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ABSTRACT

Genetically encoded pH-sensors are the promising instrument for intracellular pH (pHi) registra-
tion. In tumor tissue the reversed pH gradient is known to be the important hallmark of cancer
and regulator of tumor response on chemotherapy. However the effect of chemotherapeutic
drugs on the pHi of tumor cells is largely unknown.Here we using genetically encoded ratiometric
pH-sensor SypHer2 were able to monitor pHi in vitro in cell monolayer and tumor spheroids and
in vivo in tumor xenografts. In tumor cell monolayer different pHi dynamic was revealed in the
dying cell and division-arrested surviving cells. The treatment effect of taxol varied in monolayer
and tumor spheroids and pHi changes were able to reflect these difference. The tend to pHi
decrease in respect to taxol in vivo matched with results obtained for the cell monolayer. Also in
both cases the cell cycle-arrest was the main treatment effect in contrast to tumor spheroid,
where the cell death was the primary result.These findings elucidate the significance of pHi in the
mechanisms of taxol action on cervical cancer cells and will be valuable for development of new
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approaches for cancer treatment.

Introduction

Taxol (generic name paclitaxel) is a member of the
taxane family of anticancer drugs that is widely
used for the treatment of ovarian, breast, and lung
cancer, as well as for Kaposi’s sarcoma and, off-
label, to treat gastroesophageal, endometrial, cervi-
cal, prostate, and head and neck cancers, in addi-
tion to sarcomas, lymphomas, and leukemias [1,2].

The antimitotic activity of paclitaxel, causing
microtubule stabilization followed by cell cycle
arrest, is considered to be the main mechanism
of action [1,3]. However, several other mechan-
isms are also involved in its anticancer effects.
For example, it has been demonstrated that pacli-
taxel can kill cancer cells through Bcl-2 phosphor-
ylation [4,5], mitochondrial calcium efflux and
influx [6,7], and the modulation of miRNA expres-
sion profiles [8,9]. Furthermore, modulation of
immune responses via the regulation of chemo-
kines, cytokines, or immune cells has also been
documented as a result of paclitaxel treatment
[10,11].

It is known that pH can influence the “physio-
logical” behavior of cancer cells and affect the
cytotoxicity of anticancer drugs. Dysregulated pH
with increased cytosolic (pHi, "7.3-7.6 vs "7.2),
and decreased extracellular values (pHe, "6.8-7.0
vs “7.4) is a hallmark of cancer [12]. Numerous
studies suggest that modification of the pH in
a tumor, specifically lowering pHi, can improve
the efficacy of chemotherapy [13-15]. There are
several papers reporting that cytosol acidification,
achieved by suppressing the expression of ion
transporters or by using selective proton pump
inhibitors, re-sensitizes chemoresistant cancer cell
lines [16,17] (or xenografts [18,19] to chemother-
apeutic treatment.

At the same time, chemotherapeutic drugs,
themselves, can modify pHi in cancer cells. For
example, such intracellular acidification has been
demonstrated for vincristine sulfate on HeLa cells
and tumor xenografts, for cisplatin on HT29 cells
[20,21],, for the antiepileptic drug Topiramate that
has anti-cancer action and for the effects of the
new dichloroacetate-based drugs on glioblastomas
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[22,23]. However, definitive data demonstrating
the impact of Taxol on pHi are currently lacking.
There is only one report that it downregulates the
activity of the Na+/H+ exchanger NHEI1, a key
regulator of pHi in cancer cells, which is crucial
for the induction of apoptosis [24].

