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ABSTRACT

Purpose of the study. The purpose of this research was to investigate the effect of in vivo hypoxic conditions on the prolifer-
ative potential of HepG2 liver cancer cells.

Materials and methods. Human liver cancer cells of the HepG2 line have been cultured. The HepG2 cell suspension was
injected subcutaneously into mice in an amount of 5 x 10° to obtain a xenograft. Tumor nodes that had reached the required
size were divided into fragments and transplanted into the orthotopic site. Balb/c nude mice with implanted HepG2 liver cancer
xenograft were used in this experiment. The mice with tumor implanted in the liver were divided into two groups, intact and
hypoxic. Mice from the second group underwent liver blood flow reduction by occlusion of the portal triad for 20 minutes.
Tumor nodes were extracted for histological and immunohistochemical staining for proliferation marker Ki-67 on the 4th day
after the procedures. The proportion of positively stained cells was calculated, and the results were statistically analyzed
using the Statistica 10.0 software.

Results. Orthotopic models of liver cancer in Balb/c Nude mice were obtained. Histological and immunohistochemical stud-
ies were carried out. Histological analysis showed that hepatocellular carcinoma is characterized by an average degree of
differentiation. In the tissues of these xenografts, by using immunohistochemical analysis for the proliferation marker Ki-67,
it was possible to identify statistically significant differences between the two groups, i.e. intact and the one with reduction
of blood flow. The proportion of immunopositive cells was 65 [65-70] % and 19 [15-25] %, respectively.

Conclusion. A tendency to decreased proliferative activity of tumor cells after hepatic blood flow reduction, i.e. hypoxia expo-
sure, was demonstrated. Our data indicate that the proliferative activity of tumor cells is directly related to the microenvironment,
and to the hypoxic environment in particular. Further study of the effect of hypoxia on the processes of growth and develop-
ment of malignant tumors may contribute to a deeper understanding of the biological features of tumors and their treatment.
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3.1.6. OHKonorus, nyyeBas Tepanus

OPUr'NHAJIbHASAl CTATbA
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PE3IOME

Lienb uccnepgosanus. OLeHNTb NponudepaTUBHYH akTUBHOCTb KNIETOK paka neyeHn HepG2 npu MoaenvpoBaHum rmnok-
CUYECKUX YCIOBUN in Vivo.

Martepuanbi n meToabl. KynbTUBMPOBanu KNeTku paka nevyeHu Yyenoseka nuHuv HepG2. [1ns nonyyeHns kceHorpadTa KneTouy-
Hyto cycneHsuto HepG2 BBOAWAM MbllaM NOAKOXHO B KonunyecTse 5 x 10°. [locTuriine Heo6xoaAMMOro pasMmepa onyxoneBble
y3/1bl AeNWAn Ha GparMeHTbl M TPaHCNNaHTUPOBasIM B OPTOTONUYECKMIA caiT. B paboTe ucnonb3osanu Mbilueit nvHum Balb/c
Nude, koTOpbIM UMNNaHTUpoBanu kceHorpadT paka neyeHn HepG2. MbiLwel ¢ MPYKMBLLENCS OMYXOJbio B NeYeHU Aennimn
Ha ABe rpynmnbl — UHTAKTHasA 1 C rMnokcmen. Mblilwam 13 BTOPOI rpynmbl BbIMOAHANN PeAyKLMIO KPOBOTOKA NeYeHN NyTem
OKKJt03UN nopTanbHoOM Tpuagbl B TedyeHne 20 MUH. Ha 4-e cyTKM nocre NpoBefeHHbIX MaHUMYNSaLMA onyxoneBble y3nbl
n3BneKkanu AN BbINOJHEHUS TMCTONIOMMYECKOro U UMMYHOTMCTOXMMMUYECKOrO OKpaLlUMBaHUA Ha Mapkep nponundepauum
Ki-67. Bbluncnsinu aonto no3MTUBHO OKPALLEHHbIX KETOK U MPOBOAWAN CTaTUCTUYECKUIA aHaNIn3 pe3ybTaToB C MOMOLLbIO
naketa nporpamm Statistica 10.0.

Pesynbrartbl. bblsiv NonyyYeHbl opToTONMYeckMe Mofenn paka nevyeHu y Moiwen nuHum Balb/c Nude. MNpoBeaeHbl ructo-
Nlornyeckoe U UMMYHOTMCTOXMMUYECKOe UccnefoBaHns. MMCTonormyecknii aHanma nokasar, 4Yto renaTouensonsapHas
KapuuHOMa xapaKTepuayeTcsi cpefHeit cTeneHbio AnddepeHUMPOBKU. B TKaHsAX AaHHbIX KCeHOrpadToB C MOMOLLbIO UM-
MYHOMMCTOXMMUYECKOrO aHam3a Ha Mapkep nponudepaumm Ki-67 ynanoch BbIiBUTb CTaTUCTUYECKU 3HAUUMbIE pPa3nnyums
MeXAay ABYMs FpynnaMm — MHTaKTHOM U C peayKLmei KpoBOToKa. [1o/18 MUMMYHOMO3UTUBHbIX KNIETOK cocTaBuia 65 [65-70]
% 1 19 [15—25] % COOTBETCTBEHHO.

