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The development of simultaneous resistance to structurally unrelated drugs in cancer cells is
a major obstacle to effective cancer chemotherapy. This multidrug-resistance (MDR) phenom-
enon is largely attributed to overexpression of a 170 kD glycoprotein, which serves as a
transmembrane efflux pump in extruding a variety of natural anticancer drugs such as
vinblastine, doxorubicin, and taxol from cancer cells. It is desirable, therefore, to discover
compounds that can block the efflux mechanism and thus reverse drug resistance. The
bicinchoninic acid protein assay has been adapted for use in a microtiter plate, into an easy,
indirect method for screening MDR efflux blockers in plant extracts. This spectrophotometric
assay is used to determine the enhancement of adriamycin cytotoxicity against resistant cancer
cells by plant extracts or pure compounds indirectly. We have shown that the optical density
measured (amount of cellular protein present) correlates with the number of viable cells and
that fluorescence of Adriamycin associated with the cell correlates with the concentrations of
Adriamycin added to the media. In addition, the relative efficacy of MDR reversal by various

alkaloids has been determined.

The development of simultaneous resistance to mul-
tiple structurally unrelated compounds is considered to
be one of the major clinical problems in the chemo-
therapy of various types of cancer. This multidrug
resistance (MDR) occurs primarily with therapeutic
regimens that involve chemotherapeutic agents derived
from natural sources such as vinblastine, Adriamycin
(doxorubicin), and taxol and other natural products such
as colchicine.!™® This resistance has been shown in vitro
to be related to a decrease in cellular drug accumula-
tion.* P-Glycoprotein, a 170 kD transmembrane protein
encoded by the mdr 1 gene, has been found to export
drugs and chemicals from cellular cytosol in an energy-
dependent manner,5® and tissues of different tumor
samples and normal cells have been shown to be positive
for the expression of P-glycoprotein.”® Many agents
have been studied for their relative potency to decrease
the efflux of anticancer drugs by MDR tumor cells.’ One
of these agents, verapamil, a calcium-channel blocker,
is effective in overcoming vincristine resistance in P-388
leukemia in vivo and in vitro.® In recent clinical
studies, high doses of verapamil have been administered
with Adriamycin for the treatment of malignant lym-
phomas expressing P-glycoprotein, 1112

Currently, there are various methods used to screen
compounds for their ability to reverse MDR in cancer
cells in vitro. Some methods measure proliferation of
cells by a Coulter counter, or measure MDR activity by
fluorescence, while others measure intracellular radio-
activity of a radioisotope-labeled compound or inhibition
of radiolabeled-compound binding to vesicles containing
P-glycoprotein.’®~16 Although effective, these methods
are time consuming and labor intensive and are there-
fore not optimal for screening large numbers of com-
pounds or extracts. We have developed an alternative,
a microtiter bioassay that measures cell density using
the bicinchoninic acid (BCA) protein assay and provides
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Figure 1. Formation of a complex with bicinchoninic acid and
generated cuprous ion.

an easy, indirect method with which to screen large
numbers of crude fractions or pure compounds for
reversal of MDR. This assay allows the MDR-reversing
effectiveness of compounds and extracts to be assessed
independent of their cytotoxicity.

The BCA protein assay uses two reagents, a BCA
detection reagent and a 4% copper sulfate solution,
which are mixed together prior to use in a 50:1 ratio.
BCA is a reagent specific for the cuprous ion (Cul™), It
is thought that Cu?*, existing in the alkaline medium,
is reduced by protein when the peptide bonds of a
protein forms a complex with the copper atoms. The
Cult then forms a 1:2 complex with BCA (Figure 1),
giving an intense purple color. This product absorbs
at a wavelength of 562 nm and has a linear relationship
with protein concentration, allowing quantitation of
protein in solution by spectrophotometry.l” Absorption
at this wavelength decreases potential interference from
the compound being tested, particularly important when
this assay is used to screen crude extracts from natural
sources.

