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ABSTRACT

In modern regenerative medicine, adipose-derived multipotent mesenchymal stromal cells (MMSCs) are of particular interest for researchers
and clinicians since they are widely used in the treatment of a number of diseases. Given the influence of sex hormones on the function
of adipose tissue, a key aspect remains the proper assessment of biological safety and the prediction of the effectiveness of such cell transplants
in conditions associated with age-related disorders of ovarian endocrine function.

PURPOSE: to determine the morphofunctional properties of adipose-derived multipotent mesenchymal stromal cells in vitro in young and old
ovariectomized mice.

MATERIALS AND METHODS. Disorders of ovarian endocrine function were reproduced on an in vivo model of ovariectomy in young and old
female CBA/Ca mice at the age of 2 and 14 months, respectively. ADSCs were obtained from adipose tissue and phenotyped by flow cytometry.
The morphological characteristics, proliferative potential, and ability to direct multilineage differentiation in osteogenic and adipogenic
directions in vitro were evaluated.

RESULTS. Under the impact of ovariectomy in young animals, there was observed a decrease in the proliferative and clonogenic potential of
ADSCs in vitro, which parameters approach the level of old mice. In addition, the osteogenic potential of ADSCS in vitro was reduced, as well

as the enhancement of directed adipogenic differentiation was shown while increasing body weight of animals.
CONCLUSION. The results of the study indicate the negative impact of ovariectomy at a young age on the functional activity of ADSCs.
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Today it is important to introduce new approaches to the treatment of
the elderly, which are aimed at the use of not only pharmacological drugs,
but also advanced technologies of regenerative medicine using cell and
tissue therapy. The particular interest of researchers and clinicians is at-
tracted by the application of adipose-derived stem cells (ADSCs) as one of
the safest and most accessible sources. Due to the multipotent potential of
linear differentiation into specialized cells of different types (adipose tissue,
bone, cartilage), they are widely used in plastic and reconstructive surgery
of soft tissues and musculoskeletal system, in the treatment of endothelial
dysfunction at critical limb ischemia and diabetes, ischemic heart disease,
endocrine dysfunction etc.
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Since the metabolism of adipose tissue is largely regulated by sex
hormones, it is naturally to expect changes in the properties of stem cells
derived from this source at menopause. In particular, it has been shown
that in postmenopausal women, adipose-derived stem cells have an in-
creased potential for adipogenic differentiation under a short-term replace-
ment therapy of 17b-estradiol. A common manifestation of menopause is
postmenopausal osteoporosis, a disease when osteoclast-mediated bone
resorption is ahead osteoblast-mediated bone formation, leading mainly to
a trabecular bone loss [1, 2].

Since most of the pathological conditions which require cell therapy
using autologous stem cells occur mainly in the elderly, the undeniable



relevance is to establish the criteria for the biological safety of adipose-de-
rived stem cells obtained during menopause and postmenopausal periods,
which are accompanied by estrogen deficiency.

Standard model of estrogen deficiency, typical of menopause in hu-
mans, is ovariectomy in laboratory animals. A murine model of ovari-
ectomy has shown that estrogen deficiency influences quantitative and
qualitative parameters of stem cell subpopulations in bone marrow.
It has been shown that in ovariectomized (OVx) mice, the balance be-
tween osteogenic and adipogenic differentiation of bone marrow stem
cells is impaired, with the prevalence of adipogenic differentiation [3, 4].
This also changes the number of progenitor cells of different localization.
At present, there is actually no data on the lineage potential of adipose-
derived stem cells in different directions at estrogen deficiency, which is
a significant scientific issue regarding the safety and individual therapeutic
efficacy of cell products.

Therefore, the PURPOSE of our study was to establish the characte-
ristics of morphology, proliferative potential and the ability to directed dif-
ferentiation of ADSCs in vitro in mice with ovariectomy model compared
to normal animals of the same age.

MATERIALS AND METHODS

All animal experiments were carried out in accordance with the in-
ternational principles of the European Convention for the Protection of
Vertebrate Animals Used for Experimental and Other Scientific Purposes
(European convention, Strasbourg, 1986) [5], Law of Ukraine «On the
Protection of Animals against Cruelty» (No. 3447-IV dated 21/02/2016)
[6], as well as all standards of bioethics and biosafety.

