
Abstract. The metabolic microenvironment of solid tumors is
characterized by an oxygen deficiency and increased anaerobic
glycolysis leading to extracellular acidosis and ATP depletion,
which in turn may affect other energy-dependent cellular
pathways. Since many tumors overexpress active drug trans-
porters (e.g. the p-glycoprotein) leading to a multidrug-resistant
phenotype, this study analyzes the impact of the different
aspects of the extracellular microenvironment (hypoxia and
acidosis) on the activity and expression of the p-glycoprotein
(pGP) in the human colon carcinoma cell line LS513. For up
to 24 h cells were exposed to hypoxia (pO2<0.5 mmHg), an
acidic extracellular environment (pH 6.6), or the combination
of hypoxia and acidosis. Under hypoxic conditions (at a normal
pH), the pGP activity (measured by the daunorubicin efflux)
and the pGP expression were not markedly altered. Under
acidic conditions, however, the pGP-mediated drug efflux
was increased, an effect which was even more pronounced
when the cells were exposed to hypoxia and acidosis
simultaneously (increasing the pGP-activity by 70%). The
cellular pGP expression remained almost constant under
these conditions, indicating that the increased transport rate
results from a functional modulation. The findings of the
present study indicate that the parameters of the tumor micro-
enviroment (especially extracellular acidosis) can increase
the pGP-mediated drug efflux, an effect which may explain
the reduced cytotoxicity of chemotherapeutic agents in
hypoxic/acidic tumors.

Introduction

Resistance to chemotherapeutic agents is a major factor
affecting the long-term therapeutic outcome of tumor
patients. One reason for the development of a chemoresistant
phenotype is the expression of active transport mechanisms
by which numerous drugs are pumped out of the cells and
which may therefore be responsible for the chemoresistant
phenotype (MDR, multidrug resistance) seen in a number of
tumors. A large number of these transporters belonging to the
ABC (ATP-binding cassette) family have been identified.
The best-studied ABC-transporter is the p-glycoprotein
(pGP) product of the MDR1 gene (1,2). This protein is able
to actively pump various drugs (e.g. doxorubicin, vinblastine,
and paclitaxel) out of the cell, thereby reducing the cytotoxic
efficacy of these drugs (2,3). At the same time, various
inhibitors of pGP have been found (e.g. verapamil and
cyclosporine A), which are capable of reducing the chemo-
resistance of pGP-expressing tumor cells, at least in cell
culture experiments (2,4,5).

In comparison to normal tissues, solid-growing tumors
exhibit numerous structural and functional differences, in
particular concerning the properties of the vascular network.
The structural abnormalities include the blind endings of
vessels, the loss of vascular hierarchy, increased vascular
permeability, arterio-venous shunt perfusion (6,7), and may
result in an inadequate perfusion which does not follow a
regular pattern (7) thus leading to an insufficient O2 supply to
the tissue. As a consequence of these functional parameters,
the metabolic microenvironment of a tumor is fundamentally
different to that of normal tissues (7). The mean oxygen partial
pressure (pO2) in tumors is often considerably lower than in
the surrounding normal tissue, with areas of severe hypoxia or
even anoxia in the vital tumor tissue in ~60% of human tumors
(8). Correspondingly, tumor cells switch to anaerobic glyco-
lysis, resulting in high lactate and low glucose concentrations,
pronounced extracellular acidosis with pH values in some
instances even below 6.5, and a lack of ATP (7).

Since ABC-transporters use ATP hydrolysis as an energy
source, the question arises of whether the adverse micro-
environment (hypoxia and acidosis) affects the transport
efficacy of pGP. The aim of this study therefore was to
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analyze whether oxygen deficiency and/or the extracellular
pH in tumors are capable of influencing the activity or
expression of the p-glycoprotein.

Materials and methods

Materials. The pGP-antibody (clone C219) was purchased
from Signet Laboratories (Dedham, MA, USA) and the
secondary antibody (rabbit anti-mouse, HRP-conjugated) from
BioTrend (Cologne, Germany). All the other chemicals were
purchased from Sigma-Aldrich (Taufkirchen, Germany).

