Laboratories (Hercules, CA, USA). Polyvinylidene difluoride
(PVDF) membrane was purchased from Merck Millipore
(Darmstadt, Germany). Antibodies against adiponectin (cat. #
sc-26496), AdipoR1 (cat.# sc-46749), and AdipoR2 (cat. # sc-
46751), as well as horseradish peroxidase-conjugated antibody
(cat. # sc-2020), were obtained from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Anti-β-actin antibody (cat. # A5316)
was obtained from Sigma-Aldrich.

Animals and experimental design

The experiments and treatments were conducted in
compliance with European Union regulations concerning the
protection of experimental animals. The Local Animal Ethics
Committee, located in Warsaw, approved the study protocol.
Adult female and male Wistar Han rats (11 weeks old) were
obtained from the Center of Experimental Medicine at the
Medical University of Bialystok, Poland. After two weeks of
acclimatisation, the females were examined with a vaginal
impedance checker (Muromachi Kikai Co., Ltd . Tokyo, Japan)
for the precise determination of the stage of estrus for mating
time. Based upon these measurements, female rats at the
appropriate point in the estrous cycle were selected for breeding.
The mating day was also the day when the animals were
randomly allocated to either an high fat (HF; 30% fat; 4.7 kcal/g)
or standard breeding diet (BD; 5% fat; 3.1 kcal/g). Diets were
purchased from Wytwornia Pasz Morawski (Kcynia, Poland)
(Table 1). Porcine lard was used as the source of fat in the HF
diet (19, 20). The following morning, mated females were
examined for the presence of a vaginal plug, and the day the plug
was observed was considered to be day 1 of gestation. On day 14
of gestation, the females were separated from the males. Only
females who gave birth 21 ± 1 days after mating were chosen for
the experiment. On the first day of lactation, the litters were
standardized to six pups. After 21 days of lactation, adult
females (n = 6 for each died), and three pups from each litter
were taken to further experiments. Ovaries, testes, periovarian
WAT and epididymal WAT were immediately removed, frozen in
liquid nitrogen, and stored at –80°C for protein expression
analysis. Additional, ovarian tissue from adult females, ovarian,
and testicular samples from its offspring, were subjected to
immunohistochemical analysis. Blood samplings for plasma
collection were done on day 21 of lactation from both groups of
dams and offspring, were withdrawn on EDTA and aprotinin
(0.6 TIU/mL of blood) and immediately centrifuged at 1600 × g
for 15 min at 4°C. Blood plasma was harvested, distributed into
Eppendorf tubes, deep frozen (–80°C), and stored until analysis.

Determination of plasma adiponectin levels

A commercially available rat adiponectin enzyme-linked
immunosorbent assay (ELISA) (cat. #E091-R, Mediagnost,
Reutlingen, Germany) was used to quantify total adiponectin
concentrations in plasma. The sensitivity of the adiponectin
assay was < 0.081 ng/ml and the inter- and intra-experimental
coefficients of variation were 15% and 10%, respectively.
Samples were run in triplicate within the same assay.

Determination of plasma steroids hormone levels

Steroid hormone (i.e., T and E2) levels were determined in
plasma using commercially available ELISAkits (cat. #s EIA-
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amount per kg 

Standard breeding diet

(BD, 5% fat) 
High fat diet  

(HF, 30% fat) 

dry matter  

crude protein  

crude lipids  

carbohydrates 

crude fiber 

crude ash 

metabolic energy 

885 g  

222 g  

50 g  

572 g  

46 g  

41 g  

12.8 MJ / 3057 kcal 

918 g  

190 g  

297 g  

401 g  

32 g  

30 g  

19 MJ / 4658 kcal g 

Table 1.Main components of diets given to rats.



1559 and EIA-2693, DRG MedTek Sp. z o.o, Warsaw, Poland).
The sensitivity of each assay was 0.083 ng/ml for T and 9.714
pg/ml for E2, with ranges of 0 – 16 ng/ml, and 0 – 2000 pg/ml,
respectively. The inter- and intra-experiment coefficients of
variation were 6.71% and 3.28%, respectively, for T; and 6.72%
and 2.71%, respectively, for E2. All samples were assayed in
duplicate in the same assay.

