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ABSTRACT. Acquired resistance to chemotherapy is a major problem during cancer treatment. One
mechanism for drug resistance is overexpression of the MDRI (multidrug resistance) gene encoding for the
transmembrane efflux pump, P-glycoprotein (P-gp). The calcium channel blocker verapamil has been shown to
reverse cellular drug resistance by inhibiting P-gp drug efflux. This study evaluated whether the new
antihypertensive drug carvedilol influenced doxorubicin (Dox) cytotoxicity and P-gp activity in a P-gp-
expressing cell line compared to a non-expressing subline. Verapamil (10 wmol/L), and even more markedly,
carvedilol (10 wmol/L) increased cellular uptake of P-gp-transported calcein of a P-gp-expressing breast cancer
cell line (Hs578T-Dox). In the subline (Hs578T) not expressing P-gp, no effects of carvedilol or verapamil on
calcein uptake were seen. Carvedilol and verapamil (10 pmol/L) reduced the LDsy (dose which results in the
death of half the number of cells) of the Hs578T-Dox subline from 200 mg/L to approx. 10 mg/L Dox, whereas
the LDs, of the Hs578T subline was only marginally affected. Carvedilol (10 pmol/L) reduced P-gp activity
approximately twice as effectively as verapamil at an equimolar concentration. Carvedilol did not affect
pyrogallol cytotoxicity and pyrogallol was without effect on calcein accumulation of the Hs578T-Dox cell line,
indicating the lack of antioxidative properties affecting P-gp activity and associated toxicity of the drug. The
results suggest that carvedilol has the clinical potential to reverse tumour MDR involving the efflux protein P-gp.
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Acquired resistance to chemotherapy with ensuing cross-
resistance to other cytotoxic drugs is a major clinical
problem during cancer treatment [1-3]. The two major
cellular mechanisms for drug resistance are the overexpres-
sion of the MDRI§ gene encoding for the transmembrane
efflux pump, P-gp, and the presence of MRP, which
functions to maintain the intracellular drug concentration
below cytotoxic levels by ATP-dependent extrusion of the
drug. Measurement of the formation of free calcein from
calcein AM in the tumour cells has been shown to be useful
to differentiate the cell membrane drug transport activity of
both MDR1 and MRP and has several advantages over the
utilisation of other fluorescent dyes such as rhodaminel23
[4]. Several vasoactive drugs and especially the calcium
channel blocking agent, verapamil, have been shown to
reverse cellular drug resistance by inhibiting the P-gp drug
efflux in several in vitro as well as in vivo studies [5—8].
Unfortunately, toxic side effects of the vasoactive drugs
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have hampered attempts to achieve optimal drug concen-
trations to overcome resistance in patients [9, 10]. Other
pharmaceuticals with quite different mechanisms of action
have also been shown to modify resistance during cancer
treatment [11-14]. Carvedilol, an antihypertensive drug
with B-adrenoceptor antagonist activity has also been
shown to mediate vasodilatation mainly through a-adren-
ergic blockade [reviewed in 15]. Carvedilol also affects
calcium channels [16, 17] and displays antioxidative prop-
erties [18—21]. These properties are of potential interest for
carvedilol-treated patients, who are also treated with irra-
diation or with cytostatic drugs that are assumed to act
through free radicals.

We therefore found it of interest to investigate whether
carvedilol might influence the cytotoxicity of doxorubicin.
Furthermore, we studied whether carvedilol could reverse P-gp
drug efflux as measured by fluorescent calcein accumulation
on a P-gp-expressing cell line and evaluated carvedilol with
respect to protection against extracellular free radical pro-
duction employing the autoxidation of pyrogallol.

MATERIAL AND METHODS
Cell Culture

We used two human breast cancer cell sublines: Hs578T
[22], with no previously measurable P-gp expression, and
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Hs578T-Dox, which is adapted to growth in the presence of
20 mg/L Dox. The Hs578T-Dox subline has previously
shown a high level of P-gp expression as determined by
immunohistochemistry [23]. The cell lines were cultured as
monolayers on plastic Petri dishes. The nutrient consisted
of Eagle’s minimum essential medium supplemented with
10% foetal bovine serum, 200 wmol/L L-glutamine, and 100
pg/L gentamicin. The cells were incubated at 37° in a
humidified atmosphere of 5% CO,~95% air.