Cell line. The human colorectal carcinoma cell line LS513
(American Type Culture Collection, Rockville, MD, USA;
CRL-2134) was used in all the experiments. This cell line is
known to functionally express the p-glycoprotein. The cells
were grown in RPMI medium supplemented with 10%
fetal calf serum (FCS) at 37˚C under a humidified 5% CO2

atmosphere and subcultured once a week. For the experiments,
the cells grew either in culture flasks or in 96-well plates.
Twenty-four hours prior to the experiments, the cells were
transferred to the RPMI medium without FCS. For the control
experiments, the medium was buffered with 20 mM HEPES
adjusted to a pH of 7.5. For acidic conditions, the cells were
incubated in a medium buffered with 20 mM MES (morpho-
linoethane-sulfonic acid) with 4.51 mM NaHCO3, adjusted
to a pH of 6.6. For hypoxic conditions, the medium was also
buffered with HEPES adjusted to an initial pH at the beginning
of the hypoxia incubation of 7.5. The cells were then exposed
to a hypoxic atmosphere containing 95% N2+5% CO2

(pO2<0.5 mmHg) for up to 24 h. For the combination of
hypoxic and acidic conditions, the culture medium was
buffered with MES and adjusted to pH 6.6 and the cells were
simultaneously exposed to the hypoxic atmosphere (95%
N2+5% CO2).

Daunorubicin uptake assay. In order to assess the activity of
the p-glycoprotein, the uptake of daunorubicin (DNR) into
the tumor cells was determined in the presence or absence of
a specific pGP-inhibitor (verapamil) (9). For this, the cells were
incubated with DNR at a final concentration of 4 μM (stock
solution 0.1 mM, dissolved in isotonic NaCl solution) for 30
min at 37˚C. In a second set of experiments, the cells were
incubated with a combination of DNR (4 μM) and verapamil
(VPL) at a concentration of 10 μM (stock solution 5 mM,
dissolved in EtOH). The intracellular DNR concentration
after incubation was assessed by measuring the DNR-
induced fluorescence by flow cytometry at an excitation
wavelength of 488 nm and an emission wavelength of 575 nm.
In each experiment, 104 cells were analyzed. Since VPL
inhibits the active efflux of DNR, the intracellular concen-
tration is higher in the presence of verapamil. The DNR
concentration ratio in the presence and absence of VPL
(FLDNR+VPL/FLDNR) can therefore be used as a measure of pGP
activity (9). All the pGP activity values measured following
the incubation of the cells under hypoxic and/or acidic
conditions were normalized with respect to the control values
obtained under normoxia and normal cell culture conditions
[(FLDNR+VPL/FLDNR)hypoxic/ (FLDNR+VPL/FLDNR)control and
(FLDNR+VPL/FLDNR)acidic/ (FLDNR+VPL/FLDNR)control].

pGP-expression. The cellular expression of pGP was
determined in a whole cell ELISA as previously described
(10). In brief, after cell fixation with 4% paraformaldehyde for
60 min, the cells were washed with a permeabilizing buffer
containing 0.1% Triton X-100 and then incubated for 20 min
with the same buffer to which 0.6% H2O2 was added. After
incubation with the primary anti-pGP antibody (diluted
1:1000) at 4˚C overnight, the cells were washed and incubated
with the secondary anti-mouse peroxidase antibody (diluted
1:1000) for 1 h. Finally, the cells were incubated with a
HRP-substrate (containing 0.5 mg/ml o-phenylenediamine,
11.8 mg/ml Na2HPO4 x 2H2O, 7.3 mg/ml citric acid and
0.015% H2O2) for 15 min and measured photometrically at a
wavelength of 490 nm using a microplate reader (Victor,
Wallac, Turku, Finland). In order to normalize the pGP
expression for the number of cells in each well, the
permeabilized cells were subsequently incubated with 0.2%
trypan blue solution for 5 min, washed with PBS, and
dissolved with 1% SDS. The trypan blue concentration as a
measure of the cell number was determined photometrically.

