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ABSTRACT: P-glycoprotein ATPase activity has been studied almost exclusively by measuring inorganic
phosphate release from inside-out cellular vesicles. We have recently proposed a new method based on
measurements of the extracellular acidification rate (ECAR) of living cells with a Cytosensor
microphysiometer. This method allows for systematic investigation of the various factors influencing
P-glycoprotein activation in living cells. Basal metabolic rates or ECARs of differentMDR1-transfected
cell lines were compared with those of theMdr1a-/-1b-/- knockout,MRP1-transfected, and corresponding
wild-type cell lines. Basal ECARs of all cells were on the order of 107 protons/cell/s, whereby those of
genetically modified cells were on average (over all cell lines) slightly lower than those of wild-type
cells. The expression level of P-glycoprotein inMDR1-transfected cells had no influence on basal ECARs.
Verapamil-induced ECARs were specific forMDR1-transfected cells and increased with the expression
level of P-glycoprotein. Moreover, ECARs were dependent on the metabolic state of the cell and were
(2.8 ( 1.2) × 106 and (8.0( 1.5) × 106 protons/cell/s in glucose-deficient and glucose-fed NIH-MDR-
G185 cells, respectively, after verapamil (10µM) stimulation. The ECARs were practically identical to
the rates of lactate extrusion and thus reflect the rates of ATP synthesis via glycolysis. Taking into account
the number of P-glycoprotein molecules per cell, the rate of ATP hydrolysis in inside-out vesicles of the
same cells was determined as (9.2( 1.5) × 106 phosphates/cell/s, in good agreement with the rate of
ATP synthesized in glucose-fed cells. The energy required for P-glycoprotein activationrelatiVe to the
basal metabolic energy was twice as large in glucose-deficient as in glucose-fed cells, suggesting cellular
protection by P-glycoprotein even under conditions of starvation.

P-glycoprotein (Pgp),1 a product of the multidrug resis-
tance gene,MDR1, is an efflux transporter with broad
substrate specificity. It binds a large variety of exogenous
and endogenous toxic compounds within the plasma mem-
brane and exports them to the extracellular environment (1-
3). Transport of substrates by Pgp out of the cell is driven
by metabolic energy. Per substrate transported one to two
(or even three) molecules of ATP are hydrolyzed (4-8). The
first molecule is proposed to drive drug transport and the
second to reset the conformation of the transporter (7).
However, even in the absence of exogenous substrates Pgp
shows basal ATPase activity in plasma membrane vesicles
(9-11) as well as in proteoliposomes (12, 13). Basal Pgp
activity was suggested to arise either from transport of
endogenous lipids (14, 15) or from uncoupled ATPase
activity (16, 17).

Pgp activation can be measured with reconstituted pro-
teoliposomes or inside-out membrane vesicles ofMDR1-
transfected cells by monitoring ATP hydrolysis via either
inorganic phosphate release (8, 9, 13) or ADP formation (10,
18).

In intact MDR1-transfected cells Pgp activation can be
analyzed noninvasively via extracellular proton secretion. As
demonstrated, extracellular acidification rates, ECARs, of
living cells can be quantified with a silicon-based potentio-
metric sensor (Cytosensor microphysiometer) (19), and the
first systematic measurement of the effect of drugs on living
MDR1-transfected cells has been published recently (20).
Plots of the ECAR as a function of the logarithm of the drug
concentration were bell-shaped, indicating activation at low
and inhibition at high drug concentrations, and were con-
sistent with Pgp activation/inhibition profiles measured
previously by means of phosphate release measurements in
inverted membrane vesicles for the same drugs (9). The
concentrations of half-maximum activation for the different
compounds investigated were practically identical for the two
methods. Furthermore, a linear correlation between the rate
of extracellular proton release and the intracellular phosphate
release was obtained, indicating the quantitative equivalence
of assays with plasma membrane vesicles andliVing cells
(20).

Previous measurements of extracellular pH changes by
conventional methods have led to conflicting results, arguing
either in favor of (21, 22) or against extracellular acidification
(21, 23). The bell-shaped activation/inhibition curves mea-
sured with the Cytosensor can partly explain these discrep-
ancies since both activation and inhibition of extracellular
acidification can be induced depending on the drug concen-
tration employed.
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Extracellular acidification reflects, in some general way,
theoVerall metabolism of the cell (24). In contrast, the ATP
hydrolysis assay involving proteoliposomes or inside-out
vesicles is focused on asingle metabolic event, analyzed
without any relation to the metabolic state of the intact cell.
Three general questions then emerge in this context. (i) To
what extent is the metabolic activity of a living cell
influenced by the expression level of Pgp? Whether Pgp
overexpression influences the basal cellular metabolism is
discussed controversially in the literature. Intracellular al-
kalization in cells overexpressing Pgp in comparison to wild-
type cells has been observed by some investigators (21, 25-
30), whereas neither intracellular (23, 31-33) nor extracellular
basal pH changes were observed by others (23, 32). Also
no difference was found between cells overexpressing the
multidrug resistance-associated protein, MRP1, and wild-
type cells (34). (ii) How do variations of the metabolic state
of the cell, such as starvation, regulate, in turn, the drug-
induced activation of Pgp? ATP concentrations used in Pgp
activation assays with inside-out membrane vesicles are
rather high (3-7.5 mM) (9, 10) since the Michaelis-Menten
constant of ATP isKm ) 0.33 ( 0.04 mM (10). In living
cells, ATP concentrations are in a similar range or even
higher under optimal conditions; however, they can vary with
the metabolic state of the cell. Moreover, ATP has to be
shared by different energy-dependent proteins. It is therefore
of interest to test how the process of cellular detoxification
by Pgp changes with the metabolic state of the cell. (iii) How
is the general mechanism of extracellular acidification, under
conditions of Pgp activation, linked to the specific process
of Pgp-induced ATP hydrolysis?

The aim of the present work is therefore (i) to clarify the
influence of the expression level of Pgp on basal metabolism,
(ii) to measure the basal and verapamil-induced ECARs in
living, MDR1-transfected cells under different metabolic
conditions by means of a Cytosensor, (iii) to identify the
export pathways of the acidic metabolites, and (iv) to
compare the different ECARs obtained in living cells with
the rate of Pgp ATP hydrolysis in inside-out vesicles of the
same cells. Basal and verapamil-stimulated ECARs were
assessed for differentMDR1-transfected cell lines (MDR1-
transfected pig kidney cells LLC-MDR1 (35), mouse embryo
fibroblasts NIH-MDR-G185 (36)), for three other genetically
modified cell lines (LLC-PK1 transfected with the human
MRP1gene (37), cells 77.1 and 88.6, lacking functional Pgp,
obtained from Mdr1a-/-1b-/- mouse embryos (38)), and for
the corresponding wild-type cell lines. In addition, special
attention was given to the number of passages the various
cell types had experienced since this turned out to be a further
parameter influencing the basal extracellular acidification
rates. The experiments will provide new insight into the
mechanism of Pgp activation in living cells.