The aim of the present study was to investigate
pHi changes in cancer cell monolayers, 3D tumor
spheroids and tumor xenografts induced with
Taxol and to correlate this with their responsive-
ness to treatment. To monitor pHi in living can-
cer cells and tissues we used the genetically
encoded fluorescent ratiometric (dual-excitation)
sensor, SypHer2 [25]. Owing to their stable
expression in cells, pH-sensitive fluorescent pro-
teins enable both the quantitative spatial and
temporal imaging of pHi [26,27]. The applicabil-
ity of SypHer2 for mapping pHi in the physiolo-
gical range has been previously demonstrated in
neuronal cell cultures [25], monolayer and spher-
oid cultures of cancer cells and tumor xenografts
[28]. Our study represents the first time that the
pHi dynamics have been traced in individual cells
showing different responses following Taxol
treatment. The changes in pHi found in mono-
layer cells were also identified in spheroids and
mouse tumors in vivo. The therapeutic effects of
Taxol were confirmed using standard assays.

Materials and methods
pHi-sensor SypHer2

The study wused the fluorescent, genetically
encoded sensor SypHer2 that is based on the cir-
cularly permuted yellow fluorescent protein YFP
(cpYEP) [25]. It has a ratiometric (dual-excitation)
readout that makes the measurements indepen-
dent of sensor concentration and cytoplasmic
volume changes. SypHer2 has two excitation max-
ima - at 420 nm and 500 nm, and an emission
maximum at 516 nm. The ratio of fluorescence
intensities at the two wavelengths
increases with increasing pHi.

I500/1420

Cell culture

A HeLa Kyoto (human cervical carcinoma) cell
line, stably expressing the genetically encoded pHi-
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sensor SypHer2 (HeLa-SypHer2) was used in the
study [29]. The cells were maintained in DMEM
containing 100 ug/ml penicillin, 100 pug/ml strep-
tomycin sulfate and 10% fetal bovine serum (FBS)
at 37°C in a humidified atmosphere with 5% CO,
and 80% relative humidity, while being passaged
three times a week.

Tumor spheroids were generated from the HeLa
cells in 96-well ultra-low attachment round bot-
tom plates. The cells were seeded at
a concentration of 150 cells in 200 uL of complete
medium per well and incubated at 37°C, 5% CO2
and 80% relative humidity. The medium was
changed every three days. Tumor spheroid forma-
tion and growth were monitored using transmitted
light microscopy.

The fluorescence microscopy of the spheroids
was performed in glass-bottom dishes in DMEM
life medium without phenol red. For this purpose,
the spheroids were transferred onto the dishes and
incubated for 30-60 min for their attachment.

Proliferation and viability assays

To assess their proliferative activity, the cells were
seeded into 12-well plates at 1 x 10> cells in 1.5 mL
DMEM per well. After 24 hours, Taxol was added,
and the cells were incubated with the drug for 6,
24 or 48 hours. Then the culture medium from
each well was collected separately, the cells were
harvested with 0.25% trypsin in EDTA, added to
the medium collected from the wells (to avoid the
loss of any floating dead cells), and single-cell
suspensions were prepared. To access cell viability,
10 uL of the cell suspension were mixed with 10 pL
of trypan blue dye. The total number of cells in the
cell suspension and the number of dead cells (try-
pan blue stained) were calculated using a TC20
automated cell counter (Bio-Rad, USA).

The data are represented as the number of
viable cells, while the dead cells were expressed
as a percentage of the total number of cells.

For the assessment of cell viability in the tumor
spheroids standard double staining with calcein
and propidium iodide was performed according
to the manufacture’s protocol (double life/dead
kit, Sigma). For these experiments HeLa cells with-
out sensor SypHer2 were used. In experiments for
pHi monitoring, cell viability at the end point was
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assessed with propidium iodide only, as calcein
dye and sensor SypHer2 have the same excitation
wavelength.

Tumor xenografts

All animal protocols were approved by the Ethical
Committee of the Privolzhsky Research Medical
University (Russia). All methods were carried out
in accordance with relevant guidelines and regula-
tions. The experiments were performed on 16
female athymic nude mice of body weight 20-
22 g, purchased from the Lobachevsky State
University (Russia). The HeLa-SypHer2 cells
(2 x 10° in 200 uL PBS) were inoculated subcuta-
neously into the flank.