3aknioyeHue. NpogeMOHCTPUPOBaHa TEHAEHLMSA K CHUXEHWIO nponndepaTUBHON akTUBHOCTMW OMyXONeBbIX KNETOK nocie
peayKLMn KpOBOTOKA MEYEeHU, TO eCTb BO3AENCTBUA MMNOKCKM. [only4eHHble HaMK flaHHble CBUAETENbCTBYIOT O TOM, YTO
nponudepaTMBHas akTUBHOCTb KJIETOK OMyXO0JSIM HanpsiMyto CBsI3aHa C MUKPOOKPYXXEHUEM, B YACTHOCTHU, C TMMOKCUYECKOM
cpepon. [lanbHenwwee ndyyeHve BO3AEeNCTBUSA MMNOKCUM Ha NPOLLECChl POCTa U pa3BUTHA 3110KaYeCTBEHHbIX 06pa3oBaHui
MOXET Cnoco6CcTBOBaThL 60s1ee rNy6oKoOMY NOHMMaHUIO BUONOrNYECKUX XapakKTePUCTUK OMyXosei N UX NeYeHus.

KnioueBble cnoBa: runokcus, neyeHb, HepG2, nponudepauus, Ki-67, in vivo
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INTRODUCTION

The hypoxic environment, characterized by low
oxygen content, plays a crucial role in the process-
es of cell survival and reprogramming. This fact is
confirmed by numerous studies on the evolution and
development of organisms [1, 2]. Particularly, it has
been established that the normal development of
mammals occurs under conditions of hypoxia (mod-
erate to severe), which regulates many aspects of
ontogenesis and morphogenesis. In addition, it is
known that the oxygen gradient is an important reg-
ulator of cellular processes in both physiological and
many pathological conditions, including malignant
diseases [3].

Sudden and short-term effects of hypoxia (from
several minutes up to 72 hours), resulting from fluc-
tuations in tumor perfusion, are accompanied by
functional and structural defects in the vascular
network of the tumor. Such exposure can lead to
the formation of high levels of reactive oxygen spe-
cies (ROS), which can damage cells [4]. Hypoxia can
also cause the growth of cancer cells to stop, slow
down proliferation and, subsequently, their death.
It has been shown that hypoxia-induced factors di-
rectly affect the proliferative activity of tumor cells
[5]. The most widely used marker of proliferation in
both normal and tumor cells is the Ki-67 protein. It
participates in the cell cycle, being involved in ribo-
some biogenesis, heterochromatin organization and
mitotic chromosome separation [6]. The Ki-67 index
makes it possible to assess the degree of malignan-
cy of the tumor and predict the course of the disease
in combination with other factors. A direct correla-
tion has been established between the number of
tumor cells expressing Ki-67 and the stage of malig-
nant diseases [7, 8]. The proliferative potential and
survival of cancer cells can be modulated by creating
hypoxic conditions, which is actively used in such
therapeutic procedures as transarterial embolization
and transarterial chemoembolization [9]. However,
it is also known that hypoxia is crucial for the sur-
vival of cells resistant to low-oxygen environments,
characterized by resistance to therapeutic effects
and increased invasive ability [10]. On this matter,
a comprehensive study of the tumor's response to
hypoxia, as well as an understanding of its positive
and negative effects, will expand the understanding
of the mechanisms of interaction of cancer cells and

the features of their microenvironment.

The effect of the level of oxygenation is studied
using various approaches, including in vitro, it is also
possible to use methods of isolated primary tumors,
but they do not accurately reflect the real parame-
ters of the tumor microenvironment [11]. An analysis
of the literature data shows that the most reliable
and trustworthy data can be obtained using in vivo
methods that allow more accurately, compared with
other research approaches, to model the effect of
hypoxia on the activity of malignant neoplasms and
their proliferative potential, which may be important
for planning further translational studies [12, 13].

The purpose of the study was to evaluate the
proliferative activity of HepG2 liver cancer cells in
modeling hypoxic conditions in vivo.