MATERIALS AND METHODS

Compounds.Colchicine, phloretin, and 2-deoxy-D-glucose
were obtained from Fluka (Buchs, Switzerland), 4,4′-
diisothiocyanatostilbene-2,2′-disulfonic acid, DIDS, vera-
pamil, vincristine, and sodium pyruvate from Sigma (Stein-
heim, Germany), and lactate reagents and lactate standard
solutions (Cat. Nos. 735-10 and 826-10, respectively) from
Sigma Diagnostics Inc. (St. Louis, MO). The other chemicals
were from Fluka, Merck, or Sigma. Complete EDTA-free

protease inhibitor cocktail tablets were obtained from Roche
Diagnostics (Mannheim, Germany), 1,4-dithiol-DL-threit(ol),
DTT, was from Applichem (Darmstadt, Germany), and BCA
protein assay reagents were purchased from Pierce (Rock-
ford, IL). DMEM (liquid and dry, Cat. Nos. 21969 and
52100, respectively) without pyruvate, IMDM medium, and
other compounds required for cell culture such as fetal bovine
serum, FBS, bovine serum albumin, BSA, and antibiotics
were from Gibco-BRL (Basel, Switzerland). P-glycoprotein
antibody, MRK16, and unspecific antibody, IgG2ak, were
from Kamiya Biomedical Co. (Seattle, WA), and the IgG2a

FITC-labeled antibody was from PharMingen (San Diego,
CA).

Cell Lines.The mouse embryo fibroblast wild-type lines
(2ac.1 and 2ac.2) and lines lacking functional Pgp (77.1 and
88.6) from Mdr1a-/-1b-/- mouse embryos were generously
provided by Dr. A. H. Schinkel (The Netherlands Cancer
Institute, Amsterdam, The Netherlands), the pig kidney
epithelial cell lines LLC-PK1, LLC-PK1 transfected with the
humanMDR1gene (LLC-MDR1), and LLC-PK1 transfected
with the humanMRP1gene (LLC-MRP1) by Dr. P. Borst
(The Netherlands Cancer Institute), and the mouse embryo
fibroblast lines NIH3T3 and NIH3T3 transfected with the
human MDR1 gene (NIH-MDR-G185) by Dr. M. M.
Gottesman (The National Institutes of Health, Bethesda,
MD).

Cell Culture.All cell lines were grown under the same
conditions in monolayer culture in DMEM medium (4.5 g/L
glucose) supplemented with fetal bovine serum (10% v/v),
penicillin (100 units/mL), streptomycin (100µg/mL) and
L-glutamine (146 mg/L) at 37°C in an atmosphere containing
CO2 (5%). NIH-MDR-G185 and LLC-MDR1/V cells were
grown in the presence of colchicine (0.15µM) and vincris-
tine, V (0.32 µM), respectively. The cells were passaged
every 3-4 days. For quantitative comparisons cells with
identical passage numbers were used. The cells were counted
with a hemocytometer.

Detection of Pgp Expression.The expression level of Pgp
in wild-type (LLC-PK1 and NIH3T3) and transfected (LLC-
MDR1, LLC-MDR1/V, and NIH-MDR-G185) cells was
estimated using the monoclonal antibody MRK16, which
recognizes only human Pgp. Aliquots of (2-3) × 105 cells
were incubated in IMDM containing 5% FBS at 37°C for
30 min in the presence of MRK16 or the unspecific antibody
IgG2ak. After washing, the cells were reincubated at 37°C
for 30 min in the dark, in the presence of the fluorescent
FITC-labeled antibody. The cells were resuspended in
phosphate-buffered saline (containing 1% BSA), and the
fluorescence intensities for 10000 events per cell sample were
analyzed using a FACSort flow cytometer (Becktron, Dick-
inson) and the software Win MDI for data analysis.

Cytosensor Measurement.ECARs of intact cells were
measured using an eight-channel Cytosensor microphysi-
ometer (Molecular Devices, Menlo Park, CA) described
elsewhere in detail (20, 39). The cells were seeded into 12
mm diameter polycarbonate cell capsule cups at a density
of 3 × 105 cells per cup in culture medium. Usually the cells
were incubated overnight at 37°C before the measurement
(20). This protocol was followed for measurements of relative
ECARs (data shown in Figures 4, 7, and 8). For quantifica-
tion of ECARs (data shown in Figures 2, 3, 5, 6, and 9) the
cells were prepared 4 h prior to the Cytosensor experiment,
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since the number of cells seeded remained approximately
constant within this period of time. After incubation, capsule
spacers and inserts were put into the cups, and the cells were
thus located between two polycarbonate membranes which
together with the spacer ring form a tight chamber of 2.8
µL with fluid contact to the potentiometric sensor chip.
Measurements were performed at 37°C. The acidification
rates were measured during periodic interruptions of the flow
of the medium through the flow chambers (for details see
ref 20). Each pump cycle lasted 2 min, during which time
the pumps were on for 1 min 40 s and were then switched
off for the remaining 20 s. During the pump-off period (from
1 min 45 s to 1 min 58 s) in each pump cycle the rate of
extracellular pH changes were calculated by the Cytosoft
program. The ECAR was determined as the slope of a linear
least-squares fit to pH versus time data (µV/s), where-1
µV/s corresponds to an acidification rate of 0.001 pH unit/
min at pH 7.4. After a constant acidification rate was reached
(∼60-70 min), the flow medium was replaced by drug-
containing medium. The cells were exposed to a 40 s pulse
of a drug. The flow was then stopped, and the acidification
rate was measured for 13 s. Perfusion with the drug solution
was continued for another 2 min (the total drug perfusion
interval was thus 160 s), and the ECAR was measured again
(see ref20, Figure 1). The acidification rate was normalized
to a basal acidification (defined as 100%) averaged over the
two pump cycles before drug addition. The actual cellular
response is given either in percentage over the basal activity
or in absolute values of protons per cell, per second (H+/
cell/s).

Flow Medium and Buffer.The flow medium was prepared
from the commercially available dry powder DMEM medium
lacking sodium bicarbonate to have a low buffer capacity
and to avoid formation of bubbles during the measurement.
To preserve osmotic balance, sodium bicarbonate was
replaced by sodium chloride (0.7 g of NaCl instead of 1 g
of NaHCO3). To adapt the cells to the conditions required
for glucose deprivation and quantitative experiments, the flow
medium was exchanged for flow buffer containing CaCl2

(0.3 mM), MgCl2 (0.6 mM), KH2PO4 (0.5 mM), KCl (3
mM), Na2HPO4 (0.5 mM), and NaCl (130 mM), with glucose
(10 mM), bufferg+, glucose and sodium pyruvate (1 mM),
bufferg+p+, no glucose but pyruvate, bufferg-p+, or neither
glucose nor pyruvate, bufferg-p-. At the beginning of a
measurement the pH of the solution was always adjusted to
7.4 at room temperature.

Quantification of Acid Export.To quantify the number of
protons excreted by the cells within a certain time interval,
the buffer capacity,â, and the number of cells in a flow
chamber (V ) 2.8µL) have to be known. For flow buffer at
pH 7.4 containing KH2PO4 (0.5 mM) and Na2HPO4 (0.5 mM)
the buffer capacity was calculated according to Owicki (24)
asâ ) 0.40 mM. For the phosphate salts we used a pKa of
6.83 (6.865 at 25°C) (40), which is in agreement with a
value measured in our laboratory (X. Li Blatter, unpublished
results) instead of the pKa of 6.76 at 37°C used previously
(20, 24). The buffer capacity of the DMEM flow medium is
â ) 0.56 mM, calculated as the sum of the buffer capacities
of phosphate salts (0.91 mM) and amino acids, in particular
glutamine (4 mM), histidine (0.2 mM), and cysteine (0.4
mM).