Before the imaging procedures, the mice were
anesthetized intramuscularly with a mixture of
Zoletil (40 mg/kg, 50 pL, Virbac SA, France) and
2% Rometar (10 mg/kg, 10 pL, Spofa, Czech
Republic) and a skin flap over the tumor was
surgically opened to reduce signal attenuation.

Immediately after imaging the animals were
sacrificed by cervical dislocation and the tumors
were excised for histopathological examination.

Chemotherapy

For the in vitro treatment, Taxol (Bristol-Myers
Squibb, USA) was used at a dosage of 3.2 + 0.1 nM
corresponding to the half-inhibitory concentration,
IC50, as determined by the MTT-assay (Figure S1).

In vivo treatment started on Day 3 after tumor
inoculation. Eight mice were treated with Taxol
(10 mg/kg body weight, in 100 uL PBS, intraper-
itoneally) three times a week; 7-8 doses in total.
Eight untreated animals received 100 pL PBS
intraperitoneally on the corresponding days. The
tumor size was measured using a caliper three
times a week, and the volume was calculated as:
V =a*b * b/2, where a - length of tumor, b -
width of tumor.

pHi imaging in vitro and in vivo

pHi was measured using SypHer2, as previously
described [28].

For registration of the fluorescence signal, the
HeLa-SypHer2 cells were plated in glass-bottom
grid-50 dishes (Ibidi, Germany) in complete
DMEM media without phenol red (Life
Technologies, USA). Taxol was added to the dish
24 hours after cell seeding. Dynamic pHi measure-
ments in the cell monolayers were carried out in the
same cells in 5-7 randomly selected fields of view.

The fluorescence microscopy images were
obtained wusing an LSM 880 (Carl Zeiss,
Germany) laser scanning microscope. An oil
immersion objective, C-Apochromat 40x/1.2 NA
W Korr, was used for image acquisition. A diode
laser with a wavelength of 405 nm (I4ps) and an
argon laser line of 488 nm (I g3) were used to
excite the SypHer2 fluorescence. Emissions were
detected in the range: 500-550 nm.

In vivo imaging of pHi in the tumor xenografts
was performed using an IVIS Spectrum system
(Caliper Life Sciences, USA). Fluorescence was
excited at two wavelengths: 430 + 15 nm (I430)
and 500 + 15 nm (Isgp), and detected using
a 530-550 nm band filter. The in vivo imaging
was performed on Days 17 or 19 after tumor
inoculation. Immediately after imaging on the
IVIS Spectrum each tumor was examined in vivo
with the LSM 880 microscope, using the same
settings as for the cell monolayers.

The fluorescence images were processed in
Image] 1.39p software (NIH, USA). The back-
ground signal, taken from an empty region of the
image, was subtracted from the measurements,
and then the ratios of fluorescence intensities
(T488/1405 in vivo or Isge/lg in vitro) were calcu-
lated. To convert the fluorescence ratio Isgp/I40 to
pH units, calibration of the sensor was performed
using MOPS buffers and the ionophore, nigericin,
as described in Ref [28]. (Figure S2).

Histopathology

For histological examination, the tumors were sur-
gically removed and fixed in 10% neutral-buffered
formalin, dehydrated and embedded in paraffin in
accordance with the standard protocol. 5-um thick
paraffin sections were stained with hematoxylin
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Figure 1. Effects of Taxol on the proliferative rate and viability of HeLa-SypHer2 cells. (a) The number of viable cells. (b) The number
of dead cells.* — statistically significant difference from the untreated control, p < 0.05.

and eosin (H&E) and examined using a Leica
DM2500 microscope (Leica, Japan).

Statistical analysis

The mean values (M) and standard deviations
(SD) or standard error of the mean (SEM) were
calculated to express the data.

Student’s t-tests and one-way ANOVA with
Bonferroni post-hoc tests, where appropriate,
were used for data comparison, with p < 0.05
being considered statistically significant. The
Pearson coefficient (r) was used to measure any
correlations between pHi and proliferation.