In order to validate the BCA assay, parallel experi-
ments were conducted determining optical density by
the BCA assay and cell number by Coulter counter over
a range of Adriamycin concentrations. The correlation
between optical density and cell number was then
determined. In addition, fluorometry was used to show
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Figure 2. Correlation between cell number and optical
density. Adriamycin was added to 24-well plates of MCF-7/
ADR cells (solid line) and MCF-7/WT cells (dashed line) at
concentrations of 1073 to 10! yg/mL and 107¢ to 10° ug/mL,
respectively. Incubation conditions and determination of the
number of cells present for each concentration of Adriamyein
were performed as described in the Experimental Section,
Coulter Counted Assay. A 96-well plate was run simulta-
neously with the same concentrations of Adriamycin for both
MCF-7/ADR and MCF-7/WT. After a 6-day incubation period
at 37 °C, the plates were developed with bicinchoninic acid
reagent and optical density determined for each concentration
of adriamycin as described in the Experimental Section, BCA
Assay. Each point on the graph represents the average of four
values.

that the degree of resistance correlates with Adriamycin
concentrations associated with cells exposed to Adria-
mycin. To demonstrate the use of the BCA assay,
degree of resistance reversal relative to verapamil was
then carried out on four compounds.

Results and Discussion

Microculture Growth Evaluation. To evaluate
whether the absorbance resulting from the formation
of the BCA—Cu!" complex in microculture correlates
with total viable cell numbers per well, parallel experi-
ments were performed, determining cell count using a
Coulter counted assay and optical density using the
BCA assay. Correlated results of the assays for MCF-
7/ADR and MCF-7/WT cells are shown in Figure 2.
Regression analysis shows a good correlation for both
MCF-7/ADR (R = 0.986) and MCF-7/WT (R = 0.985)
cells. It can therefore be assumed that the ED5y value
calculated with the BCA spectrophotometric assay is a
good indication of the actual EDsg of Adriamycin for both
cell types. The average EDso of Adriamycin for MCF-
7/WT cells is 1.8 x 1073 ug/mL (SD, £+ 2.1 x 107%) for
the BCA assay and 2.1 x 1073 ug/mL (SD, £2.5 x 1079)
for the Coulter counted assay. For MCF-7/ADR the
average EDjo of Adriamyecin is 4.7 x 107! ug/mL (SD,
+1.7 x 1071) using the BCA assay and 2.7 ug/mL (SD,
+1.9) using the Coulter counted assay. A ¢-test showed
significant differences at p-values <0.05 between the
EDso of Adriamycin on the wild-type cells and the
resistant cells when either the BCA assay or the Coulter
counted assay was used. The p-values calculated were
0.0001 for the BCA assay and 0.0027 for the Coulter
counted assay.

Cellular Concentration of Adriamycin. The dif-
ferential sensitivity to Adriamycin for multidrug resis-
tant cells is presumably attributed to the overexpression
of a transmembrane P-glycoprotein, which acts as an
efflux pump, extruding Adriamycin from tumor cells.
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Figure 3. Difference between Adriamycin associated with
MCF-7/ADR cells (solid line) and MCF-7/WT cells (dashed line)
detected by fluorescence of Adriamycin. Adriamycin concen-
trations of 0.1, 0.4, 0.8, 1.0, and 2.0 ug/mL were added to 75
cc flasks of both MCF-7/ADR and MCF-7/WT cells. Incubation
conditions and detection of fluorescence were performed as
outlined in the Experimental Section, Fluorometry Measure-
ments. Each point on the graph represents an average of four
values.