Due to the space limitation by the spacer, the number of
cells in the measuring chamber, which give rise to the ECAR
recorded by the sensor chip, corresponds to about 25% of
the total cells seeded, that isNc ) 0.75× 105 cells, provided
the cells are equally distributed in the capsule cup. Each of
the sensors was calibrated at 37°C with pH standard buffer
solutions (Schott Glas, Mainz, Germany) within a range of
pH of 6.81-8.87. According to the calibration, cal) 61.0
( 1.1 mV corresponds to 1 pH unit. The ECARs (µV/s)
recorded were transformed to protons released per cell per
second as follows:

where NA is the Avogadro number. Units are given in
parentheses.

Determination of Lactate Concentration. Total lactate
production by NIH3T3 and NIH-MDR-G185 cells during
basal and verapamil-induced metabolic rates was determined
using a standard lactate spectrophotometric assay based on
lactate oxidase and peroxidase activity (Sigma, Cat. No. 735-
10, St. Louis, MO). The cells from 17-20 passages (9-10
weeks) were prepared as described before. The cells were
perfused for∼1 h in the Cytosensor with bufferg+. Next,
the cells were stimulated continuously for another 1 h with
verapamil (6µM) containing bufferg+. The phosphate buffer
leaving the Cytosensor chambers was collected, condensed
by lyophilization, diluted 15 times with water, and assayed
using the protocol provided by the lactic acid assay kit
obtained from Sigma (which is adapted with minor changes
from ref41). The number of lactate molecules produced per
cell per second were calculated taking into account the total
number of cells (3× 105) placed on the capsule cup and an
average flow rate of 83µL/min, including pump-on and
pump-off periods. In contrast to ECAR measurements where
only about 25% of the cells are in contact with the sensor
chip, all cells in the sensor chamber contribute to the
acidification of the waste buffer leaving the sensor chamber.

Plasma Membrane Vesicle Preparation.The cell mem-
branes were prepared as described previously (42) with some
modifications. Briefly, cells washed once with PBS buffer
were scraped into ice-cold PBS, pH 7.0, supplemented with
protease inhibitors (1 tablet/50 mL of PBS). Next the cells
were washed with hypotonic lysis buffer (10 mM Tris-HCl,
pH 7.5, 10 mM NaCl, 1 mM MgCl2, 1 protease inhibitor
cocktail tablet/50 mL) by centrifugation at 2100gmax for 10
min at 4°C. The pellet was resuspended in lysis buffer (5
mL per each of four 15 cm dishes) and was then frozen
rapidly in dry ice. The frozen cell suspension was stored at
-80 °C until later use. The cell suspension was thawed at
room temperature and was then incubated on ice 30-45 min
prior to the disruption of cells with a “One Shot” cell
disrupter (Constant Systems Ltd., Warwickshire, U.K.) at
400 bar. The cell lysate was diluted 1:1 with ice cold isotonic
buffer (10 mM Tris-HCl, pH 7.4, 250 mM sucrose, 50 mM
N-methyl-D-glucamine, NMDG, 1 protease inhibitor cocktail
tablet/50 mL buffer), and the unbroken cells and nuclei were
precipitated by centrifugation at 800gmax for 10 min at 4°C.
Subsequently mitochondria were removed by centrifugation
at 6000gmax for 10 min at 4°C, and in the final centrifugation
(100000gmax, 1 h, 4°C) the crude membranes were pelleted.

ECAR (H+/cell/s))
[ECAR (V/s)][â (M)][ V (L)]NA/[cal (V)]Nc
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The pellet was resuspended with isotonic buffer, homog-
enized by aspiration through a 23-gauge syringe, and stored
at -80 °C until use. The protein content of the membrane
vesicles (9-10 mg/mL) was determined by BCA protein
assay using bovine serum albumin as a standard.

ATPase ActiVation Assay.The P-glycoprotein-associated
ATPase activity in plasma membrane vesicles was measured
as described previously (42) with an adjustment to the assay
carried out in a 96-well microtiter plate, with a reaction
volume of 40µL/well. The membrane suspension (5-13 µg
of protein) was first incubated for 5 min at 37°C with
ATPase assay buffer (50 mM Tris-HCl, pH 7.5, 150 mM
NMDG, 5 mM sodium azide, 1 mM EGTA, 1 mM ouabain,
2 mM DTT, and 10 mM MgCl2) with or without 0.3 mM
sodium vanadate. The reaction mixture was then incubated
for 3 min at 37°C with 5 µL of verapamil stock solution
(80µM in water, containing 5% DMSO). The final verapamil
concentration was 10µM and the final DMSO concentration
was 0.625% (v/v). The reaction was initiated by addition of
ATP solution (final concentration 5 mM in 40µL). After
20 min of incubation at 37°C the reaction was stopped by
addition of 30µL of 10% (w/v) SDS. For the estimation of
released inorganic phosphate (Pi) 250µL of ice-cold medium
(0.2% (w/v) ammonium molybdate, 1.3% (v/v) sulfuric acid,
2.3% (w/v) trichloroacetic acid, and freshly prepared 1% (w/
v) ascorbic acid) was added to each well. After 100 min of
incubation at room temperature the absorbance at 820 nm
was measured using a Spectramax M2 microplate reader
(Molecular Devices, Sunnyvale, CA). Control measurements
were performed with the appropriate DMSO concentrations.

Error Calculations.The error bars given in Figures 2, 3,
and 5-9 correspond to standard deviations, SDs. The
statistical significance of the data in Figure 6 was calculated
with the Student’st test.

RESULTS

Expression LeVel of Pgp in MDR1-Transfected Cell Lines.
The level of Pgp expression inMDR1-transfected cells (LLC-
MDR1, LLC-MDR1/V, and NIH-MDR-G185) and the cor-
responding wild-type cells (LLC-PK1 and NIH3T3) was
studied by FACS using the monoclonal antibody MRK16
and a fluorescent, FITC-labeled second antibody. Figure 1
displays the cell count as a function of the relative fluores-
cence intensities (logarithmic scale) for the different cell lines
studied. Cells overexpressing human Pgp (lines 1, 2, and 4)
exhibit distinctly higher fluorescence intensity than wild-
type cells (lines 3 and 5). Whereas LLC-MDR1/V cells
grown in the presence of vincristine (line 1) and NIH-MDR-
G185 grown in the presence of colchicine (line 4) show one
population at high fluorescence intensity, LLC-MDR1 cells
grown in the absence of vincristine show two populations,
the first one at low (∼25% of the cells) and the second one
at high fluorescence (∼75% of the cells) intensity. The
content of human Pgp in the whole cell population was
expressed as the ratio of the median fluorescence intensities
(MFIs) of MRK16-labeled cells and isotype control IgG2a-
labeled cells. It increases in the order wild-type cells (MFI
) 1) < LLC-MDR1 (MFI ) 23) < LLC-MDR1/V (MFI )
38) < NIH-MDR-G185 (MFI ) 79). The expression level
of endogenous Pgp in wild-type (2ac.1, 2ac.2, NIH3T3 (38),
LLC-PK1 (43)), Mdr1a-/-1b-/- knockout (38), and LLC-

MRP1 (37) cells has been estimated previously by means
of Western blot analysis and was not further analyzed. The
expression level of Pgp thus increases in the order
Mdr1a-/-1b-/- knockout cells (77.1, 88.6)< wild-type cells
(2ac.1, 2ac.2, LLC-PK1, NIH3T3)≈ LLC-MRP1 < LLC-
MDR1 < LLC-MDR1/V < NIH-MDR-G185. Experiments
were performed with cells of higher passage number (pn>
4). In the following we assume that the expression level of
Pgp does not change with the passage number in the range
of 2-20 passages after defreezing.

