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REPROGRAMMING OF GLUCOSE METABOLISM
IN HUMAN BREAST CANCER CELLS AFTER
CO-CULTIVATION WITH BIFIDOBACTERIUM ANIMALIS

Background. The ability to reorganize metabolic processes is one of the key properties of malignant cells necessary to
ensure high energy needs, survival, proliferation, metastasis, and resistance to anticancer drugs. Lactic acid bacteria, in
particular Bifidobacteria, are important elements of the tumor microenvironment in breast cancer (BC) and, as active
lactate producers, can influence the metabolic phenotype of malignant cells. Aim. To study the effect of B. animalis on
some components of glucose metabolism pathways and the expression of proteins associated with this process in human
BC cells of different molecular subtypes. Materials and Methods. The study was performed on human BC cells of the
T-47D, MCF-7 (luminal subtype), and MDA-MB-231 (basal subtype) lines and live culture of Bifidobacterium animalis
subsp. lactis (B. animalis). A colorimetric enzymatic technique, flow cytometry, immunocytochemical analysis, and cell
viability trypan blue exclusion assay were used in the study. Results. Co-cultivation of BC cells with B. animalis resulted
in a significant (p < 0.05) increase in the glucose consumption rate by 1.2—4.7 times, lactate production by 15—115%,
and LDH activity by 15—160% in BC cells compared to control cells. The most pronounced changes were observed in
BC cells of the luminal subtype where they were accompanied by an increase in the expression of the GLUT1 glucose
transporter by 30—80% compared to control cells. Also, after co-cultivation with B. animalis, we detected an increased
expression of the STAT6 transcription factor in BC cells of all three lines. Conclusions. Co-cultivation of BC cells with
B. animalis is accompanied by an increase in glycolysis. B. animalis affected not only the biochemical components of the
glucose metabolism pathway but also the expression levels of STAT6, GLUT1, and insulin receptor.
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Breast cancer (BC) is the most commonly diag-
nosed malignancy among women worldwide and
the cause of high mortality rates, despite conti-
nuous improvement in treatment strategies [1].
This problem has become particularly important in
recent years in young women, primarily with signs
of metabolic syndrome and insulin resistance [2, 3].

The problem is complicated by tumor heterogene-
ity, which is reflected in variations in the morphol-
ogy, transcriptional profiles, metastatic potential,
and metabolism of malignant cells [4]. The diver-
sity of carbon substrates fueling malignant cells
suggests metabolic heterogeneity, even in tumors
with the same clinical diagnosis [5]. One of the
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fundamental features of malignant cells’ aggressive-
ness is their ability to undergo metabolic repro-
gramming in the context of the pathological pro-
cess development, which contributes to their sur-
vival and adaptation to therapeutic agents [6, 7].
The greatest interest of researchers is focused on
the features of glucose metabolism pathways since
glycolysis ensures anabolic and energy needs of
malignant cells, favoring glucose fermentation over
mitochondrial oxidative phosphorylation [8].
During glycolysis, which requires an increased
glucose consumption, monosaccharides are trans-
ported into BC cells by the members of the GLUT
glucose transporters’ family. As a result, tumor cells
produce and secrete glucose metabolites, including
lactate and growth factors, which affect various sig-
naling pathways [9] and provide the metabolic plas-
ticity of BC cells [8]. The metabolic features of ma-
lignant cells are regulated by cellular, extracellular,
and soluble components of the tumor microenviron-
ment (TME) [10]. Presently, the tumor microbiome,
which has an extremely complex relationship with
the tumor, is considered especially important [11].
Among the main representatives of the breast mi-
crobiota, one could mention lactic acid bacteria
(LAB), in particular, bifidobacteria. The interaction
of Bifidobacterium with cell cycle regulatory pro-
teins causes inhibition of cancer cell proliferation
via the activation of pro-caspases and up-regulation
of pro-apoptotic BAX proteins [12]. The anti-in-
flammatory activity of bifidobacteria, in particular,
B. animalis subsp. lactis BB-12 has also been dem-
onstrated [13]. There are several published studies
on the potential ability of Bifidobacterium and lac-
tobacilli to interfere with the lactate cycle, increas-
ing its local and systemic bioavailability and thus
influencing tumor progression, as well as the effi-
cacy of chemotherapy [14, 15]. Such assumptions
were based on the ability of LAB to produce lactate,
which can enhance the Warburg effect in malignant
cells [16]. It is well known that elevated lactate levels
stimulate tumor cell proliferation, epithelial-mesen-
chymal transition, and metastasis [17]. Therefore,
numerous data on the influence of bifidobacteria on
the biology of malignant cells emphasize the need
for an assessment of changes in glucose metabolism
in BC cells due to interaction with lactic acid-pro-
ducing members of the human microbiome. Howe-
ver, when investigating the influence of any factors
on the glucose metabolism in tumor cells, one
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should account that the heterogeneous and flexible
metabolic phenotypes of tumor cells are due to the
combined influence of the cell origin, differentiation,
redox potential, and somatic mutations [5]. There-
fore, in our study, we have chosen BC cells with dif-
ferent receptor statuses, metabolic profiles, and de-
grees of malignancy. The study of the glucose con-
sumption rate (GCR) and lactate production rate
(LPR) deserves special attention, since these factors
can affect the activity of glycolysis and enzymes of
the pentose phosphate pathway (PPP), as well as the
expression of regulatory proteins associated with the
glucose metabolism in BC cells co-cultured with Bi-
fidobacterium animalis (B. animalis).