It is therefore essential to determine the cellular
concentration of Adriamycin in the MCF-7/ADR and
MCF-7/WT cells to confirm the proposed mechanism.
We have directly measured the cellular concentration
of Adriamycin using a fluorometric method. Initial
concentrations of Adriamycin in the media between 0.1
and 1.0 ug/mL were chosen because EDs, values of
Adriamycin on the MCF-7/ADR cell lines lie typically
between 0.1 and 1.0 ug/mL. We found that cellular
concentrations of Adriamycin lower than 0.1 ug/mL were
difficult to measure accurately using fluorometry. Fur-
thermore, differences between Adriamycin-resistant and
wild-type cells were less prominent at extracellular
Adriamycin concentrations lower than 0.1 ug/mL.
Fluorometry results are shown in Figure 3. Concen-
trations of Adriamycin ranging from 0.1 to 1.0 ug/mL
show a good linear relationship between Adriamycin
concentration in the media and Adriamycin associated
with the cells as detected by fluorescence of Adriamycin.
Indeed, the cellular concentration of Adriamycin in the
resistant cells is significantly higher than that in the
wild-type cells as determined by an analysis of variance
using the Statistical Analysis Systems (SAS) program
at a p-value < 0.10 (p = 0.0547). This result is
consistent with the previous data reported by Inaba et
al.20in an experiment in which extracellular 1“C-labeled
Adriamycin concentration was varied between 0.1 ug/
mL and 300 ug/mL, and the intracellular concentration
after a 1 h incubation period was determined by
scintillation counter. In their study, the greatest dif-
ference in intracellular concentration was seen at low
extracellular concentrations, between 0.1 and 10 ug/mL.
Multidrug Resistance Reversal (Blocking of
Adriamycin Efflux). We have also applied this newly
developed microculture spectrophotometric method to
test the efflux-blocking efficacy of several pure alka-
loids: reserpine (1), isoreserpine (2), and hydroquinidine
4-methyl-2-quinolyl ether (8) (Chart 1). Verapamil (4)
was studied as a reference compound for evaluating the
relative efficacy. The quantitative results of compounds
screened for effectiveness in reversing MDR are depicted
in Table 1 and Figure 4. Each point on the graph
represents the resistance-reversing effectiveness of one
concentration chosen for a compound, and a greater
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Chart 1
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Table 1. Bicinchoninic Acid (BCA) Assay Data?
EDso (uM) of cytotoxicity cytotoxicity
compound concentration («M) Adriamycin factor enhancement factor

verapamil 1.10 5.3 x 107! 0.009 3.0
2.20 2.8 x 107! 0.02 6.0
5.50 9.0 x 1072 0.05 18.0
11.0 6.1 x 1072 0.09 26.0
15.4 5.0 x 1072 0.13 32.0
22.0 3.1 x 1072 0.19 50.0
reserpine 0.15 7.0 x 1071 0.005 2.0
0.30 3.7 x 1071 0.009 4.0
0.62 2.0 x 1071 0.02 8.0
1.23 9.6 x 1072 0.04 17.0
2.46 6.4 x 1072 0.08 25.0
isoreserpine 0.82 2.9 x 107! 0.04 55
1.64 1.0 x 1072 0.09 16.0
3.29 5.7 x 1072 0.17 28.0
hydroquinidine 4-methyl-2-quinoly! ether 0.28 8.3 x 107! 0.03 3.0
0.53 5.0 x 107! 0.06 6.0
1.07 2.0 x 1071 0.11 18.0

Adriamycin 1.6

¢ Column one lists names of compounds tested for their ability to reverse Adriamycin resistance. Column two lists the concentrations
used for each compound tested, and column three the EDsy value of Adriamycin alone and the EDs, values of Adriamycin obtained for
each of these concentrations using the BCA assay as described in the Experimental Section. Columns four and five show the results of
the calculations performed on the data listed in the previous two columns as described in the Calculations. These data are depicted

graphically in Figure 4.

E 80
1)
g
g 6 01
&
B o
E ~
g 40+
£ &
@ pd _ -0
g B o)
e
> X
6] x _oil’x |

0 i i T

0 0.05 0.1 0.15 0.2
Cytoxicity Factor (CF)

Figure 4. Bicinchoninic acid assay results of reserpine (1)
(0), isoreserpine (2) (), hydroquinidine 4-methyl-2-quinolyl
ether (8) (x), and verapamil (4) (0). The graph is derived from
data presented in Table 1 using methods described in the
Calculations.

slope means a greater ability of the compound within a
given cytotoxicity range to reverse drug resistance.
We have determined (data not shown) that there is

less than a 10-fold enhancement in the cytotoxicity of
Adriamycin on wild-type cells using the standard MDR-
reversing compound, verapamil, as compared with a
compound that has not been shown to reverse resistance
in either MCF-7/WT or MCF-7/ADR cell lines, N-
benzylquininium chloride. Because this enhancement
is minimal, it will not significantly interfere with the
interpretation of our data.

