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ABSTRACT

It is known that estrogen deficiency leads to the dysfunction of many organs and systems, including adipose tissue. Therefore, the study of
morphological changes in the components of adipose tissue during estrogen deficiency will expand our understanding of both its dysfunction
and possible ways to correct it.

THE PURPOSE of the study is to conduct a comparative analysis of morphometric parameters of subcutaneous adipose tissue in ovariecto-
mized mice of different ages.

MATERIALS AND METHODS. Subcutaneous adipose tissue samples from young (2 months) and old (14 months) mice were studied two months
after ovariectomy in comparison with the samples from sham-operated animals of the same age. The number of adipocytes and capillaries per
1 mm? of the area and the average area of adipocyte were determined on histological slices of adipose tissue.

RESULTS AND DISCUSSION. It was shown that along with a significant decrease in the number of adipocytes per 1 mm? of the area in young
ovariectomized mice, a significant increase in the average area of adipocytes was observed compared with the control group of animals of the
same age. In old ovariectomized animals at a slight decrease in the number of adipocytes, there was also a probable increase in their average
area compared with the control group of the same age.

CONCLUSION. The morphological properties of subcutaneous adipose tissue change significantly in the conditions of artificially induced estro-

gen deficiency during ovariectomy in mice.
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Adipose tissue is a type of connective tissue that performs a number
of functions, including the deposition and production of reproductive hor-
mones [5]. From the puberty to the menopause, the ovaries are the main
organ that produces female sex hormones — estrogens, progestagens,
and androgens [4]. Adipose tissue, placenta and other peripheral tissues
also produce estrogen in small amounts. Estrogens are the main hor-
mones of the females [6]. Due to the binding with specific receptors, es-
trogens have an effect on the reproductive system; regulate the functions
of the mammary gland, skin, hair growth and metabolism [7]. Physiologi-
cal decrease in hormone production by the ovaries (menopause) or surgi-
cal menopause when both ovaries are removed (oophorectomy) leads to
the development of estrogen deficiency of varying severity: from mild to
severe functional disorders in women [4, 6].

Rocca et al. found the relationship between pre-menopausal bila-
teral oophorectomy and the development of multimorbidity, namely the
presence of 18 most common chronic diseases in various combinations.
Ovariectomy and following multimorbidity may be the factors of the ac-
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celerated aging [24]. Thus, according to Levine et al., early loss of ova-
rian function leads to increased DNA methylation, which is a well-known
biological marker of accelerated aging [20].

The development of estrogen deficiency is often accompanied by
weight gain, which occurs mainly due to adipose tissue. Adipocytes in-
crease in size and become hypertrophied [8, 16]. Weight gain in women
begins in the perimenopause and averages 5.5 kg over 8 years [2]. In
order to compensate for the estrogen deficiency, the body enhances
the production of estrogen by other tissues. Thus, in postmenopausal
women, adipose tissue is a source of almost all circulating estrogens
[3]. Similar changes are observed in animals. According to Stubbins et
al., ovariectomized (OVx) mice had a higher susceptibility to obesity and
larger adipocytes compared to intact female mice [23]. Gomes-Gatto et
al. showed that ovariectomy in rats also led to weight gain and adipocyte
hypertrophy [14].

Adipose tissue is a source of multipotent mesenchymal stromal cells
(MMSCs), which have shown efficacy in the treatment of various diseases



[9]. Obesity causes quantitative and qualitative changes in various types
of cells in adipose tissue, including stem cells. These changes in adipose
tissue functions and properties impair both adipose tissue remodeling
and function, leading to low-grade systemic inflammation, progressive
insulin resistance, and other metabolic disorders [25]. According to Oliva-
Olivera et al., in patients with metabolic disorders there was a decrease in
expression levels of adipogenic genes, decrease in proliferation rate and
clonogenic potential of adipose tissue stem cells; and their susceptibility
to apoptosis differed in patients without and with metabolic syndrome
[22]. Adipose-derived MMSCs in obese patients produce higher levels of
proinflammatory cytokines compared to healthy people [13]. Research by
Kaijing Song et al. demonstrates that adipose tissue MMSCs in combina-
tion with estrogen affect regulatory T-cells in vitro in patients with pre-
mature ovarian insufficiency [26]. Studying the physiological and biologi-
cal properties of adipose-derived MMSCs in healthy people and during
diseases can help develop more effective means of using these cells in
regenerative medicine, as well as provide new therapeutic algorithms for
the treatment of various diseases, including obesity and diabetes.