Materials and Methods

Cells. Human BC cells of the T-47D, MCF-7 (lumi-
nal subtype), and MDA-MB-231 (basal subtype) cell
lines were obtained from the Bank of Cell Lines from
Human and Animal Tissues of the R.E. Kavetsky In-
stitute of Experimental Pathology, Oncology and
Radiobiology of the NAS of Ukraine (Registration
Certificate, series AN No. 41 dated 19.02.2009).
Cell culture. BC cells were cultured in DMEM
medium containing 4 mmol/L L-glutamine
(BioWest, France), 10% fetal bovine serum (FBS)
(BioWest, France), and 1x penicillin-streptomycin
(BioWest, France). Cells were incubated at 37 °C
in a humidified atmosphere with 5% CO,. The
medium replacing and cell passaging were per-
formed according to standard procedures [18].
Cells were passaged after they reached 80—90%
confluency using a versene solution (Vetline
Agroscience, Ukraine) and trypsin — EDTA 1X
in PBS (BioWest, France). Cells in the exponential
growth phase were used in the experiments.
Bacteria. Live lyophilized cells of Bifidobacte-
rium animalis subsp. lactis BB-12 isolated from a
probiotic produced by Lek Pharmaceuticals, Ljub-
ljana, Slovenia, were used in the study. Bacterial
cells were diluted in DMEM without antibiotics.
Co-cultivation of BC cells and bifidobacteria.
BC cells were seeded in 60 mm-diameter Petri
dishes at 1.5 x 10° cells per dish. In parallel, cells at
the same density were seeded in dishes with cover-
slips (Epredia, Netherlands) for an immunocyto-
chemical analysis. The cells were incubated at 37 °C
in a humidified atmosphere supplied with 5% CO,.
After 10 h, a suspension of live B. animalis was in-
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troduced at the final ratio of eukaryotic-to-bacterial
cells of 1/100 and 1/400. BC cells cultured without
B. animalis were used as eukaryotic cell controls. B.
animalis cultured in the medium under the same
conditions without cancer cells were used as bacte-
rial controls. BC cells were incubated at 37 °Cin a
5% CO, humidified atmosphere for 24 and 48 h
after the introduction of bacteria. Then the medi-
um was collected for further measurement of glu-
cose and lactate concentrations. The number of live
BC cells in each dish was determined by a trypan
blue assay (Applichem, Germany). The cells were
lysed in RIPA buffer [19] supplemented with a pro-
tease inhibitor cocktail (Sigma-Aldrich, USA) and
used to measure the activities of intracellular lactate
dehydrogenase (LDH) and glucose-6-phosphate de-
hydrogenase (G6PD).

Assessment of glucose consumption rate and
lactate production rate. Concentrations of glucose
and lactate in a DMEM medium were determined
after 24 and 48 h of incubation of cells with B. ani-
malis. Glucose concentration was determined by an
enzymatic colorimetric assay of glucose oxidase,
and lactate concentration was determined by an
enzymatic assay of lactate oxidase using diagnostic
kits (Glucose (Ox) Liquid, MedTest Dx, Pointe Sci-
entific, USA and Lactate, Greiner Diagnostic
GmbH, Germany) according to the manufacturer’s
instructions. The indicators of energy metabolism
in BC cells, GCR and LPR, were calculated using
the following formulas [20]:

(Cgl (ti ) B Cgl (tf+1 )) ad
N(t)+N(t.,)

(C.(tn)-Co(t))xV

N(t,)+N(t,,)

GCR =2x

LPR =2x

where the concentrations of glucose and lactate on
two consecutive days (#; and t;,,) of cell growth are
marked as Cgl(t,-H), C. (1), C(t;,1); N(t,), and N(t;,,)
are the counts of BC cells on the corresponding con-
secutive days of growth; V is the volume of the in-
cubation medium per well equal to 7 x 1073 L. GCR
and LPR values were presented in 10~ mmol/cell/
day. The results were assessed using an ABL 800
FLEX automatic biochemical analyzer (Radiometer
Medical, Denmark).