Animals. The study used young (2 months) and old (14 months) fe-
male CBA/Ca mice, which were kept under standard conditions in a vi-
varium of the Chebotarev State Institute of Gerontology of the National
Academy of Medical Sciences of Ukraine under a 12:12 h light/dark cycle
with access to water and food ad libitum.

Experimental model of ovariectomy. The animals were anesthetized
by intraperitoneal administration of 2.5 % solution of 2,2,2-tribromethanol
(Sigma, USA) (400 mg/kg) and we performed bilateral ovariectomy under
aseptic condition [7]. The animals of the same age, which had only inci-
sions of the abdominal cavity and isolation of the ovaries without resection
(sham-operated), were used as a control. The wounds were sutured in la-
yers and the animals were under the heat source until they recovered from
anesthesia. The four experimental groups were formed (Table 1).

In 60 days after the ovariectomy, the animals were euthanized by cer-
vical dislocation under pre-analgesia with 2.5 % solution of 2,2,2-tribrom-
ethanol (Sigma, USA) at a dosage 400 mg/kg. Under aseptic condition,
subcutaneous adipose tissue was isolated in order to obtain of ADSCs in
culture in vitro.

Obtaining of MMSCs from adipose tissue. Stromal-vascular fraction
(SVF) was obtained from the subcutaneous adipose tissue according stan-
dard protocol [8]. For this purpose, in sterile conditions, the fragments of
adipose tissue were minced with scissors and fermented in 0.1 % col-
lagenase type 1A solution (Sigma, USA) for 90 min at 37 °C with con-
stant agitation on a shaker at a rotation speed of 100 rpm. The resulting
cell suspension was washed in DMEM (Sigma, USA) by centrifugation at
300 xg. The supernatant with mature adipocytes was removed and cell
pellet passed through a sterile EASYstrainer nylon filter with 100 pm pore
diameter (Greiner bio-one, Austria). The resulting SVF was plated into 25 cm?
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culture flasks for adhesive cells (Vunc, USA) and cultured in complete nu-
trient medium DMEM-F12 containing 10 % fetal bovine serum (HyClone,
USA), 100 U/ml penicillin, 100 pg/ml streptomycin, (Sigma-Aldrich, USA),
1:100nonessentialaminoacids (Sigma-Aldrich,USA),200 mML-glutamine
(Sigma-Aldrich, USA) in a CO, incubator in humidified atmosphere with
5% GO0, at +37 °C. The nutrient medium was changed every 3 days. Upon
reaching 80 % confluence of the monolayer, the cells were suspended
using a mixture of 0.25 % trypsin solution (Sigma-Aldrich, USA) with
0.02 % Versen solution (Bio-Test Laboratory, Ukraine) and subcultured
to the 3" passage. After each passage, the immunophenotype of the cell
population was determined.

Immunophenotyping of cells by flow cytometry. The phenotyping of
the obtained cells by markers CD44, CD73, CD90, CD45, was performed
by flow cytometry using BD FACSAria cell sorter (Becton Dickinson, USA).
The samples of 210 cells in 50 pl CellWash buffer (BD, USA) were incu-
bated with rat anti-mouse monoclonal antibodies conjugated with phyco-
erythrin (BD Pharmingen, USA) at a working concentration of 0.5 pg/10¢
cells for 30 min and washed in CellWash buffer (BD Bioscience, USA)
by centrifugation at 300 xg for 5 min. The data were analyzed using BD
FACSDiva 6.2.1 software (Becton Dickinson, USA), collected at least 2-10*
cells per sample [9].

Determination of the colony-forming potential of ADSCs. The colony
forming potential of ADSCs was evaluated using a colony forming unit
assay. The cells of the 2" passage were plated at a density of 300 cells in
9.5 cm? Petri dishes in a-MEM culture medium (Sigma, USA) containing
20 % fetal bovine serum (HyClone, USA), 100 units/ml penicillin, 100 pg/ml
streptomycin, (Sigma-Aldrich, USA), 1:100 nonessential amino acids
(Sigma-Aldrich, USA), 200 mM L-glutamine (Sigma-Aldrich, USA) and cul-
tured in a CO, incubator in humidified atmosphere with 5 % CO, at +37 °C.
After 14 days in culture, dishes with adhesive colonies were washed with
phosphate-buffered saline (PBS) and stained by Romanovsky-Giemsa.
Colonies containing at least 50 cells were counted under a binocular mi-
croscope. The plating efficiency (PE) was determined by the formula [10]:

