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ANTITUMOR EFFECTS OF EXTRACELLULAR
ALKALIZATION: SODIUM BICARBONATE MODULATES
MITOCHONDRIAL FUNCTION, LYSOSOMAL DYNAMICS

AND MIGRATION ACTIVITY OF CANCER CELLS

A.A. Bogdanov, An.A. Bogdanov, V.S. Burdakov, K.A. Mitusova,
V.M. Moiseyenko

Napalkov Saint Petersburg Clinical Research and Practical Center of Specialized Types of Medical Care
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Abstract

Tumor microenvironment acidity represents a fundamental hallmark of cancer that promotes tumor
progression, invasion, immune evasion, and treatment resistance. Objective. This study investigates
the antitumor mechanisms of sodium bicarbonate-induced alkalization on mouse colon adenocarcinoma
CT26 cells and human melanoma cells. Material and Methods. Cells were treated with varying sodium
bicarbonate concentrations (50—119 mM) to assess effects on viability, metabolism, migration, and cell death
pathways. Results. Results demonstrated immediate concentration-dependent extracellular pH elevation that
decreased after 24 hours due to metabolic adaptation. Both cell lines exhibited dose-dependent cytotoxicity
with an IC50 of approximately 80-90 mM, yet minimal apoptosis was detected via Annexin V/PI staining,
suggesting alternative cell death mechanisms. Sodium bicarbonate significantly impaired cellular migration
in wound healing assays, coinciding with mitochondrial depolarization as evidenced by reduced Mito Red
fluorescence. Metabolic analysis revealed increased consumption of glucose and glutamine alongside elevated
lactate production, indicating metabolic reprogramming in response to alkalization stress. While lysosomal
accumulation increased with treatment (measured by Lyso Green), canonical autophagy markers (LC3B and
p62) showed no significant changes, suggesting classical autophagy pathways are not primarily involved.
Conclusion. These findings indicate that sodium bicarbonate-induced alkalization triggers tumor cell death
through mechanisms beyond conventional apoptosis and autophagy, potentially involving lysosome-mediated
cell death or alkaliptosis. The study provides mechanistic insights supporting sodium bicarbonate as a
potential adjuvant therapy that targets the tumor microenvironment’s acidity, with implications for enhancing
conventional cancer treatments through pH modulation. Further research is needed to fully elucidate the
precise cell death pathways involved.

Key words: sodium bicarbonate, tumor cells, mitochondrial depolarization, migration, lysosomal
accumulation, cell death.
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NMPOTUBOOINYXONEBBIE 3®®EKTbl BHEKIIETOYHOIO
OLWENAYNBAHUA: TMOPOKAPBEOHAT HATPUA MOAOYJIUPYET
®YHKLUIO MUTOXOHOPUW, OANHAMUKY JTIU30COM
N MUTPALUMOHHYIO AKTUBHOCTb OMYXOJEBbIX KITETOK

A.A. borgaHoB, AH.A. borgaHos, B.C. bypaakos, K.A. MutycoBa,
B.M. MouceeHko

'BY3 «CaHkT-lNeTepbyprckuii KNMMHNYECKUIA HayYHO-NPaKTUYECKUI LIEHTP CreLnanmM3npoBaHHbIX BUAOB
MeAMLMHCKOWM nomoLuy (oHKkornorudeckuin) um. H.IN. Hanankosa»
Poccus, 197758, . CankT-lNeTepbypr, n. MNecoyHbll, JleHnHrpaackas yn., 68A