Intracellular pH measurement. The intracellular pH was
determined using the pH-sensitive fluorescent dye 2',7'-bis-
(2-carboxyethyl)-5(6)-carboxyfluorescein (BCECF) as
previously described by Weiner and Hamm (11). For this, the
cells were incubated on coverslips with BCECF (a final
concentration of ~2 μM) for 5 min at 37˚C. Subsequently, the
coverslips were transferred to an inverse microscope (Axiovert
100 TV, Zeiss, Oberkochen, Germany). The excitation wave-
length was switched between 460 nm and 488 nm. Emission
fluorescence was monitored at 535 nm using a CCD camera
system (C4742-95, Hamamatsu Photonics, Herrsching,
Germany) and image analysis software (Aquacosmos Ver.
1.3, Hamamatsu Photonics). After the subtraction of the
background levels, the fluorescence intensity ratio at both
excitation wavelengths was calculated every 10 sec. At the end
of each measurement period, a pH calibration was performed.
For this, two calibration solutions containing 132 mM KCI,
10 mM NaCl, 1 mM CaCl, 1 mM MgCl, 10 mM HEPES and
10 μM nigericin were prepared and adjusted to pH 6.8 and
7.6, respectively. The medium on the coverslips was replaced
by these solutions and the fluorescence ratio was measured.
The intracellular pH of each cell was calculated by the linear
interpolation of the calibration points.

Metabolic parameters. The glucose and lactate concentrations
of the medium were measured enzymatically using standard
test kits (nos. 1447521 and 1822837; Roche-Diagnostics,
Indianapolis, USA).

Statistical analysis. Results are expressed as the means ±
standard error of the mean (SEM). The differences between the
groups were assessed by the two-tailed Wilcoxon test for
unpaired samples. The significance level was set at ·=5% for
all the comparisons.

Results

The expression of the functional p-glycoprotein by LS513
colon carcinoma cells was determined by the DNR uptake
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assay. In the presence of the VPL inhibitor, the intracellular
DNR concentration was higher by a factor of 3.15±0.18
compared to the cells incubated with DNR only (n=28,
p<0.001). This ratio (FLDNR+VPL/FLDNR) was used as a measure
of the pGP activity. Incubating the cells under various
environmental conditions led to different changes in the
functional activity of the pump (the pH values for the various
experimental conditions, measured during the 24-h incubation
are shown in Fig. 1). Under severe hypoxia (pO2<0.5 mmHg)
at a normal extracellular pH, the pGP activity remained
almost constant for up to 12 h (Fig. 2A). After 24 h, the DNR
efflux was reduced by ~50% as a result of cellular damage
incurred by the long-lasting O2-defficiency. After 24 h of
hypoxic conditions, many cells had become detached from
the Petri dish. A reduction of the extracellular pH to 6.6 (the
pH in the medium is shown in Fig. 1B) led to an increase in
the pGP activity of ~30% which endured over the whole 24-h
observation period (Fig. 2B). This increase was, however,
not statistically significant. In the third set of experiments
where the cells were exposed to a combination of hypoxic
and acidic conditions (the pH in the medium is shown in
Fig. 1C), the pGP activity was significantly increased by
70% (Fig. 2C).

The higher pGP transport activity under the combined
hypoxic and acidic conditions could be the result of either an
increase in pGP expression or of a functional modulation of
pre-existing transporters. Since the pGP expression was not

markedly enhanced under any of the experimental conditions
(hypoxic, acidic, or hypoxic and acidic; Fig. 3), the increase
in the DNR uptake resulted from an increase in the functional
activity of pGP or a translocation of the pre-existing
transporters from the vesicles to the cell membrane.

In order to study the underlying mechanisms by which the
extracellular environment can influence pGP activity, we
measured the changes in the metabolic parameters and the
intracellular pH. The maintenance of LS513 carcinoma cells
under hypoxic conditions (pO2<0.5 mmHg) for up to 24 h,
forces the cells to switch to the anaerobic metabolic pathway as
indicated by a reduction in the glucose concentration of down
to 3 mM in the medium (Fig. 4A) and an increase in the lactate
level of up to 4 mM (Fig. 5A). These changes in the metabolic
parameters occurred in spite of the fact that the cells were
incubated at a normal extracellular pH or additionally exposed
to acidic conditions with a pH of 6.6 (Figs. 4C and 5C).
When the cells were incubated in an acidic environment at a
normal pO2, the glucose concentration dropped only marginally
(Fig. 4B) and the lactate level was significantly lower than in
the hypoxic groups (Fig. 5B). The intracellular pH (pHi) in
the LS513 cells changed more or less in parallel to the extra-
cellular pH (Fig. 6). The pHi however, was always slightly
lower (0.2 to 0.3 units less) than the extracellular pH in all
the experimental groups. This difference between the intra-
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Figure 1. Changes in the extracellular pH in the medium under (A) hypoxic,
(B) acidic, and (C) a combination of hypoxic and acidic conditions for up to
24 h. Values are expressed as the means ± SEM. All values were significantly
(p<0.002) different from the pH at t=0 min. n, number of experiments.