MATERIALS AND METHODS

The experimental work was performed on female CBA/Ca mice:
young at the age of 2 months (body weight 22.5 + 1.1 g) and old at the
age of 14 months (body weight 24.6 = 0.6 g) from the vivarium of the
D. F. Chebotarev State Institute of Gerontology of the National Academy of
Medical Sciences of Ukraine. The mice were maintained under standard
housing conditions of 12:12 hours of light/dark cycle and a standard diet
and water ad libitum. Animals were divided into 4 groups: young ovario-
ectomized or control, and old ovarioectomized or control; 4 mice were
examined in each group.

Animals were anesthetized by intraperitoneal administration of 2.5 %
solution of 2,2,2-tribromethanol (Sigma, USA) at a dose of 400 mg/kg and
bilateral ovariectomy was performed in aseptic conditions. Animals of the
same age underwent a sham surgery as a control: incision of the abdomi-
nal cavity and isolation of the ovaries without their resection. Wounds
were sutured in layers; the animals were kept under a heat lamp until the
recovery from anesthesia. 60 days after ovariectomy, the animals were
euthanized by cervical dislocation under anesthesia with 2.5 % solution
of 2,2,2-tribromethanol (400 mg/kg). After euthanasia, subcutaneous fat
was isolated from mice under sterile conditions for morphological exa-
mination.

The object of the morphological study was the fragments of subcu-
taneous adipose tissue isolated from the abdominal wall. Tissue samples
were fixed in 10 % neutral formalin solution for 24 hours. Formalin-fixed
tissues were dehydrated by immersion through ethanol, gradually in-
creasing the concentration from 70 % to 96 %, and then embedded into
paraffin blocks (Leica Biosystems Richmond, Inc., USA).

Histological sections 5-6 pm thick were prepared from the blocks
using a rotary microtome HN 325 (Thermo Scientific, USA). Histological
processing of the experimental samples was performed according to the
standard procedure [1]. Hematoxylin-eosin staining was used to study
the characteristics of adipose tissue. The sections were analyzed using a
microscope BX-41 (Olympus, Japan), digital photography was performed
using a camera SP-500 UZ (Olympus, Japan), followed by image pro-
cessing using DP-soft ver. 3.1 (Olympus, Japan).

Morphometric analysis was performed using Image J software
(Wayne Rasband, NIH, USA). The number of adipocytes and the number
of capillaries per 1 mm? of the cross-sectional area, as well as the average
area of adipocytes (um?) were determined.

Statistica v 7.0 software (Statsoft Inc., USA) was used for statisti-
cal analysis of the data. The mean values and standard errors in differ-
ent groups, as well as interquartile range (25" and 75" percentiles) were
calculated. The results are presented as the mean and standard error
(Mean + SEM). The Shapiro-Wilk test was used to test the normality of
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the variables distribution. The comparison of rankings between groups
was performed using the nonparametric Mann-Whitney U test. The diffe-
rences were considered statistically significant at p < 0.05.

RESULTS AND DISCUSSION

Subcutaneous adipose tissue consisting of parenchymal and stro-
mal components was determined in the study of histological sections in
the experimental groups. The parenchymal component of adipose tissue
is represented by adipocytes. The shape of adipocytes was different —
round, oval, and polygonal. When staining sections with hematoxylin and
eosin, the cytoplasm of adipocytes was optically empty with flattened nu-
clei displaced peripherally.