Measurement of intracellular LDH and G6PD
activities. Enzyme activities were measured after
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24 and 48 h of incubation of cells with B. animalis
in lysates of BC cells. The resulting lysates were
centrifuged in a high-speed refrigerated centrifuge
(Sigma, USA) at 13,000 rpm and 4 °C for 15 min.
The collected supernatant was used to analyze the
enzyme activities. A kinetic method using L-lactate
from a Lactate Dehydrogenase Set (Pointe Scien-
tific, USA) and glucose-6-phosphate from a Glu-
cose-6-Phosphate Dehydrogenase Set (MedTest
Dx, Pointe Scientific, USA) was used. Both analyses
were performed according to the manufacturer’s
instructions. The enzyme activities were calculated
based on the number of cells in each sample.
Immunocytochemical (ICC) analysis. After in-
cubation with B. animalis for 48 h, coverslips with
BC cells were fixed in a 1:1 solution of methanol
(Merck, Germany) and acetone (Khimrezerv,
Ukraine) for 2 h at =20 °C and then washed three
times with cold PBS (BioWest, France). The ICC
reaction was performed using a Master Polymer
Plus Detection System (Peroxidase) kit (Vitro SA,
Spain) according to the manufacturer’s instruc-
tions. The coverslips were covered with GLUT-1
(Vitro SA, Spain) and STAT-6 (Vitro SA, Spain)
primary antibodies and incubated for 1 h at room
temperature. Then the coverslips were stained with
hematoxylin and eosin solution (Sigma, USA) and
fixed in the Faramount Aqueous Mounting Medi-
um (Thermo Fisher Scientific, USA). The resulting
preparations were analyzed by counting cells with
positive ICC reaction (brown), taking into account
the color intensity using an Axiostar Plus light mi-
croscope (Carl Zeiss, Germany) at x400 magnifica-
tion, and photographed with a digital camera (Ca-
non PowerShot G5, UK) at x1000 magnification. At
least three random fields of view were analyzed.
Expression was assessed using the H-Score [21].
Quantification of insulin receptor expression lev-
els in BC cells by flow cytometry. After incubation
with B. animalis, the BC cells were removed from
the substrate, counted, and diluted in PBS. FITC-
insulin (Sigma, USA) was added to 0.5 x 10° cells
to a final concentration of 3 pg/mL, and the cells
were incubated at 27 °C for 1.5 h in the dark on a
mini-shaker platform (Biosan, Latvia) at 200 rpm.
After incubation, the cells were fixed with a 1% pa-
raformaldehyde solution (Sigma-Aldrich, USA)
for 20 min. The number of FITC-labeled cells and
the fluorescence intensity were determined on a
DxFlex flow cytometer (Beckman Coulter, USA).
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Fig. 1. Viability of T-47D (a), MCF-7 (b), and MDA-MB-231 (c) BC cells after co-cultivation with B. animalis. The num-
ber of viable cells was determined using the trypan blue exclusion test. *p < 0.05 compared to the control cells

Statistical processing of results. All experiments
were performed in triplicate. The mean value of the
studied parameters (M), standard deviation (SD),
and Student’s ¢-test were calculated using Graph-
Gad Prism 8.0.1 software. Differences were consid-
ered statistically significant at p < 0.05.

Results

BC cells actively metabolize glucose due to enhan-
ced proliferative activity and, accordingly, an in-
creased need for ATP. The altered metabolism of
tumor cells ensures continuous production of ener-
gy and metabolites to support rapid proliferation
and cell survival [22]. Therefore, when studying the
metabolic plasticity of BC cells after their co-culti-
vation with B. animalis, it was important to con-
sider the effect of bifidobacteria on the viability of
malignant cells.

After 24 h of incubation of BC cells with B. an-
imalis, no changes in the survival of eukaryotic
cells were observed in most of the studied groups
compared to the control. Only after 48 h of co-
cultivation, a significant decrease in the number
of live BC cells of all three lines compared to the
control was noted (Fig. 1). A decrease in the num-
ber of live T-47D cells by 33%, MCEF-7 cells by
23—56%, and MDA-MB-231 cells by 16—25%
was recorded.