Figure 2. The relative activity of pGP (described by the ratio of the
intracellular DNR concentration in the presence or absence of verapamil) in
the cells under (A) hypoxic, (B) acidic, and (C) a combination of hypoxic
and acidic conditions for up to 24 h. Values are expressed as the means ±
SEM normalized to the activity under the control conditions at t=0 min.
*p<0.05; **p<0.01; n, number of experiments.
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and extracellular pH was statistically significant in all the
groups.

Discussion

The human colorectal carcinoma cell line LS513 functionally
expresses the p-glycoprotein as indicated by the ~3x higher
intracellular concentration of DNR (a known substrate of the
pGP) (2,5) in the presence of the pGP-inhibitor verapamil.
When using the DNR concentration ratio in the presence and
absence of VPL as a measure of the functional pGP activity (9),
the results of the present study indicate that the active drug
efflux is modulated by the extracellular metabolic micro-
environment. The insufficient oxygen supply to the tumor
in vivo leads to pronounced tissue hypoxia/anoxia and thus
commits the cells to glycolytic metabolism leading to
extracellular acidosis with pH values sometimes even lower
than 6.5 (7). Since the glycolytic pathway is less effective
with respect to the ATP yield (7,12), it is conceivable that
under hypoxic environmental conditions, the active (ATP-
consuming) drug efflux can be reduced. However, even when
the cells were maintained under anoxia for 12 h, no marked
change was seen in the pGP activity (Fig. 2A). A reduction in
the DNR efflux of ~50% was observed only after exposure to
hypoxia for 24 h, thus reflecting cellular damage due to long-
lasting anoxia. The measurement of metabolic parameters
under these conditions (Figs. 4A and 5A) clearly indicates

that even though the cells were committed to glycolysis (with
lactate concentration increases of up to 4 mmol/l), the glucose
level was nevertheless high enough (3.3±0.5 mmol/l) for the
ATP supply to the cells to be maintained. It has, however,
been proposed that the inhibition of glycolysis (leading to a
dramatic decrease in the ATP level) could be a possible
therapeutic strategy for overcoming drug resistance. Xu et al
(13) showed that the inhibition of mitochondrial respiration
leads to an increase in the cytotoxic efficacy of various chemo-
therapeutic drugs as a result of a reduced pGP activity which
was attributed to a depletion of ATP. However, in the present
study, hypoxia for up to 12 h did not lead to a decrease in the
ATP concentration sufficient enough to reduce the pGP
activity. In addition, environmental hypoxia did not markedly
change the pGP expression (Fig. 3A). These results are in
accordance with previous studies showing that hypoxia/
anoxia had almost no impact on the pGP expression (14,15).
Only Comerford et al (16) found an induction of MDR1 after
48 h in an O2-deprived medium. However, in the latter study,
hypoxia was defined as a pO2 in a culture medium of 20 mmHg
which is not comparable to the pO2 used in the present study
and which is much higher than the pO2 found in solid-growing
tumors (7,8). The discrepancy between the studies may be
due to the different cell lines used, divergent levels of hypoxia
or differences in the duration of hypoxia exposure.

In contrast to the results obtained under hypoxic conditions,
in the acidic environment (extracellular pH 6.6, Fig. 1), an
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Figure 3. The relative pGP-expression of the cells under (A) hypoxic, (B)
acidic, and (C) a combination of hypoxic and acidic conditions for up to 24 h.
Values are expressed as the means ± SEM normalized to the expression
under the control conditions at t=0 min. *p<0.05, **p<0.01; n, number of
experiments.