(PE, %) _ the number of formed colonies « 100 %

the total number ofplanted cells

The proliferative potential of ADSCs. The cells (1+10°%) were seeded
into a 35 mm Petri dish and cultured in DMEM-F12 culture medium
(Sigma, USA) containing 10 % fetal bovine serum (HyClone, USA), penicillin
100 U/ml, streptomycin 100 pg/ml, (Sigma-Aldrich, USA), 1:100 nones-
sential amino acids (Sigma-Aldrich, USA), 200 mM L-glutamine (Sigma-
Aldrich, USA). After reaching the confluent, the cells of the monolayer were
transferredinto a suspension using a mixture of 0.25 % trypsin solution and
0.02 % Versen solution (1:3). The resulting cell suspension was centri-
fuged in a nutrient medium containing 10 % fetal bovine serum (HyClone,
USA) at 380 xg for 10 minutes. After counting the number of cells in
a Neubauer hemocytometer, 1+10° cells were seeded into a 9.5 cm?
Petri dish and cultured in the complete nutrient medium. Subculturing
was stopped when the number of cells obtained after the last passage was
less than 1+10°. The number of passages ranged from 2 to 5.

The population doubling time (PDT) was calculated for each passage
by the formula [11]:

PDT =T/3,31 Ig (Xk/X,), where:

T —the time of cell cultivation; Xk — the number of cells obtained after
subculturing; X, — the number of cells at the beginning of the passage.

Directed osteogenic differentiation of ADSCs. For directed osteogenic
differentiation, cells were plated into a 24 well plate 5+10* per well and

YOUNG

OLD

EXPERIMENTAL GROUP

THE AGE OF ANIMALS AT THE TIME OF SURGERY

(MONTHS); NUMBER (n)

Ovariectomy (OVx) 2 months (n =17)

Control, sham-operated (Ctrl) 2 months (n = 11)

14 months (n = 14)
14 months (n = 12)

Cell and Organ Transplantology | 2019 November; Vel. 7, No. 2 159



ORIGINAL RESEARCH

cultured in complete DMEM-F12 culture medium (Sigma, USA) con-
taining 10 % fetal bovine serum (HyClone, USA), penicillin 100 U/ml,
streptomycin 100 pg/ml, (Sigma-Aldrich, USA), 1:100 nonessential amino
acids (Sigma-Aldrich, USA), 2 mM L-glutamine (Sigma-Aldrich, USA). After
the culture having reached the subconfluent, the complete culture medium
was changed to osteoinductive medium, which consisted of the DMEM-
F12 culture medium (Sigma, USA) supplemented with 10 % fetal bovine
serum, L-ascorbic acid 2-phosphate (0.05 mM), dexamethasone (100 nM)
and [-glycerophosphate (10 mM) [12]. Osteoinductive medium was
replaced every three or four days. After 21 days, the monolayers of cells
were washed with PBS, fixed with 4 % cooled paraformaldehyde solution
for 15 min and stained with Alizarin Red O to detect calcium salt deposits
in the extracellular matrix. The activity of alkaline phosphatase as a marker
of functional activity of osteoblasts was determined by BCIP/NBT (Sigma,
USA) staining on monolayers fixed with 4 % paraformaldehyde solution.
After 30 min of incubation in dark, the cultures were washed with distilled
water and the intensity of staining was evaluated by Kaplow [13]. Semi-
quantitative analysis of calcium salt deposits was performed by Gregory
[14]. The color intensity was evaluated by measuring the optical density on
amicroplate reader Multiskan EX (Thermo Scientific, USA) at a wavelength
of 405 nm.