6

The metabolic phenotype of the control and B.
animalis-co-cultivated BC cells was determined by
analyzing GCR and LPR. We revealed that triple-
negative MDA-MB-231 cells preferred the glyco-
lytic pathway of glucose metabolism, as evidenced
by a higher GCR and LPR than in cells of the lumi-
nal subtype (Fig. 2, ¢, Fig. 3, ¢).

The resulting values of GCR and LPR (Fig. 2,
Fig. 3) reflected the total metabolic activity of eu-
karyotic and bacterial cells in the condition of their
co-cultivation since these parameters were deter-
mined in the culture medium. However, an analysis
of the metabolic profile of B. animalis indicated that
GCR and LPR were significantly lower than in the
cancer cells (Fig. 2, d, Fig. 3, d). Indeed, the number
of bacterial bodies was greater than that of BC cells.
However, calculations of the utilized glucose amount
indicated that B. animalis consumed no more than
13% of the total amount of utilized glucose in the BC
+ B. animalis groups and did not cause depletion of
glucose, the main source of energy in the medium.

As shown in Fig. 2, in the T-47D + B. animalis
group, GCR significantly increased by 1.4—
3.1 times, in MCF-7 + B. animalis cells by 1.6—
4.7 times, and in MDA-MB-231 + B. animalis cells by
1.2—2.0 times compared to the control.

The rate of glucose uptake in eukaryotic cells is
regulated by insulin, a unique hormone that acts at
the membrane level through insulin receptors (IR).

ISSN 1812-9269. Experimental Oncology 47(1). 2025
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This transmembrane protein with tyrosine kinase
activity mediates both metabolic and mitogenic ef-
fects in malignant cells, especially when overex-
pressed, which is also characteristic of BC cells [23].

The binding of FITC-insulin with IR on the sur-
face of BC cells was measured after their co-culti-
vation with B. animalis. In the T-47D cells co-cul-

during their co-cultivation. *p < 0.05 compared to the control

tured with B. animalis, we observed a significant
decrease in IR expression by 30% vs control, while
in MCF-7 and MDA-MB-231 cells cultured with
B. animalis, on the contrary, an increase in IR ex-
pression by 24.3% and 17.6%, respectively. (Ta-
ble 1). Possibly, the detected changes in IR expres-
sion may be caused by the activation of glucose

Table 1. Changes in IR expression in B. animalis-co-cultured BC cells

Cell control + B. animalis 1:400
Cells Number of IR* cells, | Level of IR expression, Number of IR* cells, Level of IR expression,
% (M + SD) cu. (M +SD) % (M + SD) cu. (M +SD)
T-47D 38.1x1.1 21667.0 + 1878.1 28.0 £ 1.6* 14285.0 + 648.3*
MCEF-7 65.4+23 8528.2 £270.7 81.8 £ 1.1* 10524.8 + 180.0*
MDA-MB-231 54.0+£29 5998.8 + 343.7 48.0£2.2 7052.2 £ 51.4*

Note: * p < 0.05, compared to the control cells.
ISSN 1812-9269. Experimental Oncology 47 (1). 2025
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utilization via different IR-dependent and IR-in-
dependent signaling pathways in T-47D and MCF-
7/IMDA-MB-231 cells.

The end product of glycolysis is lactate, an im-
portant metabolite that regulates cellular redox ho-
meostasis, energy substrate distribution, and intra-
cellular signaling [24]. Therefore, LPR is an impor-
tant marker of changes in the metabolic phenotype
of BC cells under the influence of various factors.

Co-cultivation of T-47D and MCF-7 cells with B.
animalis resulted in a significant increase in LPR by
30—95% and 14—115%, respectively, compared to
the control cells (Fig. 3, a, b). Exposure of MDA-
MB-231 cells to B. animalis was accompanied by an
increase in LPR after 48 h of incubation by 20—34%
compared to the control cells (Fig. 3, ¢).

Another group of important and informative in-
dicators of the malignant cells’ metabolic state is the
intracellular activity of glycolytic enzymes, in par-

8

Fig. 3. LPR by T-47D (a), MCF-7 (b), MDA-MB-231 (c) BC, and B. animalis (d) cells
during their co-cultivation. *p < 0.05 compared to the control cells

ticular LDH and G6PD. Therefore, we determined
the activity of these enzymes in BC cells after their
co-cultivation with B. animalis for 24 or 48 h.