Figure 4. Changes in the glucose concentration in the medium under (A)
hypoxic, (B) acidic, and (C) a combination of hypoxic and acidic conditions
for up to 24 h. Values are expressed as the means ± SEM. All values were
significantly (p<0.01) different from the concentration at t=0 min. n, number
of experiments.
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increased transport activity was seen which was most
pronounced when the low pH was simultaneously combined
with a reduced pO2 (Fig. 2C). Under these conditions (a low
pO2 and pH), which is the common situation in human tumors
(7), the DNR efflux increased significantly by 70%. Similar
results have been found in a different cell line (rat R-3327-
AT1 prostate carcinoma cells) measured with a rhodamine-
123 efflux assay (17). Exposure of these cells to extracellular
acidosis resulted in an increase in the pG activity by a factor
of 2.4. In contrast to the LS513 cells used in the present
study where the pGP-mediated efflux was elevated for up to
24 h, the AT1 cells showed only a transient increase in pump
activity which lasted for <12 h. The higher transport rate seen
in both studies upon cell incubation at a low extracellular pH
could be due to (i) an increase in cellular pGP expression, (ii)
a higher activity of the pre-existing transporters, or (iii) a
translocation of pre-formed transporters to the outer cell
membrane (which has already been suggested for pGP)
(18,19). Even though the pGP expression has been shown to
be increased by numerous environmental factors (such as
glucose depletion, reactive oxygen species, hyperthermia or
cytokines) (20-24), the acidic environment had almost no
impact on the pGP expression (Fig. 3), indicating that the
higher transport rate is predominantly the result of a
functionally increased pump activity.

The question of how the extracellular pH may influence
pGP activity has been addressed in a previous study (17).
Besides cytokines (e.g. epidermal growth factor), the pGP

phosphorylation by the protein kinase C (PKC) has also been
discussed as a possible means of modulating the pGP activity
at a posttranslational level (25,26). It has been shown that the
activation of PKC by PMA can reduce the pGP-mediated
drug efflux rate (27) and that the inhibition of PKC leads to a
significant increase in the pGP-mediated drug efflux (17).
However, the question of how the extracellular pH can
influence the PKC activity has not yet been conclusively
answered. In Fig. 6 it can be seen that the intracellular pH
decreases within 5 to 10 min following a reduction in the
extracellular pH. Such a pH-gradient has not been described
in vivo. Several studies have demonstrated that the intra-
cellular pH of solid-growing tumors remains almost constant
even if the extracellular pH becomes considererably acidic
(7). In cell culture experiments however, a decrease in the
cellular pH, parallel to that of the medium pH and similar to
that found in the present study has also been described
(17,28,29). This discrepancy between in vivo and in vitro
findings is unclear. It may be that the much larger extra-
cellular space prevailing in the cell culture setting (as
compared to solid tissues) in combination with the high
buffer capacity of the cell culture medium represents a much
larger H+-pool leading to a pronounced H+-influx into the
cells which in turn cannot be compensated for by the cells'
active proton pumps. In solid tissues, the extracellular H+-pool
is much smaller so that the cell is more likely to be capable
of maintaining a constant intracellular pH. Further studies are
necessary in order to answer the question of how the
environmental pH affects the PKC activity (and by this the
pGP-mediated drug efflux). For the modulation of PKC, the
intracellular free Ca2+-concentration ([Ca2+]i) plays an
important role. Since several PKC isoforms are Ca2+-
dependent, one possibility could be a pH-dependent change
in [Ca2+]i. In a previous study (17), a reduction in the intra-
cellular Ca2+-level of ~50% led to the pGP activity being
more than doubled. The fact that low intracellular Ca2+-levels
have been reported for chemoresistant cell lines may also be
an indication of the impact of Ca2+ in this context (30,31). It
has been shown that extracellular acidosis leads to a very
rapid (within 1 min) reduction in [Ca2+]i which is much faster
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Figure 5. Changes in the lactate concentration in the medium under (A)
hypoxic, (B) acidic, and (C) a combination of hypoxic and acidic conditions
for up to 24 h. Values are expressed as the means ± SEM. All values were
significantly (p<0.01) different to the concentration at t=0 min. n, number of
experiments.

Figure 6. The intracellular pH of LS513-cells under the control, hypoxic,
acidic, and hypoxic and acidic conditions (n, number of cells investigated).
The extracellular pH values were significantly (p<0.01) higher than the
intracellular pH in all the groups.
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than the change in the intracellular pH (17). From these
results, there is likely to be a dependency of [Ca2+]i on the
extracellular pH, but not on the intracellular H+-concentration
(17). In order to conclusively answer the question of how the
extracellular pH affects the intracellular Ca2+-concentration
and in turn influences the PKC and pGP activity, further in
vivo experiments will be necessary. In particular, further
elucidation is required into the question of how the combin-
ation of an acidic environment together with hypoxia increases
the pGP activity (as compared to acidosis alone).