Directed adipogenic differentiation of ADSCs. For directed adipogenic
differentiation, 5+10* cells per well were plated in a 24-well plate and cul-
tured in complete nutrient medium DMEM-HG (Sigma, USA) containing
10 % fetal bovine serum (HyClone, USA), penicillin 100 U/ml , strepto-
mycin 100 pg/ml, (Sigma-Aldrich, USA), 1:100 nonessential amino acids
(Sigma-Aldrich, USA), 200 mM L-glutamine. Upon reaching the culture
of the subconfluent, the complete culture medium was changed to adipo-
genic medium, which consisted of DMEM-HG (Sigma, USA) with 10 % fetal
bovine serum, dexamethasone (1 pM), indomethacin (200 pM), isobutyl-
methylxanthine (500 pM) and insulin (5 pg/ml). The adipogenic medium
was replaced every 3 days. After 14 days of culturing, the cells were washed
with PBS, fixed with 4 % cooled paraformaldehyde solution, and stained
with Oil Red S solution (Sigma, USA) to visualize lipid granules in the cy-
toplasm of cells [15]. After visualizing the granules, were added 100 %
isopropanol to each well and incubated for 10 min at room temperature on
a shaker. 250 pl of supernatant were aspirate from each well, and the opti-
cal density was analyzed at a wavelength of 500 nm on a microplate reader
Multiskan EX (Thermo Scientific, USA).

Statistical data processing. Statistical data processing was performed
by parametric (Student’s t-test, Fisher’s test) and non-parametric (Wilcox-
on-Mann-Whitney U-test) statistics using Statistica 7.0 software (StatSoft
Inc., USA). Data are presented as Mean + SEM. The statistical difference
of indicators between the comparison groups was considered significant
atp <0.05.
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RESULTS AND DISCUSSION

CHARACTERISTICS OF ADIPOSE-DERIVED CELL CULTURES

During the first stage of the study, we obtained primary stromal-vas-
cular fraction of adipose tissue, from which the homogeneous popula-
tion of stromal cells was obtained during subculturing. It was established
that the primary culture of adherent adipose-derived cells of both young
and old animals, regardless of ovariectomy, consists of cells different in
morphology and size, which is related to the diversity of the initial cell
population in SVF (Fig. 1 A).

SVF consists of several cell types, including circulating blood cells,
fibroblasts, pericytes and endothelial cells. When replacing the culture
medium, the weakly adhesive and non-adhesive cells were eliminated
during cultivation. On the 5-7t" day of cultivation, the number and size
of cells increased, resulting in a large adhesion area and a rate of con-
fluence on the surface of the culture flasks. The diameter of the cells
attached to the flask varied from 10 to 250 ym, with certain cell shapes:
fibroblastic, spindle-shaped and stellate, sometimes with multiple pro-
cesses, with clearly visualized nuclei. On average, after 12-14 days in
culture, adhesive cells formed up to 90 % of the confluent monolayer
(Fig. 1 B). After subculturing, the cells reached a subconfluent state on
average on the 3 day and consisted mainly of the population of fibro-
blastic cells.

THE PHENOTYPE OF THE ADSCs CULTURES

Flow cytometry immunophenotyping of ADSCs cultures of all groups
of the first passage revealed the expression of mesenchymal markers
(D44 (86.85 + 4.40 %), CD73 (38.9 £ 11.9 %) and CD90 (40.85 + 13.7 %),
which after subsequent passages increased and corresponded to the phe-
notype typical for MMSCs (Fig. 2) [16]. Low expression of hematopoietic
marker CD45

There were no statistically significant differences in any of the mark-
ers between the control groups of both age groups, as well as differences
between the groups of animals ovariectomized at young and old age.

COLONY-FORMING POTENTIAL OF ADSCs

OF OVARIECTOMIZED MICE

The colony-forming efficacy is an important indicator of cellular pro-
ducts quality because it demonstrates both the ability to self-renewal and
the ability to differentiate into a specialized adult cell type [17, 18].

According to the CFU assay results, a statistically significant diffe-
rence between the colony-forming ability of ADSCs in young and old mice
is shown. Thus, per 300 seeded ADSCs, 31.0 + 7.24 colonies (PE = 10 %)
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Fig. 1. Microphotograph of the murine primary SVF culture. A — the 15t day of SVF cells culturing. B — the 12" day of SVF cells culturing. Light microscopy.

Scale — 50 pm.
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Fig. 2. Histograms of stromal markers CD44, CD73 and CD90 expression in the culture of murine ADSCs according to flow cytometry,

the 2" passage.

in the group of young animals with ovariectomy (n = 9); and 43 + 6.84
colonies (PE = 14 %) in the control group of sham-operated animals
(n = 6) of the same age formed for 14 days (p < 0.05). At the same time,
no differences were observed between CFU-assay data in the groups of
old ovariectomized (31.28 + 12.57; n = 7) and sham-operated animals
(30.25 £10.07; n = 4), but significant reduction of the clonogenic potential of
ADSCs compared with the control group of young animals (p < 0.05) (Fig. 3).