AHHOTauus

KncnoTHOCTb MUKPOOKPY>XEHWS OMyXxonv NpeacTaBnseT cobon pyHAaMeHTanbHbIN NPU3HaK paka, cnocob-
CTBYHOLLMIA MPOrpeccrpoBaHUI0 OMyXOrnu, MHBa3WK, YKITOHEHWIO OT UMMYHHOMO OTBETa U YCTONYMBOCTM K NeYe-
Huto. Llenb nccnepoBaHus — n3y4eHne NpoTMBOOMYXONEBbIX MEXaHN3MOB OLLenayvBaHns rmapokapboHaTom
HaTpMsa Ha KneTkax ageHoKapLuMHOMbI TONCTON KUWkM mbiwmn CT26 n menaHombl Yenoseka. MaTtepuan n
MeToabl. KneTkv nogsepranv BO3AEVCTBUIO Pa3NMYHbIX MOBbILLEHHbIX KOHLEHTpaumi ruapokapboHaTa HaTpus
(50—-119 MM) ¢ LienbLO OLEHKM €r0 BIIUSHUA HA XKU3HECNIOCOOHOCTh, METABOMM3M, MUTPALMIO U MYTU KNETOYHOW
rmbenun. PesynbTatbl. Pesynsrartbl nokasanu HemMmeaieHHOE NOBbILLEHVE 3HAYEHU BHEKINIETOYHOro pH, 3aBu-
cslLee OT KOHLEeHTpaumm ruapokapboHaTta HaTpus, C MOCNEeAyLLMM MX NOHWKEHNEM Yepes 24 4 BcneacTeue
meTabonuyeckon agantaumm. Obe NMHUKM KNETOK AEMOHCTPUPOBanu A0303aBUCUMYIO0 LIMTOTOKCUYHOCTL C
KOHUEeHTpauuen noryMakcrMmManbsHoro nHrmbrposaxmns npumepHo 80-90 MM, npu aTom ypoBeHb anonTosa,
onpeaenéHHbIN ¢ MOMOLLIbIO okpaLlumBaHust Annexin V/PI, 6bin MuHUManeH, Y4To ykasbiBaeT Ha ansTepHaTUBHbIE
MeXaH13Mbl KneToyHon rmbenu. M’mapokapboHaT HaTPWS 3HAYUTENBHO HapyLLan MUrpauuio KNeTok B Tectax
MO BOCCTaAHOBMEHMIO MOHOCHOS M BbI3biBan Aenonapu3aumio MUTOXOHOPWI, NOATBEPXKAEHHYIO CHVXXEHEM
dnyopecueHummn 3oHga Mito Red. MeTabonuyeckuii aHanms BbISIBUI NOBbILLEHHOE NOTpebneHne rmoko3bl 1
rmyTammuHa Ha hoHe yBennyeHHoro obpa3oBaHus nakrara, YTo CBUAETENbCTBYET O MeTabonmyeckom nepe-
nporpaMMupoOBaHnM B OTBET Ha CTPECC oLlenaynBaHms. HecmMoTpst Ha yBenuyeHne HakonneHns M3ocoM,
onpefeneHHoe ¢ NoMoLLbLo 3oHAa Lyso Green, knaccuyeckme mapkepbl aytodarnm (LC3B v p62) He nokazanu
3HAYYMbIX U3MEHEHWI, CBMOETENbCTBYS O TOM, YTO TpPaAULMOHHBLIE NyTW ayTodarMm He UrpatT BeayLuen
pornu. 3akntoyeHue. MNMonyyeHHble JaHHbIE YKa3blBakOT Ha TO, YTO OLLenayvMBaHune rmgpokapboHaTom HaTpus
WHAYLMPYET rmbernb OnyxoneBbiX KNeToK MOCPEACTBOM MEXaHU3MOB, BbIXOASLLMX 3a paMKy KIacCu4eckoro
anonTtosa v aytodarny, BO3MOXHO BKIO4as TM30COM-3aBMCUMYHO CMePTb UNn ankanunTtos. iccnegosaxue
[aeT mexaHucTuyeckoe obocHoBaHWe noTeHumana ruapokapboHata HaTpus B KayecTBe MOTeHUManbHON
agbloOBaHTHOW Tepanuu, HanpaBrieHHOW Ha KUCINOTHOCTb MUKPOOKPY>XEHMS OMyXOomnu, C NepcrnekTMBON no-
BblLLEHMSA 3PDEKTUBHOCTU TPAANLMOHHBIX METOAOB NeYeHnss paka yYepe3 mogynauuio pH. Ong nonHoro
NOHVMMaHUA 3a4eNCTBOBaAHHbIX MyTEN KNETOYHOM rmbenu Heobxoanmbl AanbHENLLME UCCNeN0BaHUS.

KnioueBble croBa: ruapokap6oHaT HaTpusi, onyxoneBble KNeTku, Aenonspu3aumus MUTOXOHAPWA,
MUrpaumsi, MM30coMarnbHOe HaKonseHue, rmbesnb KNeTok.

Introduction

Among the various biochemical characteristics
of the tumor microenvironment (TME), acidity has
emerged as a fundamental hallmark of cancer that
significantly influences tumor biology and treatment
outcomes [1, 2]. Tumor cells exhibit the inverted pH
gradient phenomenon, where the extracellular space
becomes acidic (pHe ~6.4-7.1) while maintaining a
relatively alkaline intracellular pH (pHi ~7.1-7.8), in
contrast to normal tissues [3, 4]. The acidic TME arises
primarily due to metabolic reprogramming, notably
the Warburg effect, whereby cancer cells preferentially
utilize glycolysis leading to excess lactic acid and pro-
ton accumulation despite adequate oxygen supply [1,
5]. The acidic TME promotes tumor cell proliferation,
invasion, immune evasion, and resistance to chemo-
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therapy and radiotherapy, thus posing a significant
challenge in cancer treatment [1-3, 6].

Targeting tumor acidity through alkalization
therapy has emerged as a promising complementary
strategy to conventional cancer therapies. Buffering
extracellular acidity can restore pH homeostasis and
impair tumor progression by modulating cancer cell
metabolism and improving the efficacy of chemothera-
peutic agents, especially weakly basic drugs whose in-
tracellular uptake is hindered by ion trapping in acidic
conditions [1, 7-11]. Sodium bicarbonate (NaHCO,),
a clinically established and cost-effective buffering
agent, has demonstrated potential in preclinical models
and clinical settings to elevate tumor extracellular pH
(pHe), reduce metastasis, enhance tumor sensitivity to
therapy, and improve survival outcomes [7-9, 12-24].
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For instance, intraperitoneal perfusion with sodium
bicarbonate significantly prolonged survival in murine
Ehrlich ascites carcinoma models and showed promis-
ing clinical outcomes in malignant ascites associated
with ovarian cancer resistant to chemotherapy [7]. Also
the clinical study ChiCTR-IOR-14005319 found that
adding local 5 % sodium bicarbonate to transarterial
chemoembolization (TACE) in large-focal hepatocel-
lular carcinoma increased the objective response rate
to 100 %, compared to 44.4 % in a nonrandomized
and 63.6 % in a randomized conventional TACE co-
hort [13]. In the recently published real-world study
(ChiCTR-ONC-17013416) involving 413 patients with
hepatocellular carcinoma (9.7 % early-stage, 7.0 %
intermediate-stage, and 83.3 % advanced-stage),
bicarbonate-integrated TACE achieved an objective re-
sponse rate 0f 99.01 %, including complete responses
in 72.77 % of cases [25].