These results indicate that reserpine and isoreserpine
have efficacy comparable to the standard MDR-revers-
ing compound, verapamil. The quinidine derivative has
a lower efficacy than verapamil. Previous studies also
demonstrated that verapamil, reserpine, and quinidine
have similar efficacy in reversing MDR.20-22 Beck et
al.?! investigated the effect of the blocker on the binding
of radiolabeled compound, N-(p-azido-[3-125I]salicyl)-N'-
B-aminoethylvindesine, to P-glycoprotein. They dem-
onstrated that with 12.4 uM concentrations of either
reserpine or verapamil, reserpine inhibited binding by
79.2%, while verapamil inhibited binding by 55.1%. A
similar study in which either quinidine or verapamil
was added with Adriamycin at concentrations lower
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than their EDggs for 24 h showed only a slight difference
in the ability of verapamil over quinidine to decrease
the EDs of Adriamycin on resistant cells.??2 All three
compounds, verapamil, reserpine, and quinidine, were
studied for their ability to increase accumulation of a
fluorescent dye, rhodamine 6G, in resistant cells? as a
method for determining the degree of MDR reversal. In
this study, the increased fluorescence intensity of the
rhodamine 6G varied at most only 3-fold among the
three compounds when the compounds were tested at
concentrations below their EDy values. These results
demonstrate that all three compounds have similar
abilities to increase accumulation of rhodamine 6G in
resistant cells and therefore similar abilities to reverse
MDR. Our data show by the lack of a significant
difference between the ability of isoreserpine and re-
serpine to enhance the cytotoxicity of Adriamycin that
the stereochemistry at C-3 in these compounds appears
to play only a minor role in their ability to reverse MDR.

As seen in Figure 3, concentrations of the compounds
being assayed are chosen that are below the EDyg value
of the compound so that the cytotoxicity of the compound
does not significantly affect the final EDs; of Adriamy-
cin. This minimizes the possibility of measuring an
enhancement of Adriamycin toxicity on resistant cells
resulting from the synergistic cytotoxicity of the com-
pound and Adriamycin, instead of from the blockage of
the efflux of Adriamycin. We also assess the enhanced
cytotoxicity of Adriamycin based on the cytotoxicity
factor (defined in the Experimental Section), which
allows us to evaluate the relative potency of various
efflux blockers at comparable toxicity levels. This
method of evaluation reduces the risk of isolating and
testing compounds that may be too toxic in animals to
pursue as therapeutic agents for the reversal of multi-
drug resistance.

Experimental Section

Cells. MCF-7 wild-type (MCF-7/WT) cells, human
adenocarcinoma of the breast, were used to isolate an
MCF-7 Adriamycin-resistant (MCF-7/ADR) cell strain
by Dr. Kenneth Cowan et al. at the National Cancer
Institute (NCI).1® Cell stock was received from Dr.
Craig Fairchild, NCI. MCF-7 wild-type cells were
maintained in RPMI medium with 10% fetal calf serum,
heat inactivated (FCSHI) and penicillin-streptomycin
(PS) and were transferred twice a week at a 1:3 split.
Adriamycin-resistant MCF-7 cells (MCF-7/ADR) were
maintained in 10 uM adriamycin for two passages prior
to freezing for future use. MCF-7/ADR cells were also
maintained in RPMI medium with 10% FCSHI and PS
and transferred twice weekly at a 1:6 split. Resistant
cells retain resistance for about 6 months in the absence
of Adriamyecin.

Chemicals., Adriamycin (ADR), verapamil, Nonidet
SP-40, poly-D-lysine, reserpine, isoreserpine, and hyd-
roquinidine 4-methyl-2-quinolyl ether were all obtained
from Sigma Chemical Co., St. Louis, MO. The bicin-
choninic acid protein assay was obtained from Pierce,
Rockford, IL.