In the in vivo study, the Mann-Whitney test for
small groups was applied.

Results

Cell viability and proliferation under Taxol
exposure

Treatment of HeLa-SypHer2 cells with Taxol
inhibited cell proliferation in a time-dependent
manner (Figure 1). At 6-hours exposure, a slight
but statistically significant decrease (2x10° vs
3x10°, p = 0.017) in the proliferation rate was
observed. Upon further incubation with Taxol
over a period of 48 hours, the total number of
viable cells in the plates did not exceed ~6x10°
cells, while in the control plate it was ~10° cells
(p = 0.017).

The percentage of dead cells in the control was
~5% in the time-period 6-48 hours of cultivation.
In the treated plates it increased to ~10% starting
from 6 hours (not significant).

These results indicate that the main treatment
effect of Taxol on HeLa-SypHer2 cells, when used
at IC50 concentration, is through cell cycle arrest
but without subsequent cell death.

Dynamics of pHi in Taxol-treated cells in
a monolayer

The pHi in untreated HeLa-SypHer2 cells was
2.29 + 0.10 pH units and did not change during
the whole period of cultivation (48 h). Treatment
with Taxol induced significant pHi changes within
a short period after adding the drug as well as at
the later time-points. It should be mentioned that
the measurements of pHi were performed only for
viable cells (typical morphology, PI-negative),
because in dead cells (round shape, PI-positive)
structural modifications of the protein sensor
could not be excluded. After 45 min incubation
with Taxol an acute alkalization of the cytoplasm
by ~0.2 pH units (p = 0.001) was observed in all
cells irrespective of the response. Tracking pHi in
individual cells showed that, after the early spike of
cytosol alkalization, multiple pHi fluctuations
occurred in the viable, division-arrested cells in
the course of treatment. This behavior points to
their greater ability to stabilize pHi. However,
acidification was unavoidable, and the pHi was
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Figure 2. pHi in Hela-SypHer2 cells treated with Taxol. (a) Representative time-course microscopic images of pHi in the same cells.
Time after adding the drug is indicated on each image. Bar is 50 um (applicable to all images). Dying cells 2 and 6 indicated on the
images with arrows. (b) Quantification of pHi in Taxol-treated and control cells. (c) Correlation between pHi and cell proliferation
under Taxol exposure. (d) Dynamics of pHi in individual dying cells. (€) Dynamics of pHi in individual viable cells with inhibited

proliferation. Mean + SD, n = 50. *, p < 0.05.

below the baseline level after 4-5 hours incubation
or more. In the cells that subsequently died, the
pHi was less variable and remained at the baseline
level or slightly above it. In the overall cell popula-
tion, a statistically lower pHi, compared with the
control, was registered at the 24 hour time-point.
The most acidic pHi was reached by 48 hours,
695 + 0.16 vs 728 + 010 (p = 0.000)

(Figure 2d). Separate sets of experiments were
performed for the pHi monitoring over 48 hours,
and for the pHi monitoring until 24 hours with
subsequent PI-staining (Figure S3).

A strong correlation of pHi with cellular prolif-
eration under Taxol exposure was found
(R = 0.9659, Figure 2c). Those cells with more
acidic pHi levels had lower proliferative rates,
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Figure 3. Taxol influence on tumor spheroids. (a) representative image of spheroids in transmitted light and the corresponding
fluorescence images of double live/dead staining with calcein (green color, live cells) and PI (red color, dead cells). (b) growth of
spheroids under Taxol exposure (c) cell viability under Taxol exposure Bar is 200 um * - statistically significant difference from

control at the same time point.

which confirms the importance of pHi in controlling the

cells’ proliferative capacity [30] (Figure 2e).