It should be noted that both single brown adipocytes and their clus-
ters were observed in animals’ white adipose tissue (Fig. 1). Such cells
were smaller and polygonal in shape compared with white adipocytes.
They had round nuclei located in the center as well. According to the
literature data, brown adipocytes contain many small lipid droplets which
diffuse in the cytoplasm, as well as mitochondria. Therefore, their proto-
plasm is brightly stained with basic dyes and looks optically filled com-
pared to white adipocytes [5].

The number of adipocytes varied in the experimental groups (Fig. 2).
Thus, in young ovariectomized mice the number of adipocytes per cross-
sectional area (626.0 + 74.1 cells/mm?) significantly decreased (p < 0.05)
according to the control group without ovariectomy (915.0 + 72.3 cells/mm?)
(Fig. 3). Statistically significant changes in the number of adipocytes in old
ovariectomized and control mice were not detected, but there was a slight
tendency to decrease the number of adipocytes in old ovariectomized
mice (757.0 £ 165.3 cells/mm?) compared with the control group (812.0
+109.1 cells/mm?) (Fig. 4).

The cross-sectional area of adipocytes also differed in groups (Fig. 5).
In young ovariectomized mice there was a significant increase in the ave-
rage adipocyte cross-sectional area, which was 1112.0 + 51.0 pm? while
this parameter in the control group was 794.0 + 37.2 pm? (p < 0.001). Simi-
larly, the mean adipocyte cross-sectional area in the group of old ovariecto-
mized mice (1294.0 + 58.7 pm?) significant increased (p < 0.001) compa-
ring with the control group of the same age (1061.0 + 56.1 ym?).

It is known that estrogens protect the female body from obesity [15].
Obesity is characterized by an increase in the volume and mass of adi-
pose tissue due to hyperplasia (increase in the number of adipocytes) and

Fig. 1. Micrographs of the histological section of subcutaneous
adipose tissue of an old mouse aged 16 months (control group).
Brown (1) and white (2) adipocytes are marked. Light microscopy,
hematoxylin and eosin staining; ob. x20, oc. x10.
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Fig. 2. The average number of adipocytes per 1 mm? cross-sectional
area of adipose tissue in animals of experimental groups.

Notes: YC — young animals, control group, YOVx — young
ovariectomized, OC - old, control group, 00Vx - old ovariectomized.
* — p < 0.05 compared with the control group of the same age.

hypertrophy (increase in the size of adipocytes) [19]. Simulation of estro-
gen deficiency by surgical removal of the ovaries (ovariectomy) increases
the susceptibility of female mice to obesity [21].

Our studies indicate that ovariectomy has led to an increase in the
size (hypertrophy) of adipocytes of subcutaneous adipose tissue in young
and old ovariectomized mice relatively to control groups, resulting in a de-
crease in the number of adipocytes per cross-sectional area. This is con-
firmed by the results of other researchers [23]. The increase of adipocytes
size is likely to cause the increase of animal body weight. Thus, during the
experiment, the weight of young ovariectomized animals (25.0 + 1.6 g)
significantly increased (p < 0.001) compared to the weight of the control
group (22.5 + 1.2 g). This is also confirmed by the data of other research-
ers. Hong et al. proved that female mice gained weight after ovariectomy
[15]. In addition, Gomes-Gatto et al. showed that ovariectomy in rats is
also the cause of weight gain and adipocyte hypertrophy [14]. It is also
known that ovariectomy in experimental animals (mice, rats) causes a
decrease in the level of circulating estradiol in the blood, a tendency to
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Fig. 5. The average adipocyte cross-sectional area of subcutaneous
adipose tissue sections in mice of experimental groups, um2.

Notes: YC — young animals, control group, YOVx — young
ovariectomized, OC - old, control group, 00Vx — old ovariectomized.
* —p < 0,001 compared with the control group of the same age.

develop insulin resistance and various metabolic disorders that can affect
body weight [12].