Preparation of Plates. Because the resistant cells
do not adhere tightly to plastic surfaces, they are easiy
sheared off the 96-well plates during the washing steps.
To circumvent possible cell loss, the microtiter plates
were coated with poly-D-lysine. Poly-D-lysine was dis-
solved in distilled HyO to a concentration of 100 ug/mL
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Figure 5. Setup of a 96-well plate to test a compound at up
to five different concentrations and to determine the cytotox-
icity of the compound. One concentration of the compound
being tested is added to 10 wells. After a 30-min incubation,
a serial dilution of Adriamycin is added in duplicate to these
wells. This process can be repeated up to five times on one
96-well plate. To determine the cytotoxicity of the compound,
a serial dilution in duplicate of the compound alone is added
to 10 wells. The top and bottom rows are blanks, media only;
and the middle columns are controls, cells only.

and was filtered through a 0.2 um filter. Aliquots of 60
uL were added to each well of 96-well microtiter dishes
for about 30 min. The dishes were then rinsed twice
with sterile HoO (unbound poly-D-lysine prohibits cell
growth) and allowed to dry in a sterile environment.1®
The plates can be stored for up to two weeks at 4 °C
before use.

Bicinchoninic Acid (BCA) Assay. Cells were
seeded into 96-well microtiter dishes. MCF-7/ADR cells
were seeded at a concentration of 3000 cells/well (15 000
cells/mL), and MCF-7/WT cells were seeded at 1000
cells/well (5000 cells/mL). These plating densities were
used to compensate for a difference in growth rates.
Cells were seeded in 200 uL of medium per well and
were then incubated at 37 °C for 24 h prior to the
addition of compound.

The compounds (or extracts) were solubilized first
with a volume of DMSO that gave a concentration of
less than 0.1% DMSQO in the well and then were further
diluted with media. On one 96-well plate, up to five
concentrations of a compound were added to resistant
cells. Cells were incubated at 37 °C with the compound
for 30 min, and then serial dilutions of Adriamycin were
added to each concentration of compound. This allowed
the dose at which Adriamycin is 50% effective (EDso)
to be determined for each concentration of the com-
pound. The compound alone was also added to the
resistant cells to determine its cytotoxicity. As long as
these requirements were met, the exact setup was not
crucial. Figure 5 demonstrates our setup.

Each test also required the determination of the
cytotoxicity of Adriamycin on both the resistant and
wild-type cells, necessary for the calculations and as a
reference. Verapamil was tested at a single concentra-
tion of 10 ug/mL (2.2 uM) with Adriamycin to ensure
that the standard degree of MDR reversal that can be
achieved by verapamil for each run is comparable.

After a 6-day incubation period, media were removed
from the wells, the wells were washed with phosphate-
buffered saline (PBS), and the amount of protein present
was assayed as follows. Nonidet P-40 1% (10 uL) was
added to each well of cells to solubilize the cells and
provide the required volume of protein sample for this
assay. To each well, 200 uL of the mixed BCA reagent
was added, and the 96-well plate was allowed to
incubate at 37 °C for 30 min. Purple-tinted wells
indicated the presence of cellular protein and viable
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cells. The plate was then read at 570 nm in a microtiter
plate reader (Dynatech Microplate Reader MR 600,
Chantilly, VA). ED;; values were calculated using
linear regression, and additional calculations were
performed as described under Calculations. The data
were then graphed to depict the varying degrees of
reversal of resistance by the compounds or crude
extracts tested.

When conducting this assay we sometimes attempted
to increase solubility of the extract or compound being
tested by trying solvents other than DMSO, such as
EtOH or MeOH/CH.Cl; in the initial solution. We also
usually conducted this assay at least twice to determine
the effectiveness of a pure compound at reversing MDR.
For the second test a more defined concentration range
was chosen to provide better reproducibility. Further-
more, concentrations of the compound/extract were
chosen that better represented concentrations below the
EDy values for that compound to assess the effective-
ness of the compound/extract as an MDR-reversing
agent independent of its cytotoxicity.

Calculations. To ensure that each run provided
valid data, Adriamycin (ADR) was used as a reference
compound, the EDs; value of Adriamycin for verapamil
at 10 ug/mL (2.2 uM) was determined, and the following
calculations were performed:

A. Quality Control. The resistance factor, to
ensure that the resistant cells have maintained a
resistant phenotype is defined as follows:

resistance factor =
EDj;, of ADR only on MCF-7/ADR cells

ED;, of ADR only on MCF-7/WT cells

102 - 10°

The reversal factor, to ensure that the standard
degree of MDR reversal that can be achieved by vera-
pamil for each run is comparable, is defined as follows:

reversal factor =
ED;, of ADR only on MCF-7/ADR cells
ED,, of ADR with 10 ug of verapamil
on MCF-7/ADR cells