In conclusion, the present study clearly shows that hypoxia
in the human colorectal carcinoma cell line LS513 has no
marked impact on the activity or expression of pGP. In an
acidic extracellular environment however, the functional
activity is increased, an effect which is even more pronounced
if the cells are exposed simultaneously to very low pO2-
values for several hours. These findings may be of significance
for clinical oncology since they suggest that an alleviation of
the extracellular acidity by supportive treatments can provide
a means of increasing the chemosensitivity of tumor cells.

Acknowledgements

This study was supported by the Deutsche Krebshilfe (grants
106774 and 106906). This study forms part of the doctoral
thesis of Christopher Lotz.

References

1. Ambudkar SV, Kimchi-Sarfaty C, Sauna ZE and Gottesman MM:
P-glycoprotein: from genomics to mechanism. Oncogene 22:
7468-7485, 2003.

2. Schinkel AH and Jonker JW: Mammalian drug efflux
transporters of the ATP binding cassette (ABC) family: an
overview. Adv Drug Deliv Rev 55: 3-29, 2003.

3. Leonard GD, Fojo T and Bates SE: The role of ABC
transporters in clinical practice. Oncologist 8: 411-424, 2003.

4. Fojo T and Bates S: Strategies for reversing drug resistance.
Oncogene 22: 7512-7523, 2003.

5. Siegsmund MJ, Kreukler C, Steidler A, Nebe T, Kohrmann KU
and Alken P: Multidrug resistance in androgen-independent
growing rat prostate carcinoma cells is mediated by P-
glycoprotein. Urol Res 25: 35-41, 1997.

6. Konerding MA, Malkusch W, Klapthor B, van Ackern C, Fait E,
Hill SA, Parkins C, Chaplin DJ, Presta M and Denekamp J:
Evidence for characteristic vascular patterns in solid tumours:
quantitative studies using corrosion casts. Br J Cancer 80:
724-732, 1999.

7. Vaupel P, Kallinowski F and Okunieff P: Blood flow, oxygen
and nutrient supply, and metabolic microenvironment of human
tumors (Review). Cancer Res 49: 6449-6465, 1989.

8. Höckel M and Vaupel P: Tumor hypoxia: definitions and
current clinical, biological, and molecular aspects. J Natl Cancer
Inst 93: 266-276, 2001.

9. Kunikane H, Zalupski MM, Ramachandran C, KuKuruga MA,
Lucas D, Ryan JR and Krishan A: Flow cytometric analysis of
p-glycoprotein expression and drug efflux in human soft tissue
and bone sarcomas. Cytometry 30: 197-203, 1997.

10. Versteeg HH, Nijhuis E, van den Brink GR, Evertzen M,
Pynaert GN, van Deventer SJ, Coffer PJ and Peppelenbosch MP:
A new phosphospecific cell-based ELISA for p42/p44 mitogen-
activated protein kinase (MAPK), p38 MAPK, protein kinase B
and cAMP-response-element-binding protein. Biochem J 350:
717-722, 2000.

11. Weiner ID and Hamm LL: Use of fluorescent dye BCECF to
measure intracellular pH in cortical collecting tubule. Am J
Physiol 256: F957-F964, 1989.

12. Vaupel P, Schaefer C and Okunieff P: Intracellular acidosis in
murine fibrosarcomas coincides with ATP depletion, hypoxia,
and high levels of lactate and total Pi. NMR Biomed 7: 128-136,
1994.

13. Xu RH, Pelicano H, Zhou Y, Carew JS, Feng L, Bhalla KN,
Keating MJ and Huang P: Inhibition of glycolysis in cancer
cells: a novel strategy to overcome drug resistance associated
with mitochondrial respiratory defect and hypoxia. Cancer Res
65: 613-621, 2005.

14. Liang BC: Effects of hypoxia on drug resistance phenotype and
genotype in human glioma cell lines. J Neurooncol 29: 149-155,
1996.