THE PROLIFERATIVE POTENTIAL OF ADSCs

OF OVARIECTOMIZED MICE

Determination of cell growth kinetics in culture in vitro showed that
ADSCs of young animals with ovariectomy (n = 7) proliferated almost

twice as slowly as compared to the control animals (n = 5) of the same
age (6.44 + 2.26 and 3.12 + 1.02 days, respectively; p < 0.05). At the
same time, in old mice with ovariectomy (n = 8) and sham-operated ones
(n =3), there was also an increase in population doubling time (6.82 + 2.5
and 10.86 + 4.22, respectively), and retardation of cell proliferation com-
pared with the young control group (Fig. 4).

THE POTENTIAL OF MURINE ADSCs FOR ADIPOGENIC

DIFFERENTIATION /N VITRO

The multipotent properties of murine adipose tissue cultures were
confirmed by the ability to directed differentiation in osteogenic and
adipogenic directions.

Cell and Organ Transplantology | 2019 November; Vol. 7, No. 2 161
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On the 14" day, adipogenic differentiation in vitro occurred in ADSCs
cultures of all experimental groups (Fig. 5).

A statistically significant difference between the control and ovariec-
tomized groups of young mice is shown by optical density parameters:
ovariectomy contributed to the enhancement of the adipogenic potential
in vitro. The degree of differentiation in the groups of old mice was not
statistically different from that in the group of young ovariectomized ani-
mals (Table 2).

It can be assumed that enhanced adipogenic differentiation of ADSCs
in vitro is the cause of the increase in adipogenesis in vivo and subsequent
obesity, which is confirmed by a probable increase in the body weight of
ovariectomized animals (25.04 + 1.64 g; n = 17) compared to the control
group (22.53 +1.15 g; n = 11) of the same age (p < 0.0001) (Fig. 5).

It has been shown that osteogenic differentiation in vitro occurred in
ADSCs cultures of all experimental groups. In response to osteogenic in-
duction of ADSCs, on the 21tday of culturing, high alkaline phosphatase
activity (Fig. 6) and mineralization of the extracellular matrix by calcium
salts were observed (Fig. 7, 8)

Ovariectomy in young animals reduced the potential for osteogenic dif-
ferentiation manifested in the decrease in the intensity of mineralization of
extracellular matrix with calcium salts compared to age-matching control
group. There were no statistically significant differences in this parameter
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in the old animals of both groups, but there was a decrease in the optical
density compared to the control group of young animals (Table 3).

Thus, the stromal-vascular fraction was isolated from the adipose
tissue of experimental CBA/Ca line mice of both age groups with ovariec-
tomy and sham surgery. MMSCs were cultured and proliferated in culture
in vitro under standard culture conditions and with the addition of specific
factors. It is shown that heterogeneous SVF contains a population of cells
characterized by high adhesive properties, a phenotype, characteristic of
MMSCs, and the ability to multilineage differentiation in osteogenic and
adipogenic directions.

Thus, according to the results of immunophenotyping, the obtained
cell populations correspond to the MMSCs immunophenotype due to
the high CD73, CD90 and CD44 expression and the low CD45 expres-
sion [16]. However, no statistically significant differences were observed
for any of the markers between the groups of sham-operated and ovari-
ectomized mice of both age groups, as well as differences between the
0OVxY and OVxO groups [19]. Yet, ovariectomy at a young age leads to
a decrease in the proliferative, clonogenic potential of ADSCs to the level
of old animals [20, 21]. In this case, adipogenic differentiation in vitro is
increased compared to the control group of the matching age, which may
cause an increase in vivo adipogenesis and body weight after ovariectomy
in the young [22, 23, 24].