Immunohistochemistry

To optimize immunohistochemical staining, the sections
were immersed in 10 mM citrate buffer (pH 6.0) and heated in
a microwave oven (2 × 5 min, 700 W). Thereafter, sections
were immersed sequentially in H2O2 (3% v/v) for 10 min, and
normal goat serum (5% v/v) for 15 min, which were used as
blocking solutions. After overnight incubation with goat
polyclonal antibodies against either adiponectin (1:50),
AdipoR1 (1:50) or AdipoR2 (1:100) at 4°C, biotinylated
antibody (anti-goat IgG; 1:400; Vector, Burlingame CA, USA)
and avidin-biotinylated horseradish peroxidase complex
(ABC/HRP; 1:100; Dako, Glostrup, Denmark) were applied in
succession. Bound antibody was visualized using 3,3'-
diaminobenzidine (0.05% v/v; Sigma-Aldrich) as the
chromogenic substrate. Nuclei were counterstained with
Mayer's haematoxylin (Sigma-Aldrich). Control sections
included the omission of primary antibody and substitution by
the appriopriate IgG. The whole procedure has been described
in detail elsewhere (21). Experiments were repeated three
times. The sections were examined with a Leica DMR
microscope (Wetzlar, Germany).

To evaluate the intensity of immunohistochemical reaction
quantitatively, digital color images were obtained using a CCD
Video Camera (KY-F55, JVC) mounted on an optical microscope
(Microphot, Nikon, Japan) and connected to a video capture card
(PV-BT878P, Prolink, Taiwan) installed on a personal computer.
Images of the ovaries and testes were captured using a 20 ×
objective as described previously (22). Image processing and

analyses were performed using the public domain ImageJ
software (National Institute of Health, Bethesda, MD, USA). The
intensity of the immunohistochemical reaction was expressed as
relative optical density (ROD) of diaminobenzidine brown
reaction product and calculated using the formula described by
Smolen (23). A total number of 90 tissue sections (n = 5 per
tissue) were subjected to image analysis. Results were expressed
as mean ± S.E.M.

Western blot analysis

Tissue preparation, lysis, Western blotting and quantification
were performed as a standard procedure (24). In brief, the
samples were separated by 10% SDS-PAGE (BioRad Mini-
Protean II Electrophoresis Cell) for adiponectin (30 kDa),
AdipoR1 (49 kDa) and AdipoR2 (44 kDa). Proteins (60 µg) were
transferred to PVDF membranes and incubated with antibodies
diluted to 1:200 at 4°C overnight. Then, the membranes were
incubated with a horseradish peroxidase-conjugated antibody
diluted to 1:500. Signals were detected by chemiluminescence
using the Western blotting luminol reagent and visualized using
a ChemiDoc-It Imaging System (UVP, LLC. Cambridge, UK).
All bands visualized by chemiluminescence were quantified
using ImageJ analysis software (US National Institutes of
Health, Bethesda, MD, USA). The blots were then stripped and
probed for anti-β-actin (42 kDa).

Statistical analyses

A two-way analysis of variance (ANOVA) was used for
multiple comparisons involving more than two treatment groups.
The Tukey honest significant difference (HSD) multiple range
test was performed post hoc (GraphPad PRISM v. 4.0; GraphPad
Software, Inc., San Diego, CA, USA). All data are expressed as
the mean ± S.E.M. Statistical significance is indicated by
different letters with a > b > c (P< 0.05) or by *(P< 0.05), **(P
< 0.01), and ***(P< 0.001).
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Fig. 1. Plasma adiponectin
(A), testosterone (B) and
oestradiol (C) levels in Wistar
rats fed high-fat diet (HF) or
standard breeding diet (BD)
during pregnancy and
lactation, and their female
and male offspring. Different
letters indicate significant
differences among the diets
BD and HF (P< 0.05).