Basal ECARs of the Different Genetically Modified Cell
Lines. ECARs were monitored by means of a Cytosensor
microphysiometer with four or eight parallel measuring
chambers. Each chamber contained a potentiometric sensor
chip measuring the extracellular acidification rate (µV/s)
during periodic interruptions of the flow of the medium
through the flow chambers (19). At 61 mV/pH unit and
taking into account the buffer capacity,â, of the flow
medium, the net flow of protons per second per cell was
calculated (cf. Materials and Methods).

In our previous investigations MEM or DMEM was used
as the flow medium to measure Pgp activation (20).
However, since the effect of nutrients on the Pgp-induced
cell activity was to be studied, the present measurements
were made with simple buffer solutions. We first compared
the basal ECARs of the different cell lines in DMEM with
those obtained with phosphate buffer containing 10 mM
glucose (bufferg+) to test whether cellular metabolism was
affected by the omission of the amino acids and vitamins
present in DMEM. For this purpose, the cells were first
exposed to DMEM (buffer capacityâ ) 0.56 mM) until
stable basal ECARs were reached (75 min). DMEM was then
replaced by glucose-containing bufferg+ (buffer capacityâ
) 0.40 mM). Parts A (DMEM) and B (bufferg+) of Figure
2 display the ECARs of the 10 cell lines employed in this
study, ordered according to increasing expression levels of
Pgp, that is,Mdr1a-/-1b-/- knockout cells (77.1, 88.6)<
wild-type cells (2ac.1, 2ac.2, LLC-PK1, NIH3T3)≈ LLC-
MRP1 < LLC-MDR1 < LLC-MDR1/V < NIH-MDR-

FIGURE 1: Expression of human Pgp monitored by immunoflow
cytometry, FACS. Histograms represent the cell number versus
fluorescence intensity expressed as the logarithm of the relative
fluorescence intensity. Each distribution was obtained from col-
lecting 104 cells labeled with MRK16 antibody. Transfected cell
lines LLC-MDR1/V (grown in the presence of vincristine (0.32
µM)) (line 1), LLC-MDR1 (line 2), and NIH-MDR-G185 (grown
in the presence of colchicine (0.15µM)) (line 4) are shown in light
gray and the corresponding wild-type cells LLC-PK1 (line 3) and
NIH3T3 (line 5) in dark gray. Cells of high passage numbers (pn
> 4) were used.
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G185. After correction for the different buffer capacities,
the ECARs of a given cell line in DMEM and in glucose
bufferg+ were practically identical. Furthermore, parts A and
B of Figure 2 demonstrate that the basal ECARs of the
different cell lines are similar and in the range of (1.4(
0.1)× 107 to (2.4( 0.5)× 107 H+/cell/s (-66 ( 5 to -117
( 26 µV/s) for DMEM and (1.3( 0.2) × 107 to (2.7 (
0.3) × 107 H+/cell/s (-89 ( 10 to -183 ( 18 µV/s) for
bufferg+. However, the ECARs of wild-type cells (gray
columns) are on average 30( 10% larger than those of
knockout (white columns) and transfected (patterned col-
umns) cells. Considering onlyMDR1-transfected and the
corresponding wild-type cells, the difference is lower (20(
4%). For the experiments shown in Figure 2 cells from a
narrow range of cell passages after defreezing (pn) 2-3)
were used to get optimal synchronization of cells.

The number of cell passages had a distinct influence on
the ECAR as exemplified in Figure 3 for NIH-MDR-G185
cells, knockout cells (77.1), and the corresponding wild-type
cells. At low passage numbers (pn) 2-3) the ECARs were
lower than at higher passage numbers (png 4). Basal
ECARs of the second data set with high passage numbers,
analogous to those in Figure 2, were on average over all
cell lines 60 ( 40% higher than those of low passage
numbers, whereby the difference between the basal ECARs
of low and high passage numbers was lower (∼20%) for
Mdr1a-/-1b-/- knockout cells (77.1, 88.6) and the corre-
sponding wild-type cells (2ac.1, 2ac.2) and higher (80-
100%) for transfected cells (LLC-MRP1, LLC-MDR1, LLC-
MDR1/V, NIH-MDR-G185). At higher passage numbers (pn
> 4) the difference in ECARs between NIH-MDR-G185 and
the corresponding wild-type cells therefore practically disap-
peared (Figure 5A).

Basal ECARs under StarVation Conditions.Next the
activity of NIH-MDR-G185-transfected cells was tested after

withdrawal of exogenous carbon sources. The metabolic
response is seen in Figure 4. During period A, cells were
perfused with bufferg+ until a stable basal ECAR was
reached. A preequilibration period of∼60 min is not shown.
The basal ECAR was normalized and defined as 100%. As
a control, perfusion with glucose buffer (bufferg+) was
continued in one chamber (9, no change in the ECAR
occurring).

When sodium pyruvate (1 mM) was added to glucose
buffer (bufferg+p+, 1), a significant decrease in the ECAR
was observed. Pyruvate (1 mM) without glucose (bufferg-p+,
O) led to an even larger decrease in the ECAR. Complete

FIGURE 2: Basal extracellular acidification rates, ECARs (A, B), and verapamil (10µM)-induced ECARs after subtraction of the basal
ECARs (C, D) ofMdr1a-/-1b-/- knockout cells 77.1 (1) and 88.6 (2) (white columns), wild-type cells 2ac.1 (3) 2ac.2 (4), LLC-PK1 (5),
and NIH3T3 (6) (gray columns), and cells transfected withMRP1or MDR1 genes, LLC-MRP1 (7), LLC-MDR1 (8), LLC-MDR1/V (9),
and NIH-MDR-G185 (10) (patterned columns). The cells were exposed to DMEM (A, C) or to phosphate buffer containing 10 mM glucose
(B, D). The cells were defrozen 2-3 passages prior to the measurements. Error bars correspond ton ) 3-4 measurements.

FIGURE 3: Basal extracellular acidification rate as a function of
the passage number of NIH-MDR-G185 (9), NIH3T3 (0),
Mdr1a-/-1b-/- knockout cells 77.1 (b) and 2ac.2 (O) cells as a
function of the passage number. Measurements were performed in
phosphate buffer containing 10 mM glucose. Error bars correspond
to n ) 2-6 measurements.
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elimination of all carbon sources (bufferg-p-, 2) caused a
further small decrease.