The mechanisms underlying the antitumor ef-
fects of sodium bicarbonate appear multifaceted. It is
hypothesized that beyond neutralizing extracellular
acidity, sodium bicarbonate affects intracellular pH
dynamics, interferes with lactate-proton cotransport
via monocarboxylate transporters, and potentially
induces a novel form of cell death known as “alkalip-
tosis” [1, 7]. Additionally, by reversing the inhibitory
effects of lactic acid on T-cells, sodium bicarbonate can
potentially re-energize metabolically impaired immune
cells within the TME [26]. Moreover, despite promis-
ing preclinical and clinical findings, the direct effects
of sodium bicarbonate on specific cancer cell lines
in vitro have not yet been fully elucidated. A recent
study demonstrates that sodium bicarbonate induces
cytotoxicity in ovarian cancer cells and inhibits their
migration and invasion in vitro. When combined with
Olaparib, sodium bicarbonate significantly potentiates
the anticancer effects [27]. Another study demonstrated
that sodium bicarbonate-induced alkalinization dis-
rupted mitochondrial function and elevated adenosine
monophosphate (AMP) levels, initially triggering
autophagy but ultimately inhibiting it under alkaline
conditions, thus promoting cell death [28].

In this study, we examined the effects of sodium
bicarbonate on mouse colon adenocarcinoma CT26
cells and human melanoma cells cultured in vitro to
assess its impact on critical cancer cell behaviors. Spe-
cifically, we aimed to characterize how extracellular
alkalization influenced cell viability, proliferation,
apoptosis, glucose and migration, thereby elucidat-
ing potential mechanisms through which tumor
alkalization may exert anti-cancer effects. The find-
ings are intended to inform the development of novel
pharmacological approaches targeting tumor acidity
within the tumor microenvironment to enhance cancer
treatment efficacy.

Material and Methods

Reagents and Cell Culture

Mouse adenocarcinoma CT26 cells (ATCC Num-
ber: CRL-2638) and a primary adhesive melanoma cell
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line derived from a patient tumor (own collection) were
used in this study. Both cell lines were maintained in
a humidified incubator at 37 °C with 5 % CO,. CT26
cells were cultured in RPMI-1640 medium (PanEco,
Russia or Servicebio, China), while melanoma cells
were cultured in DMEM/F12 medium (PanEco,
Russia). Both media were supplemented with 10 %
fetal bovine serum (FBS) and 50 pg/mL gentamicin
(PanEco, Russia). To adjust the pH and alkalize the
culture medium, a 4 % sodium bicarbonate (NaHCO,)
solution (Sigma-Aldrich, Germany) was added to the
complete medium to achieve the desired sodium bicar-
bonate concentration, taking into account the baseline
bicarbonate content present in RPMI-1640 (0.024 M)
and DMEM/F12 (0.028 M).

Culture Medium pH Measurements

The pH of the culture medium was determined in-
directly by analyzing changes in the spectral properties
of phenol red, the pH indicator present in the medium.
Phenol red exhibits distinct absorption maxima at
wavelengths of 435 nm, 450 nm, and 560 nm, which
vary depending on the pH. The absorption ratios at
these wavelengths were used to generate a calibration
curve for titration and to calculate the precise pH of the
culture medium. For calibration, the pH of the medium
was directly measured using an AB33PH-F pH meter
equipped with an ST310 electrode (Ohaus, USA) or an
FP20-TRIS pH meter fitted with an LE420 electrode
(Mettler Toledo, Switzerland). Optical density read-
ings were obtained using either an EnSpire Multilabel
Plate Reader (PerkinElmer, USA) or a NanoPhotom-
eter NP80 spectrophotometer (Implen, Germany).

Cytotoxicity Assay

To assess cell viability, cells were seeded at a
density of 1 x 10° cells per well in 24-well plates
(SPL, Korea) two days prior to the start of the ex-
periment. At the start of the experiment, the culture
medium in each well was completely replaced with
fresh medium containing varying concentrations of
sodium bicarbonate. Cell viability and death pathways
were analyzed by flow cytometry using a Longcyte
cytometer (Challenbio, China). Total cell concentra-
tion was determined by dividing the total number of
recorded events by the sample volume. The number
of viable cells was calculated by multiplying the total
cell concentration by the percentage of cells negative
for PI and annexin V-FITC staining. Apoptosis and
necrosis were evaluated using the Annexin V-FITC/PI
apoptosis detection kit (Servicebio, China) following
the manufacturer’s protocol. Flow cytometry results
were analyzed using FlowJo X 10.0.7r2 software (BD
Biosciences, USA).