RESULTS

Plasma levels of adiponectin and steroid hormones in high-fat
(HF) and standard breeding (BD) diet females during pregnancy
and lactation, and their offspring

In females on the HF diet plasma adiponectin levels was 5-
fold lower compared to females on the BD diet (0.397 µg/ml ±
0.09 vs. 4.749 µg/ml ± 1.8, respectively). In babies born to
females who had consumed the high-fat diet, similar results to
those seen in the mother were observed in female offspring
(0.875 µg/ml ± 0.5 vs. 2.784 µg/ml ± 0.9, respectively, in HF
offspring vs. BD offspring), while conversely, 2-fold higher
plasma adiponectin levels were noted in male offspring (4.945
µg/ml ± 0.9 vs. 2.012 µg/ml ± 0.2, respectively, in HF offspring
vs. BD offspring) (P< 0.05) (Fig. 1A).

Measurement of plasma steroid hormone levels showed no
difference in HF females compared to BD female with regard to
T (0.379 ng/ml ± 0.09 vs. 0.364 ng/ml ± 0.06, respectively) and
E2 (46.422 pg/ml ± 23.4 vs. 38.044 pg/ml ± 15.3, respectively)
levels (Fig. 1Band 1C). In female offspring from HF dams, there
were significantly lower plasma E2 levels compared to BD
(62.513 pg/ml ± 4.7 vs. 110.262 pg/ml ± 12.5, respectively), with
no change in plasma T levels. In male offspring from HF dams,
plasma T levels were significantly lower (0.577 ng/ml ± 0.1 vs.
1.037 ng/ml ± 0.1, respectively), while plasma E2 levels were
higher (75.469 pg/ml ± 20.1 vs. 46.773 pg/ml ± 4.6, respectively)
compared to BD female offspring (Fig. 1Band 1C).

Immunolocalisation of adiponectin and its receptors AdipoR1
and AdipoR2 in the ovary of high-fat and standard breeding
diet females during pregnancy and lactation

Immunohistochemical analysis of paraffin-embedded
sections of ovaries revealed high levels of expression of
adiponectin and adiponectin receptors AdipoR1 and AdipoR2 in
the oocytes of all follicle stages and in corpora lutea, whereas in
granulosa and theca cells, weak signals were detected (Fig. 2A-
2F). In corpora lutea of HF females, adiponectin (Fig. 2A' and
2B'), AdipoR1 (Fig. 2C'and 2D') and AdipoR2 (Fig. 2E'and 2F')
signals were reduced when compared to BD females. Increase in
the intensity of the AdipoR2 signal was observed in oocytes of
HF compared to BD dams (Fig. 2Eand 2F). No positive signal
was observed when sections were incubated with non-immune
serum instead of the respective primary antibody.

Qualitative analysis of adiponectin and adiponectin
receptors AdipoR1 and AdipoR2 immunoreactivity in the
ovaries of females fed with BD and HF diet during pregnancy
and lactation (Fig. 2) was expressed as relative optical density of
diaminobenzidine brown reaction product (Fig. 3). Statistically
significant reduction of adiponectin and adiponectin receptors
AdipoR1 and AdipoR2 (P< 0.001) was found in corpora lutea of
HF females compared to BD dams. Adiponectin
immunoexpression was decreased also in antral follicles (P<
0.01) (Fig. 3A), whereas AdipoR1 and AdipoR2 were reduced in
primordial and growing follicles (P< 0.01, P< 0.001) (Fig. 3B
and 3C).
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Fig. 2. Immunohistochemical localisation of
adiponectin (A, A', B, B'), AdipoR1 (C, C', D,
D') and AdipoR2 (E, E', F, F') in the ovaries of
females fed with BD and HF diet during
pregnancy and lactation. Adiponectin (A, B),
AdipoR1 (C, D) and AdipoR2 (E, F) are
localized to oocytes (asterisks), granulosa
(yellow arrows) and theca cells (white
arrows) of ovarian follicles. Negative controls
included sections incubated with non-
immune serum (upper inserts in A’, C’, E’).