Comparing the different cell lines, the average reduction
of basal ECARs due to addition of pyruvate was more
pronounced for mouse embryo fibroblasts (50( 10%, wild-
type and transfected NIH cells) than for pig kidney cells (15
( 4%, wild-type and transfected cells) (not shown). If
glucose was removed or replaced by its nonmetabolizable
analogue deoxyglucose, the basal ECARs of all cell lines
tested were reduced by 75-90%.

Figure 5A then compares the basal ECARs of wild-type
and transfected cells in the presence (0, 9) and absence (O,
b) of glucose, where open and closed symbols represent
ECARs of cells with low (pn) 2-3) and high (pn) 4-20)
passage numbers, respectively. Basal ECARs (logarithmic
scale) are plotted as a function of the median fluorescence
intensity representing the expression level of human Pgp.
As a general conclusion it follows that under equivalent
conditions of nutritional state and passage number wild-type
andMDR1-transfected cells exhibit rather similar metabolic
activity.

Verapamil-Induced Extracellular Acidification Rates.Fig-
ure 4, period C, displays the variation of the ECARs of NIH-
MDR-G185 cells upon addition of verapamil under different
nutritional conditions. We first discuss verapamil effects
under normal nutritional conditions, that is, when the cells
are perfused with bufferg+ (uppermost curve in Figure 4,9).
At the beginning of period C, verapamil was added to
bufferg+ at a concentration of 6µM during 160 s (hatched
bar). After this stimulation interval the cells were again
perfused with bufferg+. Immediately after stimulation, the
ECAR increases, indicating a distinct increase in acid
production induced by verapamil. After the return to normal
bufferg+ the ECAR returns to basal values. Analogous
measurements were performed for all 10 cell lines, and the
quantitative evaluation for cells with pn) 2-3 is sum-

marized in Figure 2C,D. The values given correspond to the
ECAR increase measured at the end of the 160 s stimulation
interval. The verapamil-induced ECARs in DMEM (Figure
2C) and bufferg+ (Figure 2D) are practically identical. Parts
C and D of Figure 2 show that an increase in ECARs upon
verapamil stimulation is observed only for cells overexpress-
ing P-glycoprotein (columns 8-10), and that the increase
in ECARs is proportional to the expression level of Pgp (see
also Figure 5B,C).

We then tested whether Pgp activation by verapamil was
still possible under starvation conditions. As seen in Figure
4, period C, verapamil stimulation induced a distinct ECAR
increase under all buffer conditions, even in the absence of
exogenous carbon sources. The stimulation cycle in Figure
4 (periods A-C) was then repeated. In period A2 the cells
were again perfused with bufferg+ in all four chambers. Cells
treated with bufferg+p+ (1) and bufferg-p+ (O) during periods
B and C reversed to the initial ECARs within 5 min, whereas
cells treated with bufferg-p- (2) did not recover completely
even after 15 min. Verapamil stimulation in period B2
yielded results very similar to those of period B. Even cells
in bufferg-p- which had not recovered completely showed a
similar ECAR upon the second verapamil stimulation.

The verapamil stimulation cycle in Figure 4 was repeated
for a third time (data not shown) to test inhibition of
verapamil-induced ECARs by cyclosporin A. For this
purpose, cyclosporin A (1µM) was added to the four
different buffers and NIH-MDR-G185 cells were preincu-
bated for 20 min followed by stimulation with verapamil,
again in the presence of cyclosporin A. This led to an
inhibition of the verapamil-induced ECARs by 50-60%
under all buffer conditions, in agreement with previous
inhibition values (20).

Parts B and C of Figure 5 display theabsoluteandrelatiVe
increase in ECARs upon verapamil stimulation (10µM) of
MDR1-transfected and wild-type cells in the presence (0,

FIGURE 4: Effect of glucose and sodium pyruvate on the basal and verapamil-induced acidification rate of NIH-MDR-G185 cells. Cells of
high passage numbers were used (pn> 20). During period A (indicated in white), the cells in all four chambers were exposed to phosphate
buffer with glucose, bufferg+. During periods B and C (indicated in gray) only one chamber was perfused with bufferg+ (9); the others were
perfused with buffer containing in addition 1 mM sodium pyruvate, bufferg+p+ (1), buffer containing 1 mM sodium pyruvate without
glucose, bufferg-p+ (O), or buffer containing neither glucose nor pyruvate, bufferg-p- (2). Periods A-C were repeated (A2, B2, C2).
Hatched bars indicate the interval (160 s) during which the cells were perfused with verapamil (6µM). The basal ECAR of cells in bufferg+
was defined as 100%. Results are normalized to the baseline and are expressed as a percent of the basal acidification rate.
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9) and absence (1) of glucose plotted as a function of the
expression level of Pgp. Under all conditions ECARs
increased with the expression level of Pgp.AbsoluteECARs
(Figure 5B) were higher in the presence (0, 9) than in the

absence (1) of glucose. However, if expressed as percent
changesrelatiVe to the corresponding basal ECAR (Figure
5C), glucose-deprived cells showed a distinctly larger
verapamil-induced stimulation than glucose-fed cells.

ECARs of cells with higher passage numbers (pn) 4-20)
(9) are higher than those of cells from low passage numbers
(pn ) 2-3) (0) if given in absolute values (Figure 5B).
However, if again expressed as percent changes of basal
ECARs, the two data sets are practically identical (Figure
5C). For the sake of clarity, the data obtained for glucose-
deprived cells with low and high passage numbers were
averaged in Figure 5B,C (1). The largest relative increase
is clearly observed for cells under starvation conditions (cf.
also Table 1).

Rate of Lactic Acid Efflux.NIH-MDR-G185 and NIH3T3
cells were perfused with glucose-containing bufferg+ in the
Cytosensor. The buffer was collected after leaving the
chamber and was tested for lactate using a spectrophoto-
metric assay based on lactate oxidase and peroxidase activity.
Figure 6 shows the rate of lactate molecules exported
(hatched columns) by NIH3T3 and NIH-MDR-G185 cells
under basal conditions (-) and when stimulated continuously
with 6 µM verapamil (+) for ∼1 h. The lactate rates are
compared to the proton efflux rates (ECARs) measured in
parallel (gray columns).

In the absence of verapamil, NIH3T3 and NIH-MDR-
G185 cells exported (3.5( 0.5) × 107 and (3.0( 0.9) ×
107 lactates/cell/s, respectively. The basal ECARs determined
in parallel corresponded to (3.4( 0.1) × 107 and (3.0(
0.6)× 107 H+/cell/s for NIH3T3 cells and NIH-MDR-G185
cells, respectively (see also Table 1).

Verapamil (6µM) induced an increase in the rate of lactate
export and in the ECAR of (4.8( 1.5)× 107 lactates/cell/s
and (4.5 ( 0.4) × 107 H+/cell/s, respectively, in Pgp-
overexpressing cells. In wild-type cells, the rate of lactate
export and the ECAR remained at (3.4( 0.5)× 107 lactates/
cell/s and (3.3( 0.5)× 107 H+/cell/s. Data in Figure 6 thus
demonstrate that the rate of lactic acid leaving the measuring
chambers of the Cytosensor corresponds to the rate of
extracellular acidification registered by the pH-sensitive
potentiometric sensor chip in the measuring chamber of the
Cytosensor.