Wound Healing Assay

The wound healing assay was performed to evalu-
ate the migratory capacity of cells and their ability to
repair a scratched monolayer. Cells were seeded in 24-
well plates and cultured until reaching full confluence
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(100 %). A uniform linear scratch (“wound”) was then
created in the center of each well’s monolayer using
a sterile 100-pL pipette tip. To remove detached cells
and debris resulting from the scratch, wells were gently
washed twice with phosphate-buffered saline (PBS).
Fresh culture medium containing the specified sodium
bicarbonate concentrations was added to experimen-
tal wells, while control wells received medium with
baseline bicarbonate levels corresponding to RPMI-
1640 (0.024 M) or DMEM/F12 (0.028 M). Images
of the wound area were captured immediately after
scratching (0 h) and at subsequent time points up to
48 h using the JuLI Stage automated live-cell imaging
system (NanoEntek, South Korea). Cell migration was
quantified by measuring the wound area at each time
point using ImagelJ software. Results were expressed as
the percentage of wound closure relative to the initial
wound area at O h.

Metabolite Consumption

and Production Measurements

To quantify glucose, glutamine, and lactate con-
centrations in the culture medium, cells were seeded
at a density of 1x10° cells per well in 24-well plates
and cultured for 48 hours. Prior to the experiment, the
culture medium was completely replaced with fresh
medium containing the specified sodium bicarbon-
ate concentrations. Metabolite concentrations in the
medium were measured using an M-1000 Bioprocess
Biochemistry Analyzer (Siemanbio, China) after 24
hours of incubation. Consumption or production rates
of metabolites were calculated per 10° viable cells by
determining the difference in metabolite concentration
between two time points normalized to the average
number of live cells during that interval. Viable cell
counts were obtained using a Luna-II automated cell
counter (Logos Biosystems, South Korea).

Autophagy flow cytometry studies

For flow cytometric analysis of autophagy, cells
were seeded in 24-well plates at a density of 3x10*
to 5x10* cells per well, 48 hours prior to the experi-
ment, and maintained under the previously described
culture conditions. On the day of the experiment, the
culture medium was completely replaced with fresh
medium containing the designated concentrations of
sodium bicarbonate. Cells were then incubated for 24
hours. Autophagy activity was assessed by intracellular
staining of the autophagy-related proteins LC3B and
SQSTM1/p62. Cells were fixed, permeabilized, and
incubated with primary antibodies targeting LC3B
(AF4650, Affinity Bioscience, China) and SQSTM1/
p62 (AF5384, Affinity Bioscience, China), followed by
incubation with corresponding fluorophore-conjugated
secondary antibodies (FNSA-0031, Fine Biotech Co.,
Ltd., China) according to the manufacturers’ protocols.
Flow cytometry data acquisition was performed, and
subsequent analysis was carried out using FlowJo
software version X 10.0.7r2 (BD Biosciences, USA).
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Autophagy markers were quantified based on fluores-
cence intensity profiles to evaluate autophagic activity
under different experimental conditions.

Mitochondrial Polarization

and Lysosome Studies

Fluorescence microscopy was employed to assess
changes in mitochondrial membrane potential and
lysosomal fluorescence intensity in response to me-
dium alkalization in cell lines. Cells were seeded in
24-well plates at a density of 5x10* cells per well and
cultured for 48 hours under standard conditions. Prior
to the experiment, the culture medium was completely
replaced with freshly prepared medium containing the
designated sodium bicarbonate concentrations, and the
cells were incubated for 4 hours to allow equilibra-
tion. Subsequently, cells were stained with fluorescent
probes according to the respective manufacturers’
protocols: Lyso Green (Lumiprobe, Russia) for
lysosomal labeling, Mito Red CMXRos (Lumiprobe,
Russia) for assessing mitochondrial membrane po-
tential, and Hoechst 33342 (Lumiprobe, Russia) for
nuclear staining as a reference. As a positive control
for mitochondrial membrane depolarization, cells
were treated with carbonyl cyanide m-chlorophenyl
hydrazone (CCCP) (Elabscience, USA) following
the manufacturer’s instructions. CCCP disrupts mito-
chondrial membrane potential, serving to validate the
sensitivity and specificity of the mitochondrial assay.
Fluorescence imaging was performed using the JuLI
Stage automated live-cell imaging system (NanoEntek,
South Korea). Quantitative analysis of fluorescence
intensity from mitochondrial and lysosomal dyes was
conducted using ImageJ software, with signal normal-
ization applied as necessary to facilitate comparison
across conditions.

Statistical Analysis

All experiments were conducted with a minimum
of three independent biological replicates to ensure
reproducibility and reliability of the results. Each
measurement within the experiments was performed
in triplicate or more to account for technical vari-
ability. Statistical analyses were performed using a
combination of software tools, including Excel2016
(Microsoft Corporation, USA) and OriginLab2019b
(OriginLab Corporation, USA), as well as other
specialized software packages referenced earlier in
the Methods section. Quantitative data are presented
as mean + standard deviation (SD) unless otherwise
specified. Group comparisons were performed using
statistical tests selected based on data distribution and
experimental design. Normality was assessed with the
Shapiro—Wilk test. Parametric tests, such as the Stu-
dent’s t-test, were applied to normally distributed data,
while the nonparametric Mann—Whitney U test was
used for non-normally distributed data. A p-value<0.01
was considered statistically significant.
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Results tributes substantially to the acidification of the medium