Protein expression of adiponectin and its receptors AdipoR1 and
AdipoR2 in the ovary and fat tissue of high-fat and standard
breeding diet female diets during pregnancy and lactation

Western blot and densitometry analysis documented that
protein expression of adiponectin (P< 0.001), and its receptors
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Fig. 3.A histogram of adiponectin (A), AdipoR1 (B) and AdipoR2
(C) staining intensity in the ovaries of females fed with BD and
HF diet during pregnancy and lactation, expressed as ROD of
diaminobenzidine brown reaction product. Values are means ±
S.E.M. Asterisks indicate significant differences between the BD
versus HF group, **P< 0.01 and ***P< 0.001 (n = 5 each group).

Fig. 4.Protein expression of adiponectin, AdipoR1 and AdipoR2 in
ovary and periovarian WAT in Wistar rats fed HF and BD diets
during pregnancy and lactation. Representative blots of three BD
and HF dams (n = 3) are shown. Signal intensity was expressed in
arbitrary units. The data are plotted as the mean ± S.E.M.
Significance between HF and BD is indicated by *P< 0.05 and
***P < 0.001.



AdipoR1 (P< 0.05) and AdipoR2 (P< 0.001) was significantly
lower in ovaries collected from HF females compared to BD
females (Fig. 4). In periovarian WAT, adiponectin protein
expression was significantly lower in HF dams, with no change
in AdipoR1 and AdipoR2 expression (Fig. 4).

Immunolocalization of adiponectin and its receptors AdipoR1
and AdipoR2 in the ovary and testis of offspring

Immunohistochemistry revealed adiponectin localisation in all
preantral (primordial, primary and secondary) and antral follicles
in the ovaries of both HF and BD groups (Fig. 5A and 5B). The
signal was most abundant in the granulosa cells of antral follicles,
whereas moderate stain intensity was found in oocytes and theca
cells. In granulosa and theca cells of the offspring of HF dams,
signal intensity was reduced when compared to the BD dams (Fig.
5B). Distribution of AdipoR1 in the ovaries of offspring was
similar to the distribution of adiponectin. In the offspring of HF
dams lower signal was observed mainly in ovarian somatic cells,
when compared to the BD dams (Figs. 5Cand 5D). AdipoR2 was
expressed in preantral and antral follicles, and displayed the
strongest immunoexpression in oocytes. Weaker signal was
localised to granulosa and theca cells. No apparent difference in
signal localisation was observed between BD and HF offspring
(Fig. 5E and 5F). Quantitative analysis revealed statistically
significant decrease (P< 0.01, P< 0.001) of adiponectin and

AdipoR1 immunoreactivity in primordial, primary and secondary
follicles (Figs. 6A and 6B), while the signal for AdipoR2 was
markedly increased in primordial follicles (P< 0.001) (Fig. 6C).

In the testis, immunoexpression of adiponectin, AdipoR1,
and AdipoR2 was detected in both interstitial tissue and
seminiferous tubules (Fig. 5). Specifically, adiponectin signal
was found predominantly in the Leydig cells and spermatocytes
of BD and HF male offspring (Fig. 5Gand 5H). Both AdipoR1
and AdipoR2 were abundantly expressed in Leydig cells and
Sertoli cells, as well as in germ cells (spermatogonia and
spermatocytes). Signal intensity and localisation of the receptors
were not affected by the HF diet (Fig. 5I - 5L). No positive signal
was observed when sections were incubated with non-immune
serum instead of the respective primary antibody.

Quantitative analysis revealed statistically significant
increase (P< 0.01, P< 0.001) of adiponectin immunoreactivity
in seminiferous tubules (Fig. 6D). No statistically significant
differences between HF and BD groups in AdipoR1 and
AdipoR2 immunoexpression neither in seminiferous tubules nor
Leydig cells were found (Fig. 6Eand 6F).