Route of Lactic Acid Efflux.To identify the pathway of
lactic acid efflux, we incubated the cells in the Cytosensor
chambers with DIDS and phloretin, which inhibit inorganic
anion exchange mechanisms and monocarboxylate carriers,
respectively (44, 45). Figure 7 shows the influence of DIDS
and phloretin on basal ECARs of NIH-MDR-G185, LLC-
MDR1, and NIH3T3 cells. Exposure of cells to increasing
concentrations of DIDS (50-600 µM) leads to a slow
decrease in basal ECARs. After 20 min of incubation with
DIDS a reduction by about 10-15% was reached in wild-
type and transfected cell lines. In contrast, exposure of NIH-
MDR-G185 and NIH3T3 cells to phloretin leads to a fast
decrease by∼60% and∼70%, respectively, which remained
constant after 6 min.

Figure 8 shows the effect of DIDS and phloretin on
verapamil-induced ECARs in NIH-MDR-G185 and NIH3T3
cells. The cells were preincubated with DIDS or phloretin
for 20 and 6 min, respectively, and were then stimulated
with 6 µM verapamil for 160 s in the presence of DIDS or
phloretin. DIDS had no effect on the ECAR in the whole

FIGURE 5: Basal (A) and verapamil (10µM)-induced ECAR as a
function of the expression level of human Pgp in cells given in
absolute values (B) and relative values, where basal ECARs were
taken as 100% (C). The expression level of Pgp was determined
by FACS analysis and is expressed in MFIs for wild-type cells
(MFI ) 1) (LLC-PK1 (label 5), NIH3T3 (label 6)) andMDR1-
transfected cells (LLC-MDR1 (MFI) 23), LLC-MDR1/V (MFI
) 38), NIH-MDR-G185 (MFI ) 79)). The cells for ECAR
experiments were defrozen either 2-3 passages or 4-20 passages
prior to the measurements, and the values given correspond to an
average ofn ) 3-4 (0, O) or n ) 2-17 (9, b) measurements.
Both sets of data were measured in the presence (bufferg+) (squares)
and absence (bufferg-p-) (circles) of glucose. Verapamil-induced
ECARs (B, C) in the absence of glucose are shown as average
values of all measurements (n ) 4-21) for cells defrozen 2-20
passages prior to the measurements (1).
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concentration range investigated (50-300µM) (Figure 8A),
suggesting that inorganic ion exchange mechanisms play no
significant role in lactate efflux in intact cells. On the other
hand, phloretin completely inhibited the Pgp-specific ECAR

at a concentration of 100µM, suggesting that monocarboxyl-
ate carriers are involved in lactate export (Figure 8B). As
will be discussed below phloretin may, however, also affect
glucose import. The concentration of 50% inhibition of
lactate export by phloretin was IC50 ) 47 ( 20 µM (40 (
19 µM) for wild-type (transfected) cells under basal condi-
tions and IC50 ) 22 ( 8 µM for transfected cells upon drug
activation.

ATPase ActiVation Assay.Basal Pgp activation led to a
phosphate release of 10.7( 0.9 (nmol/mg of total protein)/
min. Activation of the Pgp ATPase in plasma membrane
vesicles of NIH-MDR1-G185 cells at pH 7.5 by verapamil

Table 1: Basal and Verapamil-Induced Rate of Proton and Lactate Export by NIH-MDR-G185 and NIH3T3 Cells in Bufferg+ under Different
Conditions

no. of cell
passages

after
defreezing

verapamil
(µM)

10 mM
glucose

stimulation
time

basal ECAR
for NIH3T3

[107 H+/cell/s]

basal ECAR
for NIH-MDR-G185

[107 H+/cell/s]

verapamil-induced
ECAR for

NIH-MDR-G185
[106 H+/cell/s]

verapamil-induced
relative to basal

(100%) ECAR for
NIH-MDR-G185 (%)

2-3 10 + 160 s 1.87( 0.25 (3)a 1.63( 0.24 (4)a 4.1( 0.6 (4)a 125
4-20 10 + 160 s 2.97( 0.80 (10) 2.98( 0.60 (17) 8.0( 1.5 (16) 127
2-20b 10 - 160 s 0.54( 0.17 (13) 0.60( 0.21 (21) 2.8( 1.2 (20) 148

17-20 6c + 60 min 3.40( 0.14 (3) 3.05( 0.58 (9) 14.7( 4.2 (9) 148
17-20 6 + 60 min 3.48( 0.45d (3) 3.03( 0.91d (9) 17.4( 15d (9) 157d

a Numbers in parentheses correspond to the numbers of measurements.b Since ECARs are relatively weak for glucoses-deprived cells, an average
value of low (2-3) and high (>4) passage numbers is given.c ECAR measurements as a function of verapamil concentration have shown that
ECAR values for 6 and 10µM verapamil are very similar (20). d Amount of lactate determined spectrophotometrically (lactates/cell/s).

FIGURE 6: Comparison between the rate of lactic acid efflux as
determined spectrophotometrically (hatched columns) and the
extracellular acidification rate as determined by means of the
Cytosensor microphysiometer (gray columns) for NIH3T3 (n ) 3)
and NIH-MDR-G185 (n ) 9) cells in the absence (-) and presence
(+) of 6 µM verapamil. The cells were defrozen 17-20 passages
prior to the measurements. The differences in lactate efflux (and
ECAR) between NIH-MDR-G185 without and with verapamil are
statistically significant (p < 0.05) (andp < 0.001).

FIGURE 7: Effect of increasing concentrations of DIDS (open
symbols) and phloretin (solid symbols) on the basal ECARs of NIH-
MDR-G185 (circles), NIH3T3 (squares), and LLC-MDR1 (tri-
angles) cells. The basal ECAR was defined as 100%. Results are
normalized to the baseline and are expressed as a percent of the
basal rate.

FIGURE 8: Effect of increasing concentrations of DIDS (A, open
symbols) and phloretin (B, solid symbols) on verapamil (6µM)-
induced ECARs of NIH-MDR-G185 (circles) and NIH3T3 (squares).
The ECARs of cells stimulated with verapamil for 160 s minus
the corresponding basal ECARs (in the absence of inhibitors) were
defined as 100%. Results are normalized and expressed as a percent
of the verapamil-induced ECAR subtracted from the basal ECAR.
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(10 µM) led to an increase in phosphate release by 14.1(
2.3 (nmol/mg of total protein)/min.

Taking into account the number of cells, the molecular
mass of Pgp (170 kDa), and the total protein concentration
determined experimentally, the content of Pgp was calculated
as 0.85( 0.23% of total protein, in good agreement with
previous results (46, 47). By combining these results with
the estimate of the number of Pgp molecules per cell in NIH-
MDR1-G185 (8), we calculated the turnover number of
verapamil-induced activity as 4.7( 0.8 ATP hydrolyzed/
Pgp/s. The errors correspond to four measurements.