Our experimental results demonstrated a clear, observed at 24 hours, effectively counteracting the
concentration-dependent alkalization of the culture initial bicarbonate-induced alkalinization.
medium following sodium bicarbonate treatment. In accordance with these metabolic alterations, in-
Specifically, we observed a progressive increase in  creased concentrations of sodium bicarbonate induced
extracellular pH correlating with rising sodium bicar-  dose-dependent cytotoxic and/or antiproliferative ef-
bonate concentrations, measured immediately after  fects in both CT26 and human melanoma cell lines. It
treatment (Figure 1 A, B). However, after 24 hours,  should be noted that the addition of sodium chloride to
the pH of the culture medium decreased slightly more  the culture medium to achieve an equivalent increase
pronouncedly than in control samples of cells cultured  in theoretical osmolarity as those induced by sodium
in unmodified medium. This pH reduction is attributed ~ bicarbonate — but without altering pH — did not result
to dynamic shifts in cellular metabolic activity inre-  in any significant cytotoxic effect (data not shown).
sponse to alkalization-induced stress. The half-maximal sodium bicarbonate inhibitory

Under elevated pH conditions, both CT26 and  concentration (IC50) was estimated at approximately
human melanoma cells exhibited altered metabolic =~ 80-90 mM for both cell types, indicating a compa-
profiles characterized by increased consumption ofkey  rable sensitivity to alkalization stress (Figure 2 A, B).
nutrients, including glucose and glutamine, alongside ~ Notably, flow cytometric analysis of apoptotic mark-
enhanced lactate production (Figure 1 C, D). These  ers revealed that the proportion of cells positive for
metabolic changes likely reflect an adaptive cellular ~ Annexin V alone or in combination with propidium
response aimed at maintaining energy production and  iodide (Annexin V/PI) remained minimal at both early
redox homeostasis in the response to the elevated  (4-hour) and later (24-hour) timepoints (Figure 2 C,
extracellular pH. The increased lactate secretion con- D). These findings suggest that the cytotoxic response
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Fig. 1. Effects of sodium bicarbonate treatment on culture medium pH and cellular metabolism in CT26 and melanoma cells. Changes
in culture medium pH for CT26 (A) and melanoma cells (B) measured immediately (0 h) and after 24 hours of incubation with varying
concentrations of sodium bicarbonate. Quantification of glucose and glutamine uptake, as well as lactate secretion (umol/106 cells), in
CT26 (C) and melanoma cells (D) following 24-hour exposure to different sodium bicarbonate concentrations.

Notes: data are presented as mean + standard deviation; * — p<0.01 versus corresponding control group; created by the authors
Puc. 1. Bnuanne rugpokapboHata Hatpus Ha pH KynbTypanbHOWN cpeabl U KNETOYHbIN MeTabonmam B knetkax CT26 1 menaHombl.
MameHeHns pH kyneTypanbHow cpefbl Ans knetok CT26 (A) n menaHomsl (B), nameperHsbie cpasy (0 4) n nocne 24 4 nHky6auum ¢
pas3nu4YHbIMK KOHUEHTpaunamu rugpokapboHata Hatpus (C, D). KonnyectBeHHas oueHka noTpebrneHunst rmioko3bl U ryTamuHa, a Takke
cekpeumn nakrata (Mkmonb/10° kneTok) B kneTkax CT26 (C) n menaHomsl (D) nocne 24-4acoBoro BO3AeWCTBUS Pa3nmnyHbIX KOHLEHTpa-
uun rmgpokapboHata Hatpus. [prMeyanns: AaHHble NpeAcTaBreHbl Kak cpedHee 3HaYeHne + cTangapTHOe OTKIOHEHWe; * — pasnuyms
3Ha4YMMbl MO CPABHEHMIO C COOTBETCTBYHOLLEN KOHTPObHOW rpynnow (p<0,01); prcyHOK BbINOMHEH aBTOpammu
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is primarily driven by mechanisms other than classi-
cal apoptosis, such as proliferation arrest or necrosis,
under sustained alkalized conditions.

Wound healing assays demonstrated that increasing
sodium bicarbonate concentrations in the culture me-
dium caused a pronounced and statistically significant
reduction in the migratory capacity of both CT26 and
human melanoma cells (Figure 3 A, B). Quantitative

image analysis revealed a clear dose-dependent inhibi-
tion of wound closure throughout the assay, indicating
that alkalization substantially impairs cellular motility
mechanisms critical for migration and tissue repair.
Considering the concurrent metabolic changes and
reduced viability under alkaline conditions, we hypoth-
esized that disturbances in cellular energy homeostasis
may underlie these migratory defects.

>

Cell viability (% of control at 24 h) /
BbDKkMBaeMocThb KNeToK (% OT KOHTpOorns Ha 24 4)

250
2254 ). { CT26 cells / Knetkn CT26
~m-24h/24y4

48h /484

200 4
175 i
150 -
125 -
1m-¥

751 i"“~{\n
501 '
25

| e S
0 T T T T T T ! 1
0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
C(NaHCO,), M

- Human melanoma cells /

= & 200 - KneTku MenaHoMmbl yenoseka

S 8175 ~m-24h/24y

3 & 150 { e 48h/48y

£ 5125 ¢

Q =

5 %100 { {

§|— 75 {

£3 0 e

45 3

£8 ) BN

B 8y B
§ 0,02 0,04 0,06 0,08 0,0 0,12 0,14 0,16
o

C(NaHCO;), M

C(NaHCO;), M

o
4h/‘; e 24hlqz
4y s f 24y
0.024 0.095 0.028 0.071 0.095
C(NaHCO,), M C(NaHCO;), M
g S10,  EENoh/oy EE4h/4y EN24h/244 g>zo- Eon/oy El4n/4y [NI24h/244
s c 15
§ § 5- %i 10
§ £ S E 54
o & 0 s - Q < 04
2§ 15 IE20,
> 154
§ E 101 §§ 10
g8 51 - g2 5]
O % oA 2 & 0
:; 1.0 4 T 30
g v 5201
__E 20.5 =8 104
0.0 T o
£ 0028 006 0071 0095 0119
% 0.024 0048 0071 0.095 0.119 5 C(NaHCO.), M
(2]