MATERIALS AND METHODS

Laboratory animals and their maintenance

For this experiment, mice with Balb/c Nude immu-
nodeficiency (n = 14) 10-12 weeks old and weighing
25-27 g have been used and obtained from the vivar-
ium National Medical Research Center for Oncology,
the Russian Federation Ministry of Health. The mice
were in an IVC system (individually ventilated cages),
food and water were provided without restrictions.
All work with experimental animals was carried out in
accordance with the ethical principle of the European
Convention for the Protection of Vertebrates Used
for Experiments or Other Scientific Purposes (ETSN
123, Strasbourg, March 18, 1986). This experiment
was approved by the decision of the local bioethical
committee of the National Medical Research Center
for Oncology.

Culture of human liver cancer cells

Human liver cancer cells of the HepG2 line were
cultured in accordance with a standard procedure
using a culture medium for DMEM cells with the ad-
dition of veal serum (Gibco, Thermo Fisher Scientific)
at a concentration of 10 %, as well as 1 % penicil-
lin and streptomycin. Cultivation was carried out in
a CO, incubator (Thermo Fisher Scientific, 8000W)
at a humid atmosphere of 37 °C, 5 % CO,,.

Creating an orthotopic model of liver cancer

Initially, before conducting the experiment, we cre-
ated a liver cancer xenograph by subcutaneously
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injecting a 5 x 10° cell suspension of HepG2 into Bal-
b/c Nude mice (n = 2). When the obtained subcutane-
ous xenographs reached a diameter of 1-1.5 cm, the
mice were euthanized, the tumor nodes were extract-
ed and divided into fragments about 1 x 1 x T mm in
size for further transplantation into the liver. Access
to the liver was carried out by performing laparotomy
on pre-anesthetized recipient animals. An incision
was made in the left lobe of the liver, after which the
previously obtained tumor fragments were placed
into the parenchyma of the left lobe of the liver using
anatomical tweezers. The wound was sewn up with
a wound stitch after the manipulations.

Creating hypoxic conditions by reducing liver

blood flow

A control laparotomy was performed to measure
the volume of tumor nodes 2 weeks after the tumor
fragments were implanted into the liver of mice. To
determine the size of the tumor node, the following
formula was used: V = LW?/2, L for the length of the
tumor, W for the width of the tumor. Then the animals
were divided into 2 groups (n = 6 for each), the distri-
bution criterion was the size of the tumor node, while
the values of the average volume of tumor nodes in
the groups differed with a minimum interval. The
first group is intact, the second group is with a re-
duction in liver blood flow. To provide access to the
liver and its blood vessels, the mice of the second
group underwent laparotomy. Then, to occlude the
vessels of the portal triad of the liver, a needle with
suture material was inserted under them and blood
flow was reduced for 20 minutes using the tension
of the suture material. After that, the tension of the
suture material was removed to restore blood supply
to the liver and the surgical wound was sutured in
layers. The mice of the first group underwent a con-
trol laparotomy without blood flow reduction.

Euthanasia

On the 4th day after the surgical manipulations,
the animals were euthanized to extract tumor nodes.
Euthanasia was performed by dislocation of the cer-
vical vertebrae.

Histological and immunohistochemical (IHC)

studies

The resulting tumor material was fixed in 10 %
formalin for 24 hours, then enclosed in paraffin, sec-
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tions were made using a rotary microtome, which
were subsequently dewaxed according to a standard
protocol. Hematoxylin and eosin staining was per-
formed for histological examination. IHC staining
was performed automatically in the BenchMark UL-
TRA Ventana immunohistostainer according to the
protocols of manufacturers attached to the antibod-
ies used. Antibodies Ki-67 (clone SP6), CellMarque
were used in a 1:200 dilution. To analyze the expres-
sion of Ki-67 by tumor cells, the proportion of cells
with colored nuclei (percentage of the total number
of tumor cells) in at least 10 random fields of view
was calculated.

Statistical analysis

The results obtained during the experiment were
analyzed using the Statistica 10.0 software package.
The data are presented in the form of the median,
25th and 75th percentiles. A comparative analysis
of the differences in Ki-67 nuclear staining between
the groups was carried out with the Mann-Whitney
statistical criterion.

STUDY RESULTS

During the experiment, orthotopic models of liver
cancer in Balb/c Nude mice were obtained by implant-
ing a fragment of the xenograft of the HepG2 cell line
directly into the left lobe of the liver [14]. A control
laparotomy made it possible to demonstrate that all
animals developed tumor nodes in the left lobe of the
liver. The measurement results showed that 2 weeks
after implantation of the HepG2 xenograft fragment
into the liver, the size of intrahepatic tumor nodes was
130.27 [42.88-345.3] mm?3. (Fig. 1).