YOUNG 0LD
CTRL 0Vx CTRL 0Vx
cM AIM CcM AIM cM AIM M AIM
0.096+010  0148£010*  0128:012  0287:010* 0132004  0232:010* 0.114%001 0.183+0.01*
(n=6) (n=6) (n=14) (n=8) (n=8) (n=8) (n=8) (n=12)
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Control, young

Ovariectomy, young

Control, old

Ovariectomy, old

Standard culture medium Adipogenic induction medium

Fig. 5. Microphotographs of murine ADSCs cultures after directed adipogenic differentiation. Cells with lipid inclusions are stained with
0il Red (red). Light microscopy, scale — 50 pm.
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Table 3. Parameters of optical absorption of the culture medium after staining ADSCs with Alizarin Red S dye at osteogenic differentiation, a. u.; light absorption
at wavelength of 405 nm.

YOUNG OLD
CTRL 0Vx CTRL 0Vx
CM 0IM CM 0IM CM 0IM CM 0IM
0.35+0.10 0.59 £0.14* 0.29 £ 0.06 0.37 £ 0.09** 0.26 £ 0.07 0.38 £0.07* 028+0.09 0.39+0.09*
(n=4) (n=4) (n=8) (n=8) (n=7) (n=7) (n=8) (n=8)

Notes: CM — a standard complete medium; OIM — a growth medium with osteogenic differentiation factors; * — p < 0.05 compared to cultures cultured
without osteogenic growth factors, # — p < 0.05 compared to the control group of the same age and culture conditions; a — p < 0.05 compared to the
control group of young animals and culture conditions.

Fig. 6. The body weight of experimental animals, g. CtrlY — control,

29 O Mean young (n = 11); OVxY — ovariectomy, young (n = 17); CtrlO — control,
[] Mean#SE old (n =12); OVx0 — ovariectomy, old (n = 11).
28 - I_I\EaniSD Notes: * — p < 0.0001 compared to age-matching control;
** — p < 0.002 compared to young control animals.
- 27 T We have shown that ovariectomy leads to a decrease in osteogenic
£ potential of ADSCs in CBA/Ca mice, ovariectomized at a young age com-
W 26 |- pared to ADSCs of control animals of the matching age, which completely
°;’ o o confirms the leading role of estrogens in osteogenic differentiation of
3 25 L o MMSCs, in particular the role of 17B-estradiol in supporting growth and
2 differentiation through the ERa receptor [25]. In addition, 17p-estradiol
stimulates MMSCs for the expression of osteogenic genes of alkaline
24 - phosphatase, collagen type | and TGF-31 [26, 27].
. i Thus, the results of the study suggest that ovariectomy and associ-
3 L ated estrogen deficiency affect the functional characteristics of ADSCs
in vitro in young mice, and during aging certain mechanisms of the re-
o duction of the clonogenic and proliferative potentials of stem cells are
22 activated, which makes them less dependent on the ovaries. Understan-
ding the effects of sex hormones on stem cells will allow researchers and
51 | | | | | | clinicians to modulate the function of these cells in vitro in order to obtain

the maximum therapeutic effect for the treatment of various diseases and

Ctrly OVxY CtrlO OVx0 st
avoid side effects.

CONCLUSION

1.In young CBA/Ca mice after ovariectomy, the population doubling time of ADSCs in vitro is increased compared to the sham-operated animals
of the same age.

2. Ovariectomy of CBA/Ca mice at a young age is likely to increase lipid accumulation in cell vacuoles at adipogenic differentiation in vitro
compared to control group of animals of the same age.

3. More pronounced potential for adipogenic differentiation of ADSCs in vitro in young ovariectomized animals may indicate to increased
adipogenesis in vivo and induction of subsequent obesity, as evidenced by the probable increase in body weight in young ovariectomized
animals compared to the control group of the same age. J

164 Cell and Organ Transplantology | 2019 November; Vol. 7, No. 2
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Control, young

Ovariectomy, young

Control, old

Ovariectomy, old

Standard culture medium Osteogenic induction medium

Fig. 7. Microphotographs of ADSCs cultures on the 21°t day of culturing in growth medium without differentiation factors (control) and with
osteogenic differentiation factors. Cytochemical staining of alkaline phosphatase using BCIP-NBT dye. Light microscopy, scale — 50 pm.
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Standard culture medium Osteogenic induction medium

Control, young

Ovariectomy, young

Control, old

Ovariectomy, old

Fig. 8. Microphotographs of ADSCs cultures on the 215 day of culturing in growth medium without differentiation factors (control) and with
osteogenic differentiation factors. Staining of extracellular matrix mineralization with calcium salts by Alizarin Red S dye. Light microscopy,
scale — 50 pm.
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