Fig. 2. Effects of sodium bicarbonate on cell viability and apoptosis in CT26 and melanoma cells. Cell viability of CT26 (A) and mela-
noma cells (B) following treatment with varying concentrations of sodium bicarbonate, assessed by flow cytometry (Control group- cell in
unmodified medium at 24 h). Flow cytometric analysis of apoptotic markers in CT26 (C) and melanoma cells (D) using Annexin V stain-

ing alone and in combination with propidium iodide (Annexin V/PI) (Control group — cells in unmodified medium at 0 h).

Notes: data are presented as mean * standard deviation; * — p<0.01 versus corresponding control group; created by the authors
Puc. 2. BnusiHme rugpokapboHaTta HaTpusi Ha Xu3HecnocobHOCTb KNeTok 1 anonTto3 B knetkax CT26 n menaHombl. 2KuaHecrnocobHoCTb
knetok CT26 (A) n menaHombl (B) nocne 06paboTku pasnmyHbIMU KOHLIEHTPaLUsaMu ruapokapboHaTa HaTpusi, OLleHEHHasi METOAOM
NpPOTOYHOM LmTOMeTpuK (KOHTpOnbHas rpynna — KneTku B HemoaMuLmMpoBaHHOW cpefe Yepes 24 4). AHanus mapkepoB anonTosa
MeTOAOM MPOTOYHON LuToMeTpum B knetkax CT26 (C) n menaHomel (D) ¢ ncnonb3oBaHnem okpalumMBaHUs aHHeKCMHOM V
B OTAENbHOCTU U B KOMOMHAaLUK ¢ noguaom nponuauns (aHHekeuH V/PI) (KOHTpornbHas rpynna — KneTku B HeMoAUdMLIMPOBaHHON cpeae
Ha 0 u). MpuMevaHns: faHHbIe NPeAcTaBneHbl Kak CpeaHee 3HavYeHne + CTaHgapTHOE OTKIMOHEHWE; * — pasnMyuns 3Hauvmel
Mo CPaBHEHUIO C COOTBETCTBYOLLIEN KOHTpOrbHOM rpynnon (p<0,01); pucyHOK BbINOMHEH aBTOpamMm

CUBUPCKIY OHKONOTMYECKW XXYPHAT. 2026; 25(1): 62-73

67



LABORATORY AND EXPERIMENTAL STUDIES

CT26 cells / knetkn CT26

A
°
=1

20h . 40 h =% i
’ £5 C(NaHCO,) {Hﬁl
v § 80 = 0,024M ﬂ;liﬂ :| *
3 -+ 006M i1 B
8z 4 0071M i;lii avinnt 3
2 2604  ooosm T
€8 gt
L] x nl!
§ g 40 - e 4t
i o
() Iﬁ,-t
-? E LD evrererrTY
o gt
1 I
4 : [ 10 20 30 40
Human melanoma cells / Knetku menaHoMbl Yenoseka 100 ez v/ Bpewnia
Oh 20h 40 h 5. g C(NaHCO,)
ENEE BT 2 T =0,028M 3
g 2804 - 006M pi 17
38 L 0071M i Bt
s g & v 0,095 M II I.."';Illl! 3
2 e I.I..f*lgxil
3z §hiesd
§ 2 40 Pt
5 8 £
> 9 i
oz ¥
S £ 20 wllli T e —1
25 g Y PTTTTY
E° 8 ..,..i;:;‘;g;v,,.v'vvvv 1
o o it . i
0 10 20 30 40
Time, h/ Bpems 4
C CT26 cells / Knetku CT26
0.024 M 0.095 M = &
g —
2 s 100 .
o
B
£ ¢ 580
} § 60 7.
. _H -
§ 2240 /
cccp «i : %
g % 20+ %
2 0 2
- > © N )
gu c,(;(jz SRS 0.6\ &
E: C(NaHCO;), M
D Human melanoma cells / Knetku menaHome! Yenoseka
—
100 4 T
U

g
\

7

W
A\

8
N

S -
-

Fig. 3. Wound healing and mitochondrial polarization assays in CT26 and melanoma cells treated with sodium bicarbonate. Wound
healing assays showing the migratory capacity of CT26 (A) and melanoma cells (B) after 48 hours incubation with sodium bicarbonate
at concentrations ranging from 0.024 to 0.119 M. Fluorescence intensity of MitoRed CMXRos staining in CT26 (C) and melanoma cells