Fluorometric Microculture Cytotoxicity Assay

To quantify the effects of carvedilol and verapamil on
doxorubicin cytotoxicity, FDA was used in a semiauto-
mated fluorometric method [24]. FDA is non-fluorescent
and membrane-permeable and is cleaved to fluorescent
fluorescein by unspecific esterases of the cell cytoplasm.
The esterase activity is dependent on the cell viability and
integrity of the membrane. FDA crosses the membrane of
intact cells only and is cleaved to fluorescein, which is
retained intracellularly. The amount of fluorescence will
thus correlate to the number of living cells. The FDA
fluorescence excitation/emission was measured at 485/538
nm. Cells from both sublines were harvested and plated at
2 X 10* cells/well in a volume of 100 pL 96-well microtiter
plates using a multichannel pipette. The plates were first
incubated at 37° for 24 hr with culture medium only. The
medium was changed and the drugs diluted in culture
medium to the desired drug concentration were added in
triplicate and the cells then cultured for 48 hr under the
conditions described above. The culture plates were then
centrifuged (300-400 g for 5 min), the medium removed
by flicking the plate, and the wells washed once with 200
pwL PBS. To each well was then added 100 pL of PBS
containing 10 pg/mL FDA. The plates were then incubated
for 60 min at 37° followed by fluorescence determination.

Western Blot Analysis of P-Glycoprotein

A membrane fraction of cells were prepared for SDS-PAGE
according to Gruber and co-workers [25] with some modi-
fications. Cells (40—60 X 10°) were homogenised in 0.5
mL lysis buffer (10 mmol/L NaCl, 1.5 mmol/L MgCl,, and
10 mmol/L Tris-HCI, pH 7.4) containing 2 mmol/L phe-
nylmethyl-sulfonyl fluoride (PMSF), 5 pwg/mL leupeptin, 5
pg/mL pepstatin, and 210 wg/mL aprotinin (Sigma). Fol-
lowing centrifugation (10 min, 1300 g, +4°), the superna-
tants were transferred to new tubes and centrifuged for 30
min at 3000 g. The supernatants were discarded and the
pellets were suspended in 50—-100 wL buffer (250 mmol/L
sucrose, 10 mmol/L Tris-HCI, 1 mmol/L PMSF, pH 7.4).
Determination of protein concentration was performed
according to standard methods with BSA as standard. Prior
to application on gel, the samples were diluted three times
with sample buffer (40 mmol/L boric acid, 5 mmol/L
EDTA, 705 mmol/L 2-mercaptoethanol, 146 mmol/L su-
crose, 10% SDS, and 42 mmol/L Tris-HCI, pH 8.6), and
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denatured on ice for 2 hr. A total of 30 pg protein from
control samples of K562 cells [26] and 100 g protein from
the other cell lines was applied to each gel lane. Membrane
proteins were separated on 6% polyacrylamide gradient gels
at 100 V for 3 hr at room temperature. After electrophore-
sis, the proteins were transferred to a 0.2 wm polyvinylidene
difluoride (PVDF) membrane (Trans-Blot® Transfer Me-
dium, Bio-Rad) by electroblotting overnight at 20 V in 50
mmol/L NaH,PO,, pH 6.5. The membranes were then
blocked in a suspension of 5% dry milk in TBST (137
mmol/L NaCl, 0.05% Tween 20, and 20 mmol/L Tris-HCI,
pH 7.6) for 1 hr at 37°. After washing in TBST (1 X 10
min, 3 X 15 min), the membranes were incubated for 15 hr
with a polyclonal antibody (MDR (ab-1); Oncogene Re-
search Products) raised against a synthetic peptide in the
C-terminal cytoplasm domain of P-glycoprotein, diluted
1:500 in TBST. Following washing as described above, the
membranes were incubated for 2 hr at room temperature
with horseradish peroxidase-labelled antirabbit anti-rabbit
immunoglobulin G (Amersham Life Science) diluted
1:2000 in TBST. Detection of bands was performed using
enhanced chemiluminescence (ECL) and Western blotting
detection reagents (Amersham) as described by the sup-
plier. Autoradiograms were obtained by exposing the mem-
branes to Hyperfilm-ECL (Amersham).