DISCUSSION

Up to now, the classical method to determine Pgp-ATPase
activation was based on inorganic phosphate release mea-
surements made with inside-out vesicles prepared from Pgp-
overexpressing cells. This method has the disadvantage that
it is rather time-consuming and also requires destruction of
the living cell. Therefore, little is known on the role of the
basal metabolic state of the cell for Pgp activation. We have
recently shown (20) that measuring the extracellular acidi-
fication rate of livingMDR1-transfected cells by means of
a Cytosensor (19) provides a much faster and more conve-
nient method to monitor Pgp-ATPase activation. In the
present study we have developed this method further. Our
main interest is to investigate the influence of the metabolic
state of the cell, which depends on the cell culture time
(passage numbers) as well as on the nutritional state of the
cell. We considered drug-induced stimulation of Pgp under
conditions of starvation in some detail to understand the
mechanism of extracellular acidification in relation to the
general glycolytic metabolism of the cell and to show how
it is linked to Pgp-induced ATP hydrolysis under conditions
of Pgp activation.

The Different Genetically Modified Cell Lines Show
Similar ECARs. For a comparison of the different cell lines
the cells were kept in culture for identical periods of time
after defreezing. Basal ECARs of wild-type (2ac.1, 2ac.2,
LLC-PK1, NIH3T3) and genetically modified (Mdr1a-/-1b-/-

knockout,MDR1- andMRP1-transfected (LLC-MDR1, LLC-
MDR1/V, NIH-MDR-G185, LLC-MRP1)) cell lines were
on the order of 107 H+/cell/s, whereby those of genetically
modified cells were on average slightly lower than those of
wild-type cells (Figure 2 and 5, Table 1). The expression
level of Pgp as such had no influence on the basal
extracellular acidification rate of the different cell lines
(Figures 2 and 5).

Basal Metabolic Rates Depend on Cell Culture Time.The
rate of cellular metabolism reflected by the ECAR depends
on many factors such as temperature, pH, ionic strength, and
nutritional conditions (glucose concentration). The present
data demonstrate that it also depends on the time which cells
spend in culture after defreezing. For the comparison of
different cell lines we collected two data sets, one for cells
of low passage numbers (pn) 2-3) and one for cells of
higher passage numbers (pn) 4-20), where the former
show lower acidification rates than the latter (Figure 3, Table
1). A stable situation was reached after about two weeks in
culture (png 4). Basal ECARs in bufferg+ as well as in
medium (DMEM) were in the range of 1.3× 107 to 2.7×
107 H+/cell/s for cells of low passage numbers (pn) 2-3).

The basal metabolism reflected by the ECAR is thus
generally more affected by variations in the cell culture time
(60 ( 40%, depending on the cell line) than by transfection
(30 ( 10% for pn) 2-3, depending on the cell line).

ECARs due to Verapamil Stimulation Increase with the
Expression LeVel of Pgp and Depend on the Metabolic State
of the Cell.A metabolic response to verapamil stimulation
was observed forMDR1-transfected cells only (Figures 2C,D
and 5) and increased with the expression level of Pgp. In
absolute terms, the response to verapamil stimulation was
higher for cells of high passage numbers (pn) 4-20) than
of low passage numbers (pn) 2-3). However, verapamil-
induced ECARs relative to basal values were practically
identical for the two data sets (cf. Figure 5C). This suggests
that Pgp activation and the concomitant protection of cells
against drugs and toxins are directly proportional to the basal
metabolic state of the cell.

The metabolic conditions of the cells were modified by
perfusing the cells in the Cytosensor either with buffers
containing pyruvate in the presence or absence of glucose
or with a buffer lacking a carbon source. To illustrate the
amount of energy spent by NIH-MDR-G185 cells on
detoxification by Pgp relative to the basal metabolic energy
under different nutritional conditions, basal ECARs were
plotted versus the verapamil-induced ECARs (Figure 9).

Addition of pyruvate (1 mM) to glucose-containing buffer
(bufferg+p+) led to a 50% decrease of the basal ECAR.
Despite the decrease in basal metabolism, the verapamil-
induced ECAR remained as high as in bufferg+. The energy
required to activate Pgp in the presence of pyruvate
(bufferg+p+) thus required on average∼50% of the basal
ECAR in contrast to only∼25% in bufferg+.

If pyruvate was the only carbon source (bufferg-p+) or if
exogenous carbon sources were lacking (bufferg-p-), the
absolute ECAR or the rate of basal metabolism decreased
further (cf. Table 1). Nevertheless, Pgp activation by

FIGURE 9: Contribution of exogenous carbon sources to the basal
and verapamil-induced ECARs of NIH-MDR-G185 cells. The cells
were perfused with phosphate buffer without any carbon sources
(bufferg-p-), with 1 mM pyruvate (bufferg-p+), 1 mM pyruvate and
10 mM glucose (bufferg+p+,), or 10 mM glucose (bufferg+). Data
in bufferg-p+ correspond to an average of the data shown in Figure
4, data in bufferg+ correspond to an average of the data from Figures
2B,D and 4, and data in bufferg+p+ and bufferg-p- correspond to
an average of the data from Figure 4 and two additional sets of
measurements (n ) 3-4), not shown. The line is drawn to guide
the eyes.
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verapamil was still possible and comprised again 50-60%
of the basal value.

An analogous behavior was observed for LLC-MDR1 and
LLC-MDR1/V cells. While the ECARs of LLC-MDR1 and
LLC-MDR1/V cells upon verapamil stimulation (10µM)
were 108( 3% and 116( 7%, respectively, in the presence
of glucose, they amounted to 124% and 131%, respectively,
in the absence of exogenous carbon sources.

The reduction of the basal ECAR in the presence of high
pyruvate concentrations led to substrate inhibition of lactate
dehydrogenase (48). However, when Pgp was stimulated by
verapamil and the ATP requirement was enhanced, glycolysis
was up-regulated even in the absence of exogenous carbon
sources. This suggests that endogenous carbon sources are
used to drive Pgp under conditions of starvation.

Somewhat higher ECARs were also observed upon long-
time (60 min) exposure to drugs (cf. Table 1). The value
measured is in good agreement with previous results obtained
in cancer cells under comparable conditions (22).

Glycolytic Pathway for Energy Production.For all cell
lines basal ECARs were strongly reduced in the presence of
pyruvate or deoxyglucose and in the absence of glucose as
shown in Figure 4 for NIH-MDR-G185 cells, which is
consistent with a primarily glycolytic pathway for energy
production. Related results were obtained previously with
Chinese hamster ovary cells CHO-K1 (19), swim bladder
gas gland cells (49), and human rhabdomyosarcoma TE671
cells (50).

An analysis of the flow buffer leaving the Cytosensor
measuring chambers containing NIH-MDR-G185 or NIH3T3
cells perfused with glucose-containing bufferg+ revealed that
the rate of lactate export was identical to the rate of proton
export as determined by the potentiometric sensor chip
(Figure 6), which further supports the primarily glycolytic
pathway of these cells. We thus conclude that one molecule
of lactate is exported per molecule of ATP synthesized.