(D) following 4-hour exposure to sodium bicarbonate (0.024 to 0.095 M). Mitochondria are shown in red and cell nuclei stained with
Hoechst 33342 are shown in blue. Carbonyl cyanide m-chlorophenyl hydrazone (CCCP) served as a positive control for mitochondrial
membrane depolarization. Notes: scale bar = 50 uym; data are presented as mean + standard deviation; * — p<0.01 versus correspond-

ing control group; created by the authors

Pwuc. 3. AHanua BocCTaHOBMNEHNSI MOHOCIOS U NONsSApU3aLmMmn MUToxoHapui B knetkax CT26 n menaHoMbl, 06paboTaHHbIX ruapokapbo-
HaToM HaTpus. PedynbTaThl aHanuaa BOCCTAHOBIEHMS MOHOCIOS, AEMOHCTPUPYOLLME MUTPALIMOHHYIO CMOCOBHOCTL knetok CT26 (A)

1 menaHombl (B) nocne 48-vyacoBoi nHKybauum ¢ ruapokapboHaToM HaTpms B KoHUeHTpauusx ot 0,024 oo 0,119 M. NHTeHCcnBHOCTL

dnyopecueHuun okpawumaHmsa MitoRed CMXRos B knetkax CT26 (C) n menaHombl (D) nocne 4-4acoBoro Bo3gencTBms rmapokap-

6oHaTta HaTtpus (0,024-0,095 M). MUTOXOHAPUM NOKa3aHbl KPACHbIM LIBETOM, siApa KNeTok, okpalleHHble Hoechst 33342, — cuHum.
Kap6oHunnumnanug m-xnopdgenunnrugpasoH (CCCP) ncnonb3oBancs B Ka4eCTBE NOMOXUTENBHOIO KOHTPONSA Aenonspu3aumm MATOXOH-
apvansHon MembpaHsbl. [Mpumedanus: maclwitabHas nuHenka = 50 MKM; AaHHblEe NPeACTaBeHbl Kak CpeaHee 3HaYeHne + ctaHgapTHoe

OTKIMOHEHUE; * — pas3nMums 3Ha4nMbl MO CPABHEHUIO C COOTBETCTBYIOLLEN KOHTPOnbHoW rpynnou (p<0,01);
PVICYHOK BbIMOMHEH aBTopamu
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To investigate this, we assessed mitochondrial
membrane potential —a key indicator of mitochondrial
health and cellular energetic status — using Mito Red
staining combined with fluorescence microscopy.
Per-cell fluorescence intensity was measured across
multiple fields of view, providing single-cell resolution
of mitochondrial polarization. This analysis revealed a
robust, concentration-dependent decrease in Mito Red
fluorescence intensity in both cell lines after sodium bi-
carbonate treatment (Figure 3 C, D), indicative of mito-
chondrial depolarization. This depolarization suggests
compromised mitochondrial membrane integrity and
potential dysfunction in the electron transport chain,
likely resulting in impaired ATP synthesis. Impaired
energy production may adversely affect cytoskeletal
organization and signaling pathways necessary for cell
motility, thereby explaining the diminished migration
observed in the wound healing assays under alkalized
conditions.

Building on these findings and in accordance with
previous reports indicating that extracellular alkaliza-
tion can disrupt mitochondrial function and induce
autophagic responses [28], we further explored au-
tophagic activity in treated cells. Using fluorescence
microscopy with the lysosome-specific dye Lyso
Green, we detected a marked, concentration-depen-
dent increase in lysosomal accumulation within both
CT26 and human melanoma cells exposed to sodium
bicarbonate (Figure 4 A, B). The enhanced Lyso
Green fluorescence likely reflects increased lysosome
biogenesis or accumulation, phenomena commonly
associated with autophagy activation or lysosomal
stress responses.

Contrary to expectations, however, flow cytometric
analysis of canonical autophagy markers LC3B and
SQSTM1/p62 showed no significant alteration in their
expression levels following sodium bicarbonate treat-
ment (Figure 4 C, D). LC3B is a critical component
of autophagosome membranes, while p62 serves as a
selective autophagy receptor typically degraded during
autophagic flux. The unchanged levels of these pro-
teins suggest that canonical autophagy induction and
progression may not be occurring despite the increased
lysosomal content. This discrepancy may indicate a
complex regulatory response to alkalization wherein
lysosomal biogenesis and autophagy marker expres-
sion are uncoupled, or autophagy might be impaired
or stalled at certain stages.

Alternatively, the observed lysosomal changes
could reflect activation of other cellular stress response
mechanisms distinct from classical autophagy, such as
lysosomal stabilization, altered endocytic trafficking,
or non-canonical autophagy pathways. Collectively,
these results demonstrate that sodium bicarbonate-
induced extracellular alkalization triggers significant
lysosomal remodeling but does not unequivocally
activate canonical autophagy in CT26 and human
melanoma cells.

CUBUPCKIY OHKONOTMYECKW XXYPHAT. 2026; 25(1): 62-73

Discussion

Our experimental results demonstrated a logical
concentration-dependent increase in extracellular pH
following sodium bicarbonate supplementation in
the culture medium of CT26 and human melanoma
cells (Figure 1 A, B). This alkalization was associated
with a significant reduction in cell viability and/or
proliferative capacity, as reflected by lower total live
cell counts compared to untreated controls (Figure
2 A, B). Notably, cells remaining after exposure to
elevated sodium bicarbonate concentrations exhibited
only weak annexin V and PI staining, suggesting that
classical apoptotic and necrotic pathways do not fully
explain the observed cytotoxic effects (Figure 2 C, D).
This suggests alternative cell death mechanisms that
merit further investigation.