Calcein Accumulation Assay

Calcein AM has proved to be a functional probe for
measurement of P-gp transport activity, and by using
appropriate inhibitors, the functions of MDRI and MRP
can be differentiated [4]. Cells expressing MDRI or MRP
activity rapidly remove the non-fluorescent probe calcein
AM, resulting in decreased accumulation of the fluorescent
dye calcein in the cytoplasm compartment. Cells from both
cell lines were harvested and plated in a volume of 100 L
at 5 X 10* cells/well in 96-well microtiter plates using a
multichannel pipette. The plates were first incubated at 37°
for 24 hr with culture medium only. The cells were then
washed twice with PBS containing 5 mmol/L glucose, and
calcein AM (50 mg/L final concentration) with or without
carvedilol or verapamil was then added to the medium and
further incubated for 0—120 min. The fluorescence with
excitation at 495 nm and emission at 515 nm was imme-
diately read on a Perkin Elmer LS50B luminescence spectrom-
eter. To test the possible interference on calcein accumulation
by the presence of MRP, the effects on calcein uptake of 50
pwmol/L indomethacin, 1 pmol/L NEM, and 50 wmol/L
ethacrynic acid were tested. At these concentrations, the
substances strongly inhibit MRP activity whereas the concen-
trations are too low to affect P-gp activity [4].

Cytotoxicity and Drug Efflux Pump Sensitivity to
Superoxide Radicals

Pyrogallol (1,2,3-benzenetriol) rapidly autoxidises in aque-
ous solution. At physiological pH, the autoxidation is
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FIG. 1. Estimation of the transmembrane efflux pump, P-glyco-
protein (P-gp) in two breast cancer sublines by immunoblot
detection using the MDR (Ab-1) polyclonal antibody. The
amount of protein loaded was 100 g for all cell lines except for
the positive control (K562), lane 7, to which 30 pg protein was
loaded. Lane 1: Hs578T; lane 2: Hs578T-Dox; lane 3: the
human breast cancer cell line MDA-231 not grown in doxoru-
bicin; lane 4: MDA-231 adapted to growth in doxorubicin; lane
5: the human mesothelioma cell line P31; lane 6: the BT4C rat
malignant glioma line; and lane 7: the human erythroleukemic
cell line K562 was used as positive control.

almost totally inhibited by superoxide dismutase but not by
catalase, indicating an almost total dependence on the
participation of the superoxide anion radical, but no in-
volvement of hydrogen peroxide in the autoxidation mech-
anism [27]. Cells from the Hs578T-Dox cell line were
handled as in the described fluorometric microculture
cytotoxicity assay and calcein accumulation assay proto-
cols, except that they were cultured with 100 wmol/L
pyrogallol for 5 hr 30 min prior to addition of FDA. A
dose-response curve was initially performed to find a
suitable dose of pyrogallol.

Drugs

Carvedilol (SmithKline Beecham Pharmaceuticals) was
dissolved in ethanol/medium (1% ethanol [v/v] final conc.)
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to a concentration of 1-10 wmol/L. Verapamil hydrochlo-
ride (CAS 52-53-9, Knoll AG) was dissolved in sodium
chloride/medium to a concentration of 1-10 wmol/L. Py-
rogallol (CAS 87-66-1) was from Merck KgaA. Doxorubi-
cin was from Farmitalia Carlo Erba. FDA (from Sigma) was
dissolved in DMSO/PBS (1% DMSO [v/v] final conc.) to a
concentration of 10 mg/L. Calcein AM (Molecular Probes)
was dissolved in DMSO/PBS to a concentration of 50 mg/L.
Indomethacin, NEM, and ethacrynic acid were from Sigma.

RESULTS
Western Blot Analysis of P-Glycoprotein

Western blot analysis for detection of the P-gp protein
content of Hs578T-Dox as well as the Hs578T subline were
performed. Figure 1 shows that P-gp protein was markedly
expressed in the Hs578T-Dox but not the Hs578T subline.
An extra band at approx. 50 kD appeared in the Hs578T-
Dox lane (lane 2). This band was not present in the
positive control lane (lane 7) with the MDRI-expressing
cell line K562.