To maintain cellular homeostasis, lactic acid molecules
produced upon ATP synthesis must be transported across
the cell membrane to the extracellular space. Multiple
mechanisms exist, including facilitated transport by mono-
carboxylate carriers and anion exchange proteins as well as
diffusion of the protonated acid across the membrane (24).
Whether facilitated lactate export occurs by inorganic anion
exchange mechanisms or by monocarboxylate carriers was
tested by treating the cells with increasing concentrations of
DIDS or phloretin, respectively. While DIDS reduced basal
ECARs only by about∼10%, in agreement with previous
measurements (51), phloretin reduced basal ECARs by about
70% in wild-type cells, and by about 60% inMDR1-
transfected cells. The concentration of 50% inhibition of
lactate export by phloretin was determined, in good agree-
ment with previous measurements for other cell lines (IC50

) 3-40 µM) (45, 52, 53), suggesting that monocarboxylate
transporters play an important role in lactate-proton cotrans-
port. However, phloretin also inhibits the glucose transporter
with a similar concentration of half-maximum activation
(IC50 ) 0.24-48 µM) (49, 54, 55). On the basis of the
present experiments, it is therefore not possible to unambigu-
ously decide to what extent inhibition of lactate export by
phloretin is due to the inhibition of monocarboxylate
transporters and to what extent it is due to the inhibition of

glucose import and the concomitant reduction in basal
metabolism.

The amount of lactic acid leaving the cell by passive
diffusion is determined by the pKa value of lactic acid (pKa

) 3.8) and the pH close to the cytosolic membrane surface
(pH ≈ 5.5). At pH≈ 7.0 lactate is fully dissociated, which
prevents passive diffusion. However, close to the inner
cytosolic membrane surface, which exhibits a negative
surface potential, the concentration of protons is higher and
the pH is therefore lower. As a consequence about 1% of
the lactate molecules produced are protonated in this
environment and can leave the cell by passive diffusion.

Proton-Drug Symport?On the basis of the fact that the
large majority of drugs transported by Pgp are cationic (pKa

≈ 8) and that Pgp can transport permanently charged cations
(56), we have previously (20) discussed the possibility that
proton efflux inMDR1-transfected cells could also arise from
the transport of protonated drugs (proton-drug symport). A
drug molecule inserted into the negatively charged cytosolic
membrane interface, which is assumed to be the site of
interaction between Pgp and its substrates, is likely to be
protonated due to the slightly acidic environment close to
the membrane surface and might thus get transported in its
charged form. Since the extracellular aqueous phase is
slightly acidified by lactic acid efflux, the proton would not
dissociate from the drug molecule and would therefore most
likely remain undetected by the Cytosensor. For truncated
LmrA, a bacterial transporter related to Pgp, a proton-
ethidium symport was indeed demonstrated recently, and was
also proposed for the native transporter (57).

ATP Synthesis and ATP Hydrolysis.We have demonstrated
that drug-stimulated ECARs correspond to the rates of lactic
acid export, which suggests that the ECARs reflect in turn
the rates of ATP synthesis. To investigate the relationship
between the rate of ATP synthesis and the rate of ATP
hydrolysis in more detail, we compared the number of lactic
acid molecules exported (or the number of ATP molecules
synthesized) per NIH-MDR1-G185 cell with the number of
phosphate molecules released upon ATP hydrolysis in inside-
out vesicles of the same cells upon stimulation with 10µM
verapamil. To estimate the number of phosphate molecules,
Pi, released per cell, we multiplied the turnover number,
which gives the number of molecules of ATP hydrolyzed
(or the number of inorganic phosphate molecules released)
per molecule of Pgp, determined as 4.7( 0.8 Pi/Pgp/s in
inside-out vesicles, with the number of Pgp molecules per
NIH-MDR1-G185 cell determined previously asn ) 1.95
× 106 Pgp/cell (8). This yields (9.2( 1.5) × 106 Pi/cell/s.
For comparison the ECAR data obtained for intact NIH-
MDR-G185 and NIH3T3 cells under different metabolic
conditions are summarized in Table 1. The best agreement
is found for cells with high passage numbers (pn) 4-20)
in the presence of glucose. The excellent correlation between
ECAR data and data from ATP hydrolysis suggests that ATP
synthesis is kinetically linked to ATP hydrolysis.

Previous data from Pgp reconstituted into lipid vesicles
are in the range of 106 to 107 Pi/cell/s (8, 15, 58, 59). This
variation in ATP hydrolysis data is due to the fact that many
experimental steps are involved in Pgp purification and
reconstitution into lipid membranes and that the lipid chosen
for reconstitution plays a role (60). After careful standardiza-
tion, the error range for ECARs under a given condition is

P-Glycoprotein Activation and the Cellular Metabolic State Biochemistry, Vol. 43, No. 46, 200414849



generally relatively small. ECAR measurements have more-
over the advantage of giving anin situdetermination of Pgp
activation.

Conclusions.(i) Wild-type cells showed on average 30(
10% higher basal ECARs than genetically modified
cells such asMDR1- and MRP1- transfected cells and
Mdr1a-/-1b-/- knockout cells at least if measured at low
passage numbers (pn) 2-3). The difference between the
basal ECAR of wild-type and genetically modified cells was
smallest for NIH-MDR1-G185 cells and almost vanished for
cells of higher passage numbers (pn> 4). AlthoughMDR1-
transfected cells consume ATP at a high basal rate (perhaps
due to an endogenous substrate), their basal ECARs were
not higher than those of wild-type cells. Moreover, an
increase in Pgp expression did not lead to an increase in
basal ECARs. We thus conclude that a genetic modification,
whether it is aMDR1 or MRP1 transfection or aMdr1a-/

-1b-/- knockout, tends to reduce the basal cellular metabo-
lism. (ii) Stimulation ofMDR1-transfected cells by verapamil
(6-10 µM) induced an increase in metabolic rates which
was proportional to the expression level of Pgp, whereas
stimulation of wild-type, MRP1-transfected, or knockout cells
gave no response. A comparison ofMDR1-transfected cells
of low and high passage numbers (exhibiting low and high
basal metabolic rates, respectively) shows that the rate of
Pgp activation and the concomitant protection of cells against
drugs or toxins are proportional to the basal metabolic rate
of the cell. In glucose-deficient (or pyruvate-fed) NIH-
MDR1-G185 cells the energy spent on detoxification by Pgp
relatiVe to basal values is, however, 2-fold higher than in
glucose-fed cells, suggesting that the energy required to drive
Pgp can be derived from endogenous energy stores under
conditions of starvation. Cells overexpressing Pgp thus seem
to have an efficient mechanism of self-protection against
toxic compounds even under starvation conditions and
consequent low basal metabolic rates. (iii) ATP is generated
mainly by glycolysis, producing one molecule of lactate per
ATP molecule synthesized, whereby lactate seems to be
exported mainly by monocarboxylate transporters. (iv) The
excellent correlation between the number of protons or lactate
molecules excreted per second per cell under optimal
conditions (i.e., for cells with high passage numbers in
glucose-containing buffer) and the number of ATP molecules
hydrolyzed by Pgp in inside-out vesicles of the same cells
suggests that ATP synthesis is kinetically linked to ATP
hydrolysis.
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