Co-cultivation of T-47D and MCE-7 cells with
B. animalis for 24 h resulted in a significant in-
crease in their LDH activity by 111.5—160.0% and
12.2—15.7%, respectively, compared to the control
cells. After 48 h of co-cultivation, in T-47D cells,
LDH activity increased by 26.2—66.3% and in
MCEF-7 cells by 18.7—59.5% (p < 0.05) (Fig. 4, a, b).
The elevated intracellular LDH activity was also
observed in MDA-MB-231 cells, however, it in-
creased only after 48 h of co-cultivation with B. an-
imalis by 18.2—40.9% (p < 0.05) compared to the
control cells (Fig. 4, ¢).

The activity of the main PPP enzyme G6FD
dynamically changed in all studied cells after
their co-cultivation with B. animalis for 24—48 h.
Thus, in T-47D cells co-cultivated with B. anima-

ISSN 1812-9269. Experimental Oncology 47(1). 2025
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lis, a significant increase in enzyme activity by
155.4—277.6% was observed after 24 h of incuba-
tion and a decrease in its activity by 70.0—83.5%
after 48 h, compared to the control cells (Fig. 5, a).
In MCE-7 cells, after their exposure to B. anima-
lis for 24—48 h, an increase in G6FD activity by
52.6—62.5% and 30.7—164.2% (p < 0.05 vs. the
control cells) was recorded (Fig. 5, b). In MDA-

ISSN 1812-9269. Experimental Oncology 47 (1). 2025

MB-231 cells treated with B. animalis for 24 h, the
enzyme activity decreased by 27.8—48.0%, and
after 48 h of exposure, an increase in G6PD acti-
vity by 24.3—75.7% was observed compared to
the control cells (Fig. 5, c).

Analysis of the main pathways of glucose me-
tabolism in cancer cells indicates an important role
of the glucose transporter GLUT1. It has been

9
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shown that human BC tissues are characterized by
an increased level of GLUT1 expression [25].

Co-cultivation of T-47D or MCEF-7 cells with B.
animalis resulted in a significant increase in GLUT1
expression by 29.6—59.3% and 40.0—80.0%, respec-
tively, compared to the control cells (Table 2). Such
a rise occurred due to an increase in the percentage
of cells with a high level of GLUT1 expression in the
cell population (Fig. 6). In MDA-MB-231 cells with
high basal level of GLUT1 expression, no change in
its expression was observed after co-cultivation with
B. animalis (Table 2).

The complex and multifactorial changes in the
metabolic phenotype of B. animalis-co-cultivated

Table 2. GLUT1 expression in BC cells
after their co-cultivation with B. animalis

GLUT1
Cells expression, points

(M £ SD)
T-47D control 135+ 15
T-47D + B. animalis 1/100 175 + 10*
T-47D + B. animalis 1/400 215+ 12*
MCE-7 control 100 £ 5
MCEF-7 + B. animalis 1/100 140 + 7%
MCE-7 + B. animalis 1/400 180 + 10*
MDA-MB-231 control 260 + 10
MDA-MB-231 + B. animalis 1/100 250 £ 15
MDA-MB-231 + B. animalis 1/400 275+ 15

Note: *p < 0.05 compared to the control cells.
10

Fig. 6. GLUT1 expression in BC cells of the luminal subtype before and after
their co-cultivation with B. animalis: (a) T-47D control, (b) T-47D + B. ani-
malis 1/400, (c) MCF-7 control, (d) MCF-7 + B. animalis 1/400. x1000

BC cells are regulated by a complex signaling cas-
cade that includes transcription factors. There-
fore, we studied the expression of STAT6 in BC
cells after their exposure to B. animalis. STAT6 is
a cytoplasmic protein that dimerizes upon phos-
phorylation by JAK kinases and is then transport-
ed to the nucleus to regulate gene transcription.
There are several points in this signaling pathway
where STAT6 influences the cell survival, death,
proliferation, and metabolic activity [26].

It was shown that in T-47D and MCF-7 cells
treated with B. animalis, STAT6 expression in-
creased by 26.7—73.3% and 54.2—66.7%, res-
pectively, compared to control cells. In MDA-
MB-231 cells, a significant increase in STAT6 ex-
pression (by 82.4%) was recorded only after their
co-cultivation with B. animalis in a ratio of 1/400
(Table 3, Fig. 7).