B. Relative Efficacy of MDR Efflux Blocker.
After data were acquired, the following calculations
were performed so that the data could be represented
as a graph. The y-axis was labeled Cytotoxicity En-
hancement Factor (CEF),

CEF =
ED,, of ADR only on MCF-7/ADR cells

EDj;, of ADR with efflux blocker on MCF-7/ADR cells

2

with values indicating the increase in Adriamycin
toxicity to the resistance cells with efflux blocker
relative to the toxicity of Adriamycin without blocker.
The x-axis was labeled Cytotoxicity Factor (CF)

conen of efflux blocker (uM)

CF = 2 x EDj, of efflux blocker alone (#M)

=0-0.2
4)

with values representing the concentrations chosen for
an efflux blocker relative to the ED;q of that blocker.
Concentrations of the MDR efflux blocker were chosen
that were below or equivalent to the EDyg value of the
blocker alone on resistant cells to minimize the potential
synergistic cytotoxicity interactions unrelated to the
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MDR efflux mechanism. In addition, because the
chosen concentrations were divided by the EDqgo values
of the efflux blocker alone on resistant cells, the slope
of the line decreases with increasing cytotoxicity of the
blocker, showing decreasing effectiveness. From the
graph it can be seen easily which compounds are better
at reversing MDR; steep lines indicate better reversal.
This approach will not lead us to isolate cytotoxic
compounds from the crude extract with mechanisms
that have nothing to do with the MDR reversal of
adriamycin.

Coulter Counted Assay. A 24-well plate was
seeded with 12 wells of resistant cells and 12 wells of
wild-type cells. After a 24-h incubation period, Adria-
mycin was added in duplicate to each cell line at five,
ten-fold dilutions. After 6 days of incubation, medium
was aspirated from each well and washed with 1.0 mL
of PBS without Ca?* or Mg?*. Then 200 uL of 0.05%
trypsin/0.02% EDTA was added to each well and
incubated at 37 °C for 10 min. The cells were removed
and placed into glass tubes, and each well was washed
with 200 uL of PBS without Ca?* or Mg?*, which was
also removed and added to its respective tube. Enough
PBS was then added to the tubes to make a total volume
of 1.0 mL. Tubes were vortexed thoroughly to eliminate
clumping of cells, and cell suspensions were diluted 100-
fold with Isoton II. The cells from each well were
counted twice using a Coulter counter (Coulter Elec-
tronics, Inc., Hialeah, FL) with an amplification of 2,
aperture current of 1, and upper and lower thresholds
of 100.0 and 5.0, respectively. EDj5y values were calcu-
lated using linear regression.

Fluorometry Measurements. Six flaskes each of
resistant and wild-type cells were prepared by adding
cells to 15 mL of medium at a 1:3 split. Six flasks
allowed for five concentrations and one control. After
24 h of incubation at 37 °C, five Adriamycin concentra-
tions (0.1, 0.4, 0.8, 1.0, 2.0 ug/mL) were added to the
flasks, and the cells were incubated for another 24 h,
again at 37 °C. Cells were harvested by pouring off
medium and washing each flask twice with 5 mL of PBS
without Ca?" or Mg?" and then adding 5 mL of trypsin/
EDTA. The trypsin/EDTA was removed after washing
over the cells so that about 1 mL remained in the flask.
The flasks were incubated at 37 °C for about 10 min,
until the cells fell off, and the number of cells/mL was
then determined by hemocytometer. The appropriate
volume of cells in trypsin/EDTA from the flasks was
transferred to 13 x 75 mm tubes so that there were
approximately 2.0 x 10° cells in each tube. Enough PBS
without Ca?* or Mg2™ was added to each test tube to
make a total volume of 3.0 mL, and the tubes were
vortexed before transferring cell solutions to 3-mL
cuvettes., Adriamycin fluorescence was determined
using an excitation wavelength of 470 nm, an emission
wavelength of 590 nm, an excitation band pass of 2 nm,
and an emission band pass of 1 nm on an SLM Aminco
8000C (Urbana, IL) fluorometer. An