Protein expression of adiponectin and its receptors AdipoR1
and AdipoR2 in the ovary and testis of offspring

Adiponectin and AdipoR1 protein expression was
significantly lower both in the ovary and periovarian WAT of
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Fig. 5.Immunohistochemical localisation of adiponectin (A, B), AdipoR1 (C, D) and AdipoR2 (E, F) in the ovaries and testes of offspring
of mothers fed with BD or HF diet during pregnancy and lactation. Adiponectin (A), AdipoR1 (C) and AdipoR2 (E) are localized to
oocytes (asterisks), granulosa (yellow arrows) and theca cells (white arrows) of preantral and antral follicles of BD females. Negative
controls included sections incubated with non-immune serum (upper inserts in B, D, bottom insert in E, inserts in G, I, K).



female offspring born to HF compared to BD dams (P< 0.01; P
< 0.001). There were no differences in AdipoR2 expression in
ovarian tissue, while a decrease in expression was observed in
the periovarian WAT of HF compared to BD offspring (P< 0.05)
(Fig. 7).

In the testis, increased adiponection expression and no effect
on AdipoR1, and AdipoR2 was noted in HF compared to BD
offspring. Increased expression of adiponection and AdipoR1,
but not AdipoR2, was observed in the epididymal WAT of HF
compared to BD male offspring (P< 0.05) (Fig. 7).

DISCUSSION

Our study related the effect of HF diets during pregnancy
and lactation in Wistar rats to plasma concentrations of
adiponectin and protein expression of adiponectin and its
receptors in the gonads and gonadal adipose tissue, correlated
with steroids levels in dams and their female and male offspring.
We reported that adiponectin protein expression, both in the
ovary as well as periovarian WAT, parallel with plasma
adiponectin levels in females fed with a HF diet during
pregnancy and lactation was significantly lower compared to a
standard BD suggesting that lower plasma adiponectin levels
could be affected by secretion from both adipose tissue and
reproductive tissue. Immunohistochemical studies demonstrated
high expression of adiponectin and adiponectin receptors

AdipoR1 and AdipoR2 in oocytes at all follicular stages and in
corpora lutea, whereas there was only a weak signal in granulosa
and theca cells. Our results are consistent with past studies
demonstrating that the mammalian ovary and, in particular, the
ovarian follicle, expresses both adiponectin and AdipoR1 and
AdipoR2 (13, 25, 26), indicating local production and action of
adiponectin in theca, granulosa and luteal cells of the ovary.
Interestingly, lower protein expression of adiponectin and both
receptors in HF dams was observed only in corpora lutea.
Kurzynska et al., (27) suggest that peroxisome proliferator-
activated receptors (PPARs) agonists, which regulates
adiponectin secretion and action, reduced P4 secretion secretion
by the corpus luteum during pregnancy. Earlier published data
described that lower adiponectin levels are correlated with
obesity. Lower blood levels of adiponectin in obese people
compared to normal weight individuals have been mentioned by
Madeira et al. (28). Furthermore, it has been shown that
reduction of obesity increases adiponectin levels (29, 30).

Our research indicates that HF diet during pregnancy and
lactation affects the level of adiponectin but does not affect the
secretion of steroid hormones by the ovaries. Independently of
diet, no differences between T and E2 plasma levels were
observed. Previous studies of the E2-adiponectin relationship
reported an inverse relationship (31, 32, 33), or no association
(34). Data published by Laughlin et al. (7) assessing the sex-
specific association of adiponectin with multiple factors thought
to influence its levels. Bezpalko et al., (35) suggested that
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Fig. 6.A histogram of adiponectin
(A, D), AdipoR1 (B, E) and
AdipoR2 (C, F) staining intensity
in the ovaries (A-C) and testes (D-
F) of offspring of mothers fed with
BD or HF diet during pregnancy
and lactation, expressed as ROD
of diaminobenzidine brown
reaction product. Values are
means ± S.E.M. Asterisks indicate
significant differences between
the BD versus HF group, **P<
0.01 (n = 5 each group).