Discussion

The ability to reorganize metabolic processes is one
of the key properties of cancer cells necessary to en-
sure high energy needs, survival, proliferation, me-
tastasis, and resistance to anticancer drugs [27].
Therefore, changes in key biochemical and signaling
pathways involved in glucose metabolism in BC cells
under the influence of various factors are an infor-
mative marker of their metabolic state and, there-
fore, biological properties. BC cells uptake large
amounts of glucose and metabolize it through gly-
colysis, producing lactate as the end-product. In-

ISSN 1812-9269. Experimental Oncology 47(1). 2025



Reprogramming of Glucose Metabolism in Human Breast Cancer Cells after Co-Cultivation with Bifidobacterium animalis

Fig. 7. STAT6 expression in BC cells after their co-cultivation with B. animalis. (a) T-47D control, (b) T-47D + B. animalis
1/400, (c) MCF-7 control, (d) MCF-7 + B. animalis 1/400, (¢) MDA-MB-231 control, (f) MDA-MB-231 + B. animalis. x
x 1000 magnification

creased lactate production is often observed in tu-
mors, where it enhances glycolysis and promotes an-
giogenesis and cancer progression [17, 24]. Given
such pro-tumorigenic activity of lactate, the need to
study the effects of B. animalis on the main pathways
of glucose metabolism in BC cells becomes especial-
ly relevant. It is known that lactic acid bacteria, in
particular bifidobacteria, important components of
the human intestinal and breast microbiota [10], use
a pathway known as the “bifido shunt” for carbohy-
drate metabolism and produce acetate and lactate.
According to some opinions, these compounds may
enhance the Warburg effect in cancer cells, increas-
ing their proliferation [13] and reducing the effec-
tiveness of chemotherapy [28].

However, there is currently a lot of evidence of the
in vitro and in vivo antitumor activity of bifidobac-
teria [12, 29—31], which is confirmed by the results
of our previous studies [32]. Therefore, analysis of
the effects of B. animalis on some indicators of ener-
gy metabolism in BC cells will help improve our un-
derstanding of the mechanisms of the microbiota
influence on the biological properties of malignant
cells and explain the antiproliferative and proapop-
totic effects of bifidobacteria on these cells.

The increase in GCR and LPR in BC cells co-cul-
tured with B. animalis compared to control cells, in-
dicates an enhancement of the glycolytic pathway of
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glucose metabolism in this model system. The most
pronounced changes in metabolic activity toward in-
creased glycolysis were observed in the luminal sub-
type BC cells, probably because MDA-MB-231 cells
of the basal subtype have already prefered this path-
way of glucose metabolism [33]. A statistically sig-
nificant increase in GCR and LPR in MDA-MB-231
cells was observed only after 48 h of exposure of
these cells to the probiotic. It is believed that in-
creased glucose metabolism, especially through gly-
colysis, occurs in tumor cells with high proliferative

Table 3. STAT6 expression in BC cells after
their co-cultivation with B. animalis

STAT6
Cells expression,
points (M £ SD)
T-47D control 150 + 15
T-47D + B. animalis 1/100 190 £10*
T-47D + B. animalis 1/400 260 + 10*
MCEF-7 control 120 £ 10
MCF-7 + B. animalis 1/100 185+ 7%
MCEF-7 + B. animalis 1/400 200 + 10*
MDA-MB-231 control 85+5
MDA-MB-231 + B. animalis 1/100 100 £ 10
MDA-MB-231 + B. animalis 1/400 155 + 10*

Note: *p < 0.05 compared to the control cells.
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activity [34]. However, the co-cultivation of BC cells
with B. animalis resulted in a decrease in the number
of viable cancer cells after 48 h of exposure. Probably,
in our case, glycolysis fulfills another important
function: it provides high levels of glycolytic inter-
mediates to maintain anabolic reactions in BC cells
aimed at preserving their viability [35].

To search for possible signaling mechanisms that
ensure the increase in GCR in BC cells due to their
co-cultivation with B. animalis, we studied its effect
on the expression of IR in malignant cells. Indeed,
the signaling pathways activated by IR regulate the
glucose consumption and utilization and the ex-
pression of glycolytic genes in cells [36]. The de-
tected changes in IR expression suggest that in the
studied cells treated with B. animalis, the increase
in glucose consumption is regulated through dif-
ferent proximal fragments of the PI3K/Akt insulin
signaling pathway: in MCF-7 and MDA-MB-231
cells through IR, and in T-47D cells through activa-
tion of the Ras signaling [37].