After performing the control laparotomy proce-
dure, the animals were divided into 2 groups. In or-
der to induce hypoxic conditions, group 2 animals
underwent reduction of liver blood flow (Fig. 2). For
this, the right lobe of the liver was shifted closer to
the diaphragm, which facilitated free access to the
portal triad. Clamping the vessels of the portal tri-
ad with suture material made it possible to achieve
a reduction in the blood flow of the liver and the tu-
mor node located in it, which was visually confirmed
by a change in the color of the liver, as a result of
insufficient blood supply, the organ became paler.
After the restoration of blood supply, the liver turned
maroon again.
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The results of histological examination showed
a focus of hepatocellular carcinoma in the liver tis-
sues, characterized by an average degree of differ-
entiation, represented by solid-trabecular structures,
in the thickness of which the vessels are located.
Necrosis foci are locally present. The cellular com-
position is represented by large epithelial cells re-
sembling hepatocytes. Large polymorphic nuclei with
granular chromatin and well-distinguishable nucleoli
are visible inside the cells. Mitosis figures are also
found, including atypical forms (Fig. 3).

In the immunohistochemical study of the expres-
sion of the Ki-67 proliferation marker in the tissues of
liver cancer xenographs, the number of immunopos-

diy

itive cells was 65 [65-70] % (Fig. 4A), in the group
with blood flow reduction, the number of stained nu-
clei was statistically significantly less, which amount-
ed to 19 [15-25] % (p < 0.001) (Fig. 4B).

DISCUSSION

It is known that hypoxia is an important factor that
can contribute to the formation of cellular plasticity
and tumor heterogeneity, affecting the phenotype
and cell functions. However, despite the impressive
array of data presented in the scientific literature, it
is possible to observe a lack of correlation between
different methods of studying the effect of oxygen

Fig. 1. Measurement of a tumor in the liver of a mouse

Fig. 2. The process of performing liver blood flow reduction by
occlusion of the portal triad to induce hypoxic conditions

Fig. 3. Histological specimen: morphological picture of hepatocellular carcinoma. A — without hypoxia; B - after hypoxia. Magnification x 100
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levels, since they all provide information about dif-
ferent diseases, non-uniform time and topological
points of sampling of tumor material, or, for exam-
ple, blood oxygenation. From this point of view, the
use of animal models allows, as far as possible, to
bring uniformity to the experimental conditions and
obtain reproducible results by performing serial ex-
periments. Considering the listed advantages of the
in vivo approach, we performed an experiment to
study the effect of low oxygenation on liver cancer
cells. The results of the IHC study showed that in
tumor samples of animals with reduced blood flow,
a lower value of the Ki-67 proliferation marker was
observed. An analysis of the literature data showed
that in the works of other authors there is a direct
connection between hypoxia and the proliferative
potential of tumor cells. For example, a study of en-
dometrial tumors showed that the expression level
of Ki-67 is inversely correlated with the expression
level of hypoxia-induced factor (HIF-1a), which in-
dicates low cell proliferative activity in conditions
of oxygen deficiency. In addition, such a correlation
may contribute to reducing the effect of anti-cancer
drugs such as metformin [15]. Also, in the work on
visualization of hypoxia of cancer cells in animals
and cancer patients, it was found that tumor cells
in effusions and micrometastases were in a state
of high hypoxia and low proliferation, regardless of
the type of tumor. In this work, samples of human
and animal tumor cells were examined by IHC for
HIF-1a, glucose transporter (GLUT-1) and prolifera-
RS 5 :—,-; ‘:,
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tion marker (Ki-67). In addition, it has been convinc-
ingly demonstrated that ascites is an environment
with a very low level of oxygenation since the cells
floating in it do not have adequate blood supply and
can survive only through glycolysis pathway. It is im-
portant to note that the authors mention that tumor
hypoxia is a driving factor in resistance to radiation
therapy and chemotherapy [16].

In this study, a low level of Ki-67 expression was
noted in tumor samples of animals with blood flow
reduction, however, zoning in the location of positive-
ly colored cells was observed in tumor tissues. Cells
expressing Ki-67 were concentrated along the tumor
zones directly in contact with intact liver tissue. It is
known that the so-called "invasion front" of a tumor
is formed by cells located on its surface, and they
form patterns of invasion and tumor spread. Given
this fact, it can be assumed that cells that have re-
tained their proliferative potential, despite the effects
of hypoxic conditions resulting from blood flow re-
duction, and located along the edge of the tumor
node, may have an increased invasive potential. In
addition, the observed zonality of Ki-67 expression
may probably be related to proximity or distance
from blood vessels with reduced blood flow.

CONCLUSION

This study shows that liver tumors of mice sub-
jected to the liver blood flow reduction procedure
were characterized by lower Ki-67 values. The ob-

Fig. 4. IHC reaction of the tumor to Ki-67 antibodies (clone SP6). A — without reduction of liver blood flow; B — after reduction of liver

blood flow by occlusion of the portal triad. Magnification x 200
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