maternal stress evoked in pregnant female rats fed with high fat
diet contribute significantly to regulation of liver defense and

inflammation. Changes in fat tissue in offsprings increase in the
leptin/adiponectin index and increased production of pro-
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Fig. 7. Protein expression of
adiponectin, AdipoR1 and
AdipoR2 in ovary and periovarian
WAT from female and testis and
epididymal WAT from male
offspring collected from Wistar
rats fed HF or BD diets during
pregnancy. Representative blots of
three BD and HF female and male
offspring (n = 3) are shown.
Signal intensity was expressed in
arbitrary units. The data are
plotted as the mean ± S.E.M.
Significance between HF and BD
is indicated by *P< 0.05, *P<
0.01 and ***P< 0.001.



inflammatory mediators lead to exacerbation of liver damage.
Tworoger et al. (36) examined the correlations between
adiponectin and sex hormones in women and showed that the
inverse correlations of E2, oestrone, and oestrone sulphate with
adiponectin were substantially attenuated after adjustment for
body mass index, suggesting that the relationship between
oestrogens and adiponectin is mediated primarily by body fat.
The changes we observed in adiponectin blood levels at 21 days
of lactation were not correlated with the body mass of dams,
however an increase in the weight of offspring (P < 0.01)
without differences between male and female (unpublished
data). A lack of correlation between body weight of HF dams and
body weight of offspring with other metabolic hormones
(ghrelin and obestatin) has been showed by Slupecka et al.(19).
This is in agreement with other data showing no effect of HF diet
on dam body weight during gestation and lactation (37, 38, 39).

Interestingly, gender differences in plasma adiponectin and
steroid levels and expression of adiponectin and its receptors,
were evident. Female offspring opposite to male offspring born to
HF dams had lower plasma adiponectin levels, reduced intensity
of adiponectin and AdipoR1 receptor in the ovary, and decreased
E2 in parallel with increased T plasma levels. The ratio of E2 to T
toward T secretion is characteristic of atretic follicles. Similarly,
gender differences in adiponectin mRNAexpression in gonadal
white adipose tissue have been observed by Amengual-Cladera et
al. (40) expression increased significantly in epididymal WAT in
male rats, while it decreased in periovarian WAT in female rats of
10 weeks of age fed with HF diet for 26 weeks.
Immunohistochemical study showed reduced signal intensity for
adiponectin and AdipoR1, but not for AdipoR2 in preantral and
antral follicles in the offspring of HF mothers, and observed
changed morphology of granulosa cells on typical for atretic
follicles confirmed that of protein expression. This is in line with
very recent report by Tsoulis et al. (20) who showed increase in
the number of atretic follicles in HF prepubertal offspring.
Moreover, according to their results in this offspring primordial,
primary, secondary, and antral follicle numbers were similar to
that of control. It seems likely therefore that reduced level of
adiponectin and AdipoR1 in HF offspring ovaries resulted rather
from decreased expression of both proteins in particular follicle
stages than from loss of the follicles. Of note, significant increase
in AdipoR2 immunoexpression in HF primordial follicles may
reflect their altered functioning. We assume that such disturbance
may in turn result in the increase in primordial follicle recruitment
during the prepubertal period as recently suggested by the above-
mentioned authors (20).

It has been further suggested that locally produced adiponectin
may act as a key neuromodulator of reproductive functions. It is
well known that adiponectin has a direct role in ovarian cells in
many species. For example, in rat granulosa cells, adiponectin had
no effect on basal or FSH-induced P4 and E2 secretion, but
stimulated in response to IGF-I both P4 and E2 secretion (41).
Similarly, in the chicken ovary, adiponectin significantly increased
P4 secretion in response to IGF-I, but blocked LH- and FSH-
induced P4 secretion (26). In cultured bovine theca and granulosa
cells, adiponectin decreased P4 and androstenedione secretion
induced by LH and insulin (42). Also, in porcine granulosa cells,
adiponectin decreased P4 secretion induced by IGF-I and insulin
(43). Low adiponectin levels have also been reported in women
with elevated T levels associated with the polycystic ovarian
syndrome (PCOS) (44). Overweight and obese women with low
adiponectin levels have early puberty and are prone to develop
PCOS, gestational diabetes mellitus, and preeclampsia (45).
Tsoulis et al.(20) showed that female rat offspring born to mothers
fed HF diet (with lard as a source of fat) throughout pregnancy and
lactation enter puberty early and display aberrant reproductive
cyclicity with substantial changes in ovarian development.