Effects of Taxol on spheroid growth and cell
viability
Taxol, when used at the IC50 concentration of
3.2 uM, induced cell death in HeLa tumor spher-
oids. Staining of spheroids with PI showed an
increase in the number of dead cells by 2.9-fold
after 24-hours of incubation with the drug, com-
pared with the untreated control (Figure 3c).
Although the size of the treated spheroids
remained unchanged compared with the control
over the 48 hours after drug exposure, their struc-
ture was significantly altered. The border of such
spheroids lost its integrity and individual dead
cells started to detach from its surface. By
48 hours after drug exposure a broad zone of
dead cells surrounding each spheroid core was
visible in transmitted light.

Dynamics of pHi in Taxol-treated tumor
spheroids

Since tumor spheroids represent heterogeneous
3D structures in terms of pHi, in which the cells
of the outer proliferative layer are known to
have a more alkaline pHi than the quiescent
cells inside [31] pHi measurements upon treat-
ment with Taxol were performed separately for
the inner and outer layers of the spheroids. We
found that in tumor spheroids exposed to Taxol,
cells in the outer and inner zones displayed
similar pHi alterations (Figure 4). Treatment of
the spheroids resulted in a marked alkalization
of the cellular cytoplasm by 0.2 pH units at an
early time-point (3 hours) followed by a gradual
decrease of pHi down to the baseline values (~
7.2 pH units) by 48 hours. Keeping in mind that
cell death was the main therapeutic effect of
Taxol on tumor spheroids at the dosage used,
the observed changes in pHi are quite similar to
those in the dying cell sub-population seen in
our monolayers.
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Figure 4. pHi in Hela-SypHer2 tumor spheroids exposed to paclitaxel. (a) pHi map in treated and untreated spheroids. (b)
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Figure 5. Effects of Taxol on HelLa-SypHer2 tumors in mice. (a) Tumor volume dynamics in response to Taxol. Mice of the treated
group (o) were administered i.p. with 10 mg/kg Taxol, starting from Day 3 (6 doses for 2 weeks in total). Control mice (®) received
PBS on the same days. Mean + SEM, n = 8 tumors. Tumor volumes from individual mice were normalized to the values measured on
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magnification x20). Higher-magnification images (60 x 80 pm, original magnification x40) are shown on the lower panel. Bar is
100 um for the lower panel and 200 um for the upper panel.



Tumor response to chemotherapy with Taxol

In the Taxol-treated group of mice, 2 of the 8
tumors underwent total regression by Day 15.
The other 6 tumors showed inhibition of their
growth. A statistically significant difference of the
tumor volumes between the treated and untreated
groups (p = 0.0002) was detected by Day 14 of
growth (Figure 5a).

Histologically, the untreated tumors were
formed of patterns of densely packed large poly-
morphic tumor cells with small intercellular
spaces, surrounded by thin layers of connective
tissue (Figure 5b). The dispersed chromatin could
clearly be seen in the large, round or oval nuclei of
the cells. The basophilic cytoplasm formed a thin
ring around each nucleus. The mitotic activity was
high. The central part of the tumor nodules under-
went spontaneous necrosis. Tumors in the treated
group displayed different degrees of dystrophic
cellular alterations in the viable tissue, such as
cytoplasmic swelling, the loss of cell membrane
integrity, and nucleic polymorphism with predo-
minately small nuclei with condensed chromatin.
In addition, extensive necrotic fields and the
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replacement of tumor tissue with connective tissue
fibers could be observed. The mitotic rate in the
affected tumors was low.

pHi alterations in tumors in response to Taxol

At the macro-level, a high degree of heteroge-
neity of the SypHer2 signal was observed
in vivo in the HeLa tumors, both treated and
untreated, with the a highest Iso0/l4 ratio
(more alkaline pHi) being detected in necrotic
areas, which is consistent with our previous
data [28]. The analysis of pHi was performed
only in the zones of viable tumor tissue.

Assessment of pHi in HeLa-SypHer2 tumors
on Days 17 or 19 after tumor challenge revealed
a tendency to pHi acidification in the tumors
that had responded to Taxol (Figure 6). The
average Isoo/l450 ratio measured at the level of
a whole tumor was 1.39 % 0.15 in the treated
tumors and 1.99 + 0.31 in the control
(p = 0.08).