It is through the PI3K/Akt signaling pathway
that the expression of the glucose transporter and
important regulator of glycolysis, GLUT1, can be
regulated [38]. The phosphorylated form of Akt
induces GLUT1 expression in BC cells, which
leads to stimulation of glucose transport and an
increase in their metabolic activity [38]. It was
shown that co-cultivation of T-47D and MCF-7
cells with B. animalis was accompanied by a sig-
nificant increase in GLUT1 expression. Such
changes in GLUT1 expression correlated with
changes in GCR and LPR in the studied cells. In-
creased expression, translocation to the plasma
membrane, and activation of GLUT1 in BC cells
following their exposure to B. animalis may be in-
duced by lactate [39]. Glycolysis in tumor cells is
regulated through changes in the activity of glyco-
lytic enzymes [40]. We investigated the effect of B.
animalis on intracellular LDH activity in BC cells.
A significant increase in this parameter was found
in BC cells, which correlated with changes in LPR
and is additional evidence of increased glycolysis
in the studied cells [41]. The most pronounced
changes in the activity of this enzyme were ob-
served in cells of the luminal subtype.

In this study, we also analyzed the activity of
G6PD in BC cells after their exposure to B. animalis.
G6PD is an enzyme of the oxidative branch of the
PPP that generates ribulose-5-phosphate, CO,, and
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NADPH. It is NADPH that malignant cells use as a
powerful antioxidant maintaining redox homeosta-
sis [42]. Changes in G6PD activity observed in BC
cells after their co-cultivation with B. animalis are
associated, in our opinion, with an increase in ROS
levels in these cells, which was shown in our pre-
vious study [32]. The ability of B. animalis to affect
G6PD activity in BC cells is an important finding, as
it is the first rate-limiting enzyme of PPP, and its ac-
tivity is associated with invasiveness, metastasis, and
chemotherapy resistance of malignant cells [43].
Transcription factors are essential participants in
signaling pathways that regulate the metabolic plas-
ticity of BC cells. In our work, we decided to focus
on the regulatory role of the STAT6 transcription
factor, changes in the expression of which not only
affect the energy metabolism of glucose in BC cells
but also play a decisive role in controlling the pro-
liferation of malignant cells. Increased nuclear and
cytoplasmic expression of STAT6 was observed in
the cells of all three BC cell lines after co-cultiva-
tion with B. animalis. Thus, STAT6 can regulate
glucose energy metabolism in malignant cells by
controlling the activity of glycolysis rate-limiting
enzymes [44], or GLUT1 expression [45]. At the
same time, it is known that increased STAT6 ex-
pression in BC cells is positively associated with a
lower rate of their proliferation or induction of
apoptosis. In this case, the antiproliferative and
proapoptotic effects of STAT6 are mediated by
stimulation of the expression of G1 cyclin-depen-
dent kinase inhibitor p21WAF! [46]. It is the increase
in the expression of this regulatory protein that we
observed in BC cells after their co-cultivation with
B. animalis in our previous studies [32]. It should
be noted that STAT6 is activated in cells in response
to IL-4/IL-13 [47], and lactate or B. animalis itself
can promote the production of these cytokines [48].
Therefore, the co-cultivation of BC cells with B.
animalis is accompanied by changes in glucose me-
tabolism in cancer cells, in particular, increased
glycolysis. Notably, B. animalis affects not only the
components of glucose metabolism but also signa-
ling pathways, modulating the level of IR expres-
sion and increasing the expression of GLUT1 and
STATS6. In addition, the antiproliferative mecha-
nisms of action of B. animalis may be translated
through PI3K-mediated signaling pathways, and
glycolysis is enhanced to support anabolic reac-
tions [35, 49] or nuclear transport of anti- and pro-

ISSN 1812-9269. Experimental Oncology 47(1). 2025



Reprogramming of Glucose Metabolism in Human Breast Cancer Cells after Co-Cultivation with Bifidobacterium animalis

apoptotic factors, which requires active metabolism
and ATP energy [50] in BC cells.