Sodium bicarbonate cytotoxicity findings are
consistent with previously reported studies in other
cancer models, including liver cancer-derived SK-
HEP-1 [28] and ovarian cancer-derived A2780 and
SKOV3 [27] cell lines, where increasing sodium
bicarbonate concentrations similarly reduced cell
viability. The reproducibility of these effects across
diverse tumor types underscores the role of pH
modulation — both extracellularly and intracellularly —
in disrupting critical cellular processes such as me-
tabolism, ionic homeostasis, and enzyme function,
thereby undermining tumor cell survival. However,
we must note that not only pH changes, but also the
concomitant alterations in bicarbonate ion concentra-
tion and increased osmolarity may contribute to the
effects of sodium bicarbonate, warranting further
investigation.

In addition to cytotoxicity, elevated sodium bi-
carbonate impaired cellular migratory capacity, as
evidenced by wound healing assays (Figure 3 A, B).
This observation aligns with in vivo studies report-
ing anti-invasive and antimetastatic effects of oral
sodium bicarbonate administration [22, 23]. Tumor
microenvironment alkalization likely interferes with
the activity of proteases involved in invasion, including
cathepsins and matrix metalloproteinases, by altering
their optimal physicochemical milieu [23]. Our prior
studies using isolated perfusion models of malignant
ascites and limb tumors further support these findings,
with sodium bicarbonate treatment correlating with
prolonged survival [7, 29].

Moreover, our metabolic profiling demonstrated
increased uptake of glucose and glutamine, coupled
with heightened lactate production (Figure 1 C, D).
This metabolic shift likely reflects an adaptive re-
sponse to mitochondrial impairment (Figure 3 C, D),
whereby enhanced glycolytic flux supports cellular
energy demand and contributes to intracellular pH
regulation through lactic acid generation. Conversely,
the enhanced uptake of glucose and other energetic
substrates in the presence of sodium bicarbonate
mitigates lactate-induced acidosis by promoting the
formation of lactate salts — predominantly lactic acid
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Fig. 4. Effects of sodium bicarbonate on lysosomal fluorescence and autophagy markers in CT26 and melanoma cells. Changes in
LysoGreen fluorescence intensity in CT26 (A) and melanoma cells (B) exposed to increasing concentrations of sodium bicarbonate
(0.024-0.119 M). Flow cytometric analysis of autophagy-related proteins LC3B and SQSTM1/p62 in CT26 (C) and melanoma cells (D)
following treatment with sodium bicarbonate (0.024-0.095 M). Notes: scale bar = 50 ym; data are presented as mean + standard devia-
tion; * — p<0.01 versus corresponding control group; created by the authors
Puc. 4. BnuaHve rugpokapboHata HaTpus Ha NM30coMarnbHyo driyopecLeHLmio 1 Mapkepbl aytodarnm B knetkax CT26 n menaHoMbI.
M3meHeHnst nHteHcmBHocTH donyopecueHumn LysoGreen B knetkax CT26 (A) n menaHombl (B) npy Bo3genCTBMM BO3paCTatoLLMX KOH-
ueHTpauun rmgpokapboHata Hatpust (0,024-0,119 M). MpoToyHas untomeTpusa mapkepoB aytodarum LC3B n SQSTM1/p62 B kneTkax
CT26 (C) n menaHombl (D) nocne obpaboTtku rugpokapboHatom HaTpus (0,024—-0,095 M).

MpumeyaHus: maclutabHasi nuHelika = 50 MKM; AaHHble NpeACcTaBneHbl kKak cpegHee 3HadeHue + cTaHAapTHOE OTKITOHEHUE;

* — pa3nuuns 3Ha4YMMbl MO CPABHEHUIO C COOTBETCTBYIOLLEN KOHTPOrbHOW rpynnoi (p<0,01); pucyHOK BbINOMHEH aBTopamu
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conjugated with cations such as sodium and potassium,
rather than free lactic acid [30]. This biochemical shift
results in a decreased proton concentration, which
subsequently impairs lactate export through mono-
carboxylate transporters by disrupting the symport
of lactate and protons. Consequently, the coordinated
transport mechanism is compromised, potentially
leading to a depletion of available energy substrates
within the cell.

At the cellular level, sodium bicarbonate-induced
intracellular alkalinization has been shown to impair
mitochondrial function by diminishing the pH gradient,
membrane potential, and proton motive force across
the inner mitochondrial membrane, as described in
SK-HEP-1 cells [28]. This mitochondrial dysfunction
compromises oxidative phosphorylation (OXPHOS),
elevates AMP levels, and initially activates autophagy
via AMP-activated protein kinase signaling. However,
sustained alkalinity impedes autophagic flux by inhib-
iting lysosomal acidification and proton pump activity
[28]. These observations are consistent with the results
of our study, which revealed a concentration-dependent
increase in lysosomal marker signal intensity — indica-
tive of lysosomal activation or accumulation (Figure
4 A, B) — concomitant with decreased mitochondrial
membrane potential as shown by reduced Mito Red
fluorescence (Figure 3 C, D).

Interestingly, canonical autophagy markers, includ-
ing LC3b, were not significantly altered under these
conditions (Figure 4 C, D), indicating that classical
autophagy is unlikely to be the predominant cell
death pathway. Instead, the data suggest involvement
of lysosome-mediated cell death [31], a regulated
mechanism characterized by lysosomal membrane
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