The changes in pHi observed at the macro-level
were confirmed by confocal microscopy in vivo
(Figure 6¢,d). The Iso0/I1430 ratio was lower in the
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Figure 6. In vivo pHi mapping in HeLa-SypHer2 tumors after treatment with Taxol. (a) Fluorescence images obtained with excitation
at 430 nm and 500 nm (detection at 540 nm). (b) Representative images of SypHer2 ratio (Isoo/l430) in the control and treated
tumors. (c) Representative microscopic images of SypHer2 ratio (lsgo/l430) from the control and treated tumors in vivo. Bar is 50 pm.
(d) Quantitative analysis of the SypHer2 ratio in the tumors. Mean + SEM, n = 3 tumors.
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treated tumors as compared with the untreated
controls (0.32 + 0.05 vs 0.43 + 0.10, though this
was statistically non-significant).

Therefore, the results of the in vivo investigation
showed a shift in pHi toward a more acidic envir-
onment in the tumors responding to therapy. This
agrees with the in vitro study on the monolayer
cells and indicates that cytosolic acidification can
be a general response to Taxol, associated with
decreased cell proliferation.

Discussion

In the present study the pHi changes in response
to Taxol were investigated in vitro in individual
cancer HeLa cells in monolayer, in tumor spher-
oids and in vivo in mouse tumor xenografts with
the use of a genetically encoded fluorescent pH-
sensor and fluorescence bioimaging techniques.
Our results, are the first illustration of
a correlation between pHi and the therapeutic
effects of Taxol in vitro and in vivo. Essentially,
inhibition of cell proliferation in both cell culture
and in tumors growing in mice was accompanied
by the acidification of the cytoplasm of the cancer
cells, whereas alkalization preceded cell death.

The links between pH, cellular uptake of Taxol
and its cytotoxic activity have been previously
investigated in a number of works [18,24,32-34],
however, the findings are quite controversial.
Several studies have suggested that acidification
of the intracellular environment increases the
cytotoxicity of Taxol. For example, Reshkin et al.
showed that the exposure of cultured melanoma
cells to Taxol resulted in NHEI inactivation with
a subsequent increase of apoptosis rate [24].
Amith et al. demonstrated that knockout of
NHE1 potentiated the effects of Taxol on breast
cancer cells through their decreased survival,
migration and invasiveness [18]. In the work by
Hou et al. an increased efficacy was reported for
the combined treatment of breast cancer with
Taxol and an inhibitor of the monocarboxylate
transporter (MCT1) in vitro and in vivo compared
to the effect of Taxol alone. The authors attributed
the improved treatment effect to lactate accumula-
tion in the cells’ cytoplasm and decreased lactate
concentration in the extracellular space due to the
MCTT1 inhibition.

Some other studies have demonstrated the asso-
ciation of cytosolic acidification and a decreased
efficacy of Taxol. Vukovic et al. found that Taxol
in combination with pH modifiers, leading to
acidification of the intracellular environment,
showed decreased cytotoxicity [32]. Jia et al
showed that pretreatment of cancer cells with car-
iporide, an inhibitor of NHEI, resulted in resis-
tance to Taxol. The authors associated this with
the induction of cell quiescence in response to an
acidic pHi and demonstrated an accumulation of
cells in the GO/G1 phase under long-term pacli-
taxel treatment, whereas Taxol acts mainly on cells
in the G2/M phase [33]. In our study long-term
Taxol exposure (24-48 hours) in vitro and chronic
exposure in vivo resulted in a pHi decrease below
the initial value, and this correlated with an inhi-
bition of cell proliferation or tumor growth. It is
known that acidification of the cytosol inhibits
cancer cell proliferation and migration, thus
decreasing tumor invasiveness and metastasis
[35]. We suggest that cytosol acidification could
be associated with an inhibitory effect of Taxol on
the activity of NHEI, as reported in Ref [24].
Although acidic conditions are preferable for the
apoptotic process, both death-receptor- and mito-
chondria-mediated [36-38], pHi decrease in divi-
sion-arrested cells did not finally result in cell
death.