15. Sakata K, Kwok TT, Murphy BJ, Laderoute KR, Gordon GR
and Sutherland RM: Hypoxia-induced drug resistance:
comparison to P-glycoprotein-associated drug resistance. Br J
Cancer 64: 809-814, 1991.

16. Comerford KM, Wallace TJ, Karhausen J ,  Louis  NA,
Montalto MC and Colgan SP: Hypoxia-inducible factor-1-
dependent regulation of the multidrug resistance (MDR1) gene.
Cancer Res 62: 3387-3394, 2002.

17. Thews O, Gassner B, Kelleher DK, Schwerdt G and Gekle M:
Impact of extracellular acidity on the activity of p-glycoprotein
and the cytotoxicity of chemotherapeutic drugs. Neoplasia 8:
143-152, 2006.

18. Ferrao P, Sincock P, Cole S and Ashman L: Intracellular P-gp
contributes to functional drug efflux and resistance in acute
myeloid leukaemia. Leuk Res 25: 395-405, 2001.

19. Kim H, Barroso M, Samanta R, Greenberger L and Sztul E:
Experimentally induced changes in the endocytic traffic of P-
glycoprotein alter drug resistance of cancer cells. Am J Physiol
273: C687-C702, 1997.

20. Felix RA and Barrand MA: P-glycoprotein expression in rat
brain endothelial cells: evidence for regulation by transient
oxidative stress. J Neurochem 80: 64-72, 2002.

21. Ledoux S, Yang R, Friedlander G and Laouari D: Glucose
depletion enhances P-glycoprotein expression in hepatoma
cells: role of endoplasmic reticulum stress response. Cancer Res
63: 7284-7290, 2003.

22. Lee G and Piquette-Miller M: Cytokines alter the expression
and activity of the multidrug resistance transporters in human
hepatoma cell lines; analysis using RT-PCR and cDNA
microarrays. J Pharm Sci 92: 2152-2163, 2003.

23. Wartenberg M, Fischer K, Hescheler J and Sauer H: Redox
regulation of P-glycoprotein-mediated multidrug resistance in
multicellular prostate tumor spheroids. Int J Cancer 85: 267-274,
2000.

24. Wartenberg M, Gronczynska S, Bekhite MM, Saric T,
Niedermeier W, Hescheler J and Sauer H: Regulation of the
multidrug resistance transporter P-glycoprotein in multicellular
prostate tumor spheroids by hyperthermia and reactive oxygen
species. Int J Cancer 113: 229-240, 2005.

25. Fine RL, Chambers TC and Sachs CW: P-glycoprotein,
multidrug resistance and protein kinase C. Oncologist 1: 261-268,
1996.

26. Chambers TC, Pohl J, Raynor RL and Kuo JF: Identification of
specific sites in human P-glycoprotein phosphorylated by
protein kinase C. J Biol Chem 268: 4592-4595, 1993.

27. Tsuruoka S, Sugimoto K, Fujimura A, Imai M, Asano Y and
Muto S: Protein kinase C and phosphatidylinositol 3-kinase
independently contribute to P-glycoprotein-mediated drug
secretion in the mouse proximal tubule. Pflugers Arch 442:
321-328, 2001.

28. Glunde K, Düßmann H, Juretschke HP and Leibfritz D: Na+/H+

exchange subtype 1 inhibition during extracellular acidification
and hypoxia in glioma cells. J Neurochem 80: 36-44, 2002.

29. Wahl ML, Owen JA, Burd R, Herlands RA, Nogami SS,
Rodeck U, Berd D, Leeper DB and Owen CS: Regulation of
intracellular pH in human melanoma: potential therapeutic
implications. Mol Cancer Ther 1: 617-628, 2002.

30. Chen JS, Agarwal N and Mehta K: Multidrug-resistant MCF-7
breast cancer cells contain deficient intracellular calcium pools.
Breast Cancer Res Treat 71: 237-247, 2002.

31. Liang X and Huang Y: Intracellular free calcium concentration
and cisplatin resistance in human lung adenocarcinoma A549
cells. Biosci Rep 20: 129-138, 2000.

LOTZ et al:  IMPACT OF ACIDOSIS AND HYPOXIA ON THE P-GLYCOPROTEIN244

239-244  5/12/06  16:22  Page 244