In the present study, we have identified only
some fragments of metabolic pathways that are ac-
tivated in BC cells upon their co-cultivation with
B. animalis. Further studies will allow us to under-
stand the features of energy metabolism in BC cells
due to the effects of bifidobacteria and create the
basis for developing new approaches to effective
treatment of this dangerous disease especially in
conditions of metabolic syndrome development.
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[HCTUTYT ekcriepuMeHTaNIbHOI aTomorii, OHKOIOTI i pagio6ionorii
im. P.€. KaBenpkoro HAH VYkpainu, Knis, Ykpaina

ITEPEITPOTPAMYBAHHA METABOJII3MY IJIIOKO3U
B KJIITUHAX PAKY MOJIOYHOT 3ATO3U JTIIOJVIHU
[TICJIA CIIIBKYJIBTMBYBAHHSA 3 BIFIDOBACTERIUM ANIMALIS

Bcerym. 3patHicTs 10 peopraHisarii MeTaboMiYHIX IPOLECIB € ONHIEI0 3 KTIOUOBMX BIACTUBOCTEN 3MOAKICHUX KITITHH,
HeOoOXiTHOIO /ISt 3a0e3IeueHHs IXHIX BICOKUX eHepPreTUIHNUX 0Tpeb, BIXKMBAHOCTI, IIposidepariii, MeTacTa3yBaHHs
i pe3uCTeHTHOCTI 10 Ail IPOTUIYX/IMHHNMX ITpenapariB. MomouHokucri 6akrepii, 30kpema Bifidobacteria, € Baxxnmusum
€/IEMEHTOM ITyX/IMTHHOTO MiKpooTo4eHHsA npyu PM3 i, K aKTMBHI IPOAYLIEHTH JIaKTaTy, MOXXYTb BI/IMBATH Ha MeTa-
6omiunnit peHoTUN 3M0AKICHMX KmitiH. Mera. Jocnignty Bius B. animalis Ha fesiki TaHKM MeTab0Mi3My ITIFOKO3K
Ta eKCIpecito 611KiB, acOLiIOBaHMX 3 LIVIM IIPOLLECOM Y KTiTHHAX /MiHiit PM3 mopyHn pisHUX MOTEKY/IAPHUX i TUIIIB.
Marepianu Ta metogu. [locipkenHs mposoayin Ha KinituHax PM3 mropmun ninint T-47D, MCF-7 (jrominanbHMit mif-
i) i MDA-MB-231 (6asaibpHuit mifTumn) ta sxusiit Kynstypi Bifidobacterium animalis subsp. lactis (B. animalis). Y go-
CIiPKeHHI BUKOPUCTOBYBA/IV KOJIOPUMeTPUYHi (pepMeHTATUBHI MeTOMY, IPOTOYHY LIUTOMETPilo, IMyHOIMTOXiMivHMI
aHajli3, a JKUTTE3JATHICTb K/IiTUH BU3HAYa/IM B TECTi 3 TPUIAHOBUM CUHiM. Pesynbratu. CHiBKy/IbTUBYBaHHA KIiTUH
PM3 3 B. animalis mpuBeno Ko CTaTUCTUIHO KOCTOBipHOTO (p < 0,05) MifBUIeHHS IBUAKOCTI CIIOXKMBAHHS I/IIOKO3U
B 1,2—4,7 pasu i mpopykuii nakraTy Ha 15—115%, a Takox aktusHocTi JIJTI Ha 15—160% y xnitnHax PM3 BigHOCHO
inTakTHUX KniTvH. Hait6inpmr BupakeHi sMiHM criocTepirany B KIiTHHAX TOMiHaIbHOTO MifTHUITy. 3MiHY 6i0XiMidHMX
IIOKa3HUKIiB MeTabosiuHoro ¢peHoTMNy KIiTMH PM3 MI0OMiHaIBHOTO MIATUITY CYIPOBOMKYBA/IMCh MifIBUIEHHAM €KC-
npecii Tpancnoprepa rmoxo3u GLUT1 na 30—80% y nopiBHAHHI 3 KOHTpO/eM. B 06pobnennx B. animalis xiitunax
PM3 Bcix TpboX JIiHil TaKOX BUABMIN MiIBUIIEHHA ekcrpecil pakropa Tpanckpunii STAT6. BucnoBku. CriBKy/b-
TUBYBaHHA KIiTuH PM3 3 B. animalis cynpoBOmKyeTbcsA HOCUIEHHAM KO3y B 37I0AKICHUX KniTuHax. ITpy npomy B.
animalis BIUIMBA€ He nuile Ha 610XiMiuHi TaHKK MeTa6on13My I7IIOKO3M, aJie I CUTHA/IbHI IUIAXY, MOJY/IIOI0YM PiBEHb
eKCIpecii pelenTopiB iHCYIiHY i MifBUIYI0UM eKCIIpecito TpaHcmopTepa rooko3n GLUT1 i TpaHckpumniifiHoro ¢ax-
topa STAT6.

Kirouosi cnoBa: pak MonouHoi 3anosu, Bifidobacterium, rirokosa, nakrar, STAT6, GLUT1.
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