However, direct measurements of cytosolic pH
under Taxol exposure have not previously been
performed. In our study, rapid alkalization of the
cytoplasm was observed in all cells exposed to Taxol,
irrespective of the specifics of subsequent cell
responses. It is known that Taxol has both acidic
and basic domains [39] but that the total charge of
the molecule is unlikely to be a simple function of
pH. Several studies suggest that Taxol is a non-
ionizable molecule under physiological conditions
[37,39]. Therefore, it is difficult to predict the effect
of pH on the drug uptake and of Taxol’s influence
on pHi [32]. Although there is a strong interrelation
between energy metabolism and pHi, the increase of
pHi does not seem to be a consequence of metabolic
rearrangements, as the increase has been observed
very early (minutes) after the start of the treatment,
while metabolic changes only occur later (>3 hours)
[40]. Several reports provide evidence that the
organic anion-transporting polypeptides (OATPs)



OATP1B1 and OATP1B3 mediate the uptake of
Taxol by cancer cells [41]. The study by Martinez-
Becerra et al. suggests that substrate uptake through
OATP1B1/OATPIB3 is accompanied by an electro-
genic influx of anions (or efflux of cations) [41].
Leuthold et al. demonstrated that substrate trans-
port mediated by OATPs generally leads to
a stimulation of bicarbonate efflux and, as
a consequence, to a rapid intracellular alkaliza-
tion [42].

The rate of uptake of Taxol has been measured in
different cancer cell lines (human breast carcinoma
MDA-MB-435 and NCIADR-RES) in vitro [34]. It
was shown that the Taxol concentration in cancer
cells gradually increased during the first hour of
exposure and then reached a plateau. Although the
exact molecular mechanisms for Taxol-induced ele-
vation of pHi are still obscure, based on the existing
data on the drug chemistry and cellular uptake, we
speculate that this may be associated with OATP-
mediated transport.

It should be mentioned that pHi monitoring in
individual cells allowed the identification of differ-
ences in pHi dynamics between dying and surviv-
ing cells. In dying cells the pHi decreased more
smoothly and was the same or slightly higher than
the baseline level. This observation correlates with
data on Ca2+-induced apoptosis in cancer cells
treated with Taxol [43]. Several other studies
have independently demonstrated on HeLa and
bovine aortic epithelial cells that cytosolic alkaliza-
tion drives Ca2+ release from the endoplasmic
reticulum [44,45]. Based on these data, we can
assume that the cell death observed in our experi-
ments might be provoked by cytosolic alkalization
induced by the Taxol.

Collectively, the research noted above, taken
together with our studies suggests that the effect of
pHi on the cytotoxicity of Taxol is more likely to be
due to the cell cycle dependence on pHi than to
a direct impact of pH on Taxol activity. Since cell
death was associated with a more alkaline pHi, we
can assume that therapeutic approaches directed to
cytosol alkalinization may potentially improve the
treatment effectiveness of Taxol.
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Conclusions

These findings elucidate the significance of pHi in
the mechanisms of Taxol action on cervical can-
cer cells and will be valuable for the development
of new approaches to cancer treatment. We
showed that treatment with Taxol led to a pHi
decrease in both cultured cells and tumors, which
correlated with decreased cell proliferation but
was insufficient to induce cell death. Therefore,
combinatorial therapeutic regimens that include
Taxol in combination with pHi-elevating agents
could be promising solutions. The results indicat-
ing that different pHi changes reflect different
responses to the drug could provide
a framework for using pHi as an indicator of the
response of tumors to therapy. We believe that,
with recent advances in clinical methods for mak-
ing pHi measurements in tumors, our results will
be valuable for the development of new
approaches to monitoring treatment efficacy in
clinical settings.
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