Effects of Carvedilol and Verapamil on Doxorubicin
Cytotoxicity

The Hs578T subline was approx. 200 times as sensitive to
doxorubicin cytotoxicity compared to Hs578T-Dox. The
LDsg for Hs578T-Dox was approx. 200 mg/L and 1 mg/L for
Hs578T (Figs. 2 and 3). Carvedilol (10 wmol/L) and
verapamil (10 wmol/L) reduced the D5, for doxorubicin to
approx. 10 mg/L for Hs578T-Dox (Fig. 2). Verapamil (1
pwmol/L) also increased the cytotoxicity of doxorubicin at
most tested doxorubicin concentrations, whereas carvedilol
at the same concentration seemed less efficient in increas-
ing doxorubicin cytotoxicity at lower (10 and 30 mg/L)
doxorubicin concentrations. Carvedilol or verapamil, on
the other hand, only marginally affected the cytotoxicity to
Hs578T cells (Fig. 3).

FIG. 2. Mean survival (percentage of untreated
control) of the breast cancer subline (Hs578T-
Dox) expressing P-gp activity, exposed for 48 hr
to various concentrations of doxorubicin with or
without carvedilol or verapamil. In the fluoromet-
ric microculture cytotoxicity assay, fluorescein
diacetate was added and the incubation continued
for 60 min followed by fluorescence determina-
tion. Results are expressed as means = SE (N =
12). m = doxorubicin alone; ¥ = carvedilol 1
pmol/L; ¥V = carvedilol 10 pmol/L; ® = vera-
pamil 1 pmol/L; O = verapamil 10 pmol/L.
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FIG. 3. Mean survival (percentage of untreated
control) of the subline (Hs578T) not expressing
P-gp activity, exposed for 48 hr to various con-
centrations of doxorubicin with or without carve-
dilol or verapamil. In the fluorometric microcul-
ture cytotoxicity assay, fluorescein diacetate was
added and the incubation continued for 60 min
followed by fluorescence determination. Results
are expressed as means + SE (N = 9). m =
doxorubicin alone; ¥ = carvedilol 1 pmol/L; V =
carvedilol 10 pmol/L; ® = verapamil 1 pmol/L;
O = verapamil 10 pmol/L.
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Effects of Carvedilol on Calcein Accumulation

In the Hs578T-Dox subline, calcein accumulation slowly
increased in the untreated control cells during a 120-min
incubation (Fig. 4). Preincubation with 1 pwmol/L or 10
pmol/L carvedilol or with verapamil for 120 min markedly
increased calcein uptake. At 1 wmol/L, calcein accumula-
tion was equal for verapamil and carvedilol, but at 10
pwmol/L the calcein uptake was approximately doubled with
carvedilol compared to verapamil, i.e. the P-gp activity
inhibition was twice as effective with equimolar carvedilol
compared to verapamil (Fig. 4). In Hs578T cells, P-gp
efflux activity was low in untreated control and calcein
fluorescence was only slightly stimulated by the presence of
carvedilol or verapamil (Fig. 5).

Effects of Carvedilol on Pyrogallol-Affected Cell Growth
and Calcein Fluorescence of Hs578T-Dox Cells

A dose-response curve was initially performed to find a
suitable dose of pyrogallol. The superoxide radical generator
pyrogallol (100 pmol/L; 5 hr 30 min) reduced the fluores-
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cence (viability) of the Hs578T-Dox to 84.6 = 3.9% of
untreated control (n = 12). The addition of verapamil and
carvedilol (1 and 10 wmol/L) reduced viability to 89.7 *
3.4,82.1 =4.0,86.4 + 3.8, and 90.1 * 4.5%, respectively.
These changes were not statistically significant (one-way
ANOVA analysis) when compared with the effect of
pyrogallol alone. Calcein accumulation by Hs578T-Dox
cells was not affected when the cells were incubated with
100 pwmol/L pyrogallol for 6 hr (results not shown).

DISCUSSION

At higher concentrations, the antihypertensive drug carve-
dilol, in a more pronounced fashion than verapamil, in-
creased the sensitivity to doxorubicin and enhanced calcein
accumulation by reducing the efflux activity of P-gp in the
P-gp-expressing subline Hs578T-Dox. These effects of
carvedilol were not seen in Hs578T, the subline without
P-gp activity. Interestingly, however, a reduced cytotoxic
effect seemed to exist with 1 wmol/L carvedilol at the
lowest tested doxorubicin concentrations of the Hs578T-