Adipose tissue is highly vascularized and each adipocyte is surroun-
ded by one or more capillaries, which provides close contacts between
cells and blood vessels [11]. Histological analysis of sections showed
that the stromal component of the subcutaneous adipose tissue of female
mice is represented by vessels of different diameters located in the layers
of loose connective tissue. Some of them contained blood cells (Fig. 6).
Morphometric analysis of blood vessels showed no significant changes
in their number. However, there was a tendency to the increase of the
number of capillaries per cross-sectional area in the group of young ovari-
ectomized animals (14.74 + 5.7 per 1 mm?), compared with the control
group of young mice (12.38 + 1.9 per 1 mm?), as well as an increase in the
number of vessels in old ovariectomized animals (13.01 £ 3.0 per 1 mm?),
compared with the old control group (12.02 + 2.8 per 1 mm?) (Fig. 7).

Estrogen plays a significant role in the angiogenesis in various tis-
sues, including adipose tissue [27]. In particular, Fatima et al. showed

Fig. 3. Micrographs of the histological sections of subcutaneous adipose tissue of young mice aged 4 months: A — control group, B — ovariectomized.
Light microscopy, hematoxylin and eosin staining; ob. x20, oc. x10.
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Fig. 4. Micrographs of the histological sections of subcutaneous adipose tissue of old mice aged 16 months: A — control group, B — ovariectomized. Light
microscopy, hematoxylin and eosin staining; ob. x20, oc. x10.

that estrogen regulates the expression of vascular endothelial growth
factor (VEGF) through binding to estrogen receptors (ESR1) in the adi-
pose tissue of female mice. Hypertrophied adipocytes of visceral and
subcutaneous adipose tissue decrease VEGF expression, reducing tissue
vascularization, respectively [18]. According to Gomes-Gatto et al., ovari-
ectomy also reduced the density of blood vessels in the adipose tissue
of ovariectomized rats [14]. In our study, we did not obtain quantitative
changes in capillaries per cross-sectional area in ovariectomized mice of
both age groups, so this issue needs further study.

In general, the ovariectomy model is used to study the effects of
hormone deficiency, namely estrogen, on the female body [14]. Estro-
gen-deficient conditions caused by ovariectomy lead to severe diseases
(cardiovascular, cancer, osteoporosis), metabolic syndrome, accelerated
biological aging [20, 24]. Hormonal changes in women also change the
external condition of the skin, its structure and functions, in particular,
xerosis, wrinkles, impaired wound healing and atrophy [10]. Skin aging
under estrogen deficiency also has a negative impact on women’s mental
and emotional health.

Hormone replacement therapy has been associated to some benefi-
cial effects, such as weight loss and reduced inflammation in adipose tis-
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Fig. 6. Micrograph of histological section of subcutaneous adipose
tissue in a young mouse aged 4 months, control group. Light
microscopy, hematoxylin and eosin staining; ob. x20, oc. x10.

sue. However, the use of estrogen has some limitations, mainly due to the
presence of contraindications in some patients. In addition, long-term use
of such therapy can cause hormone-dependent cancer [28]. Therefore,
the study of estrogen deficiency, as well as the effects of low doses of
estrogen during menopause and postmenopause in women to develop
strategies for both systemic treatment and topical drugs, is extremely im-
portant for clinical and aesthetic medicine [17]. At the same time, new
experimental data on morphological changes in adipose tissue under es-
trogen deficiency may expand our understanding of adipose tissue dys-
function and possible ways to correct it in this pathology.
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Fig. 7. The number of vessels per 1 mm? cross-sectional area
of adipose tissue in mice of experimental groups.
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Notes: YC — young animals, control group, YOVx — young
ovariectomized, OC - old, control group, 00Vx - old ovariectomized.
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Ovariectomy is accompanied by significant morphological changes in the subcutaneous adipose tissue of female CBA/Ca mice.
A significant increase in the average cross-sectional area of adipocytes was found in both the group of young and old ovariectomized mice
compared with control animals of the same age.

A significant decrease in the number of adipocytes per cross-sectional area was found in both young and old ovariectomized mice compared with
control groups of the same age.
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