The opposite situation was observed in male offspring.
Higher plasma adiponectin levels and adiponectin protein
expression was demonstrated in HF male rats. We also observed
that the plasma T level was reduced in parallel with an increased
plasma E2 level. Immunohistochemistry documented that signal
intensity and localisation of the adiponectin and its receptors in
testes were not significantly affected by the HF diet apart from
increased signal for adiponectin in the seminiferous tubules (P<
0.01). Also in fat tissue surrounding the testis increased
adiponectin and AdipoR1 was observed (P< 0.05). One possible
explanation is that oestrogens increase adiponectin production;
however, evidence supporting this hypothesis is limited and
contradictory (46). There are data suggesting an adiponectin
effect on the pituitary hormone levels by suppressing basal and
GnRH-stimulated LH secretion (47), or acting directly at the
level of the testis. Caminos et al. (16) showed significant
inhibition of basal and hCG-stimulated testosterone secretion by
adiponectin, suggesting that adiponectin could be considered an
integral negative modifier of reproductive function in conditions
of low adiposity.

The results of our study concur with this hypothesis.
Increased plasma oestradiol levels in male offspring
corresponded with increased adiponectin blood levels and
expression in fat tissue. Higher adiponectin concentrations were
shown in hypogonadal men compared to eugonadal men, despite
the higher body fat associated with hypogonadism (18). The sex
difference in adiponectin could also be explained by an
inhibitory influence of testosterone. We have shown there to be
lower adiponectin blood levels, reduced intensity of adiponectin
and AdipoR1 receptors in the ovary, and increased T plasma
levels in female offspring. Nishizawa et al. (48) showed that
treatment of both sham-operated and castrated male mice with
testosterone was accompanied by a reduction in serum
adiponectin, and adiponectin secretion in cultured adipocytes.
Bottner et al. (49) observed significantly reduced adiponectin
levels in adolescent boys compared with girls, inversely related
to testosterone and dehydroepiandrosterone sulphate serum
concentrations, and this may account for the gender differences
seen in adults. Lastly, data from Yarrow et al.(50) examining the
effects of gonadectomy and testosterone administration on
adiponectin in young and adult rodents, had proved that changes
in total adiponectin were highly correlated with circulating
androgen concentrations, but not with E2 concentrations.

It is worth mentioning that in males, apart from its role in the
regulation of steroidogenesis (supported by the presence of
adiponectin and both receptors in Leydig cells), adiponectin
might be involved in the control of germ cell differentiation.
Such a hypothesis is based on the widespread
immunoexpression of AdipoR1 and AdipoR2 throughout the
adluminal and luminal compartments of the seminiferous tubule,
as demonstrated previously (16, 17) and confirmed herein.
Moreover, in the present study, we detected adiponectin protein
in spermatocytes, which indicates that it is likely to act locally in
the seminiferous epithelium as a paracrine or autocrine factor,
potentially influencing spermatogenesis. Finally, the unaltered
expression pattern of adiponectin and its receptors in the
seminiferous tubules of HF males suggests that in contrast to
disruptive endocrine action of adiponectin, the local regulatory
interactions were not affected by the mother's diet.

In summary, HF diet fed to dams during pregnancy and
lactation decreases the adiponectin secretion and its protein
expression in the female whereas increases in male offspring. As
a consequence, there was a disruption of steroid secretion in
offspring, towards testosterone in females, and oestradiol in
males. In conclusion, we hypothesis that the HF diet of mothers
during pregnancy and lactation is not only the cause of obesity
in the offspring, but also later reproductive problems. Further
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studies concerning the influence of the other adipokines related
to obesity are needed.
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