FIG. 4. Accumulation of calcein (fluorescence) in
the subline (Hs578T-Dox) expressing P-gp activ-
ity, exposed to calcein AM (50 mg/L) with or
without carvedilol or verapamil for 0-120 min.
Results are expressed as means + SE (N =
24-32). m = untreated control; ¥ = carvedilol 1
pmol/L; ¥V = carvedilol 10 pmol/L; ® = vera-
pamil 1 pmol/L; O = verapamil 10 pmol/L.
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FIG. 5. Accumulation of calcein (fluorescence) in
the subline (Hs578T) not expressing P-gp activ-
ity, exposed to calcein AM (50 mg/L) with or
without carvedilol or verapamil for 0-120 min.
Results are expressed as means + SE (N =
24-32). m = untreated control; ¥ = carvedilol 1
pmol/L; ¥V = carvedilol 10 pmol/L; ® = vera-
pamil 1 pmol/L; O = verapamil 10 pmol/L.
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Dox subline. This could be of clinical importance, as the
effect is seen at a pharmacologically relevant carvedilol
blood concentration.

Several studies on the ability of calcium channel block-
ers, especially verapamil, to reverse the multidrug resistance
of tumour or tumour cells to antineoplastic drugs have been
published [8]. The main limiting problem in the clinic is
the toxic side effects of the calcium channel blockers at
therapeutic (reversing) concentrations.

Carvedilol, an antihypertensive drug, has until now not
been investigated for its ability to reverse multidrug resis-
tance nor have there been any reports on the interaction of
carvedilol with cancer chemotherapy or irradiation. Carve-
dilol has a favourable adverse event profile compared to
verapamil [15]. In a study conducted on 212 chronic stable
angina patients, a twice daily dose of 25 mg carvedilol was
as efficient in its anti-anginal and anti-ischaemic effects
when compared to 120 mg verapamil administered twice a
day. The adverse effects of carvedilol, particularly those of
the gastrointestinal variety, were less than with verapamil
[28]. However, antioxidant and free radical scavenging
effects have been attributed to carvedilol in other investi-
gations [18]. Two reports on neuro- and myocardial protec-
tion due to a proposed antioxidant or radical scavenging
effect have been published. Doxorubicin, the anthracycline
used in this report, represents a group of cytostatic drugs
that are especially interesting to study in this context, as
free radical production is one of the proposed mechanisms
of action [29].

As we found that carvedilol increased the sensitivity of
the Hs578T-Dox cell line to Dox-induced cytoxicity, we
also evaluated whether overexpression of the MDRI gene,
encoding for the transmembrane efflux pump P-gp of the
two cell lines, was affected by carvedilol or verapamil
pretreatment. We found that the accumulation of calcein
was increased following pretreatment of the Hs578T-Dox
cell line with 1 or 10 wmol/L carvedilol. The increase in
calcein accumulation of the Hs578T-Dox cell line was
approximately doubled with 10 wmol/L carvedilol com-

pared to 10 wmol/L verapamil. Only minute effects of
carvedilol (or verapamil) on doxorubicin cytotoxicity or
calcein accumulation were found with the Hs578T cell
line. Neither indomethacin, NEM, nor ethacrynic acid
affected calcein accumulation of the Hs578T-Dox cells to
any extent, indicating the absence of MRP activity [4].
Thus, the lowered calcein accumulation of the Hs578T-
Dox subline is probably due to P-gp activity only.

As the antioxidative effects of carvedilol could be an-
other mechanism for protection against the effects of
cytotoxic drugs that exert their action through generation
of free oxygen radicals, we tested whether carvedilol could
also reduce pyrogallol-induced cytotoxicity or calcein ac-
cumulation of the Hs578T-Dox cell line. We observed that
carvedilol did not affect pyrogallol cytotoxicity and that
pyrogallol was without effect on calcein accumulation of
the Hs578T-Dox cell line, indicating the lack of antioxi-
dative properties affecting P-gp activity and associated
toxicity of the drug.

In conclusion, we found that the antihypertensive drug,
carvedilol, increased the sensitivity to doxorubicin cytotox-
icity by reducing P-gp activity of a multidrug-resistant cell
line. The effect is probably not due to its proposed free
radical scavenging or antioxidative effects. These results
indicate that carvedilol at lower doses than verapamil, and
thus with reduced adverse reactions, has the potential to be
tested for reversal of multidrug resistance of tumours de-
pending on elevated activity of the efflux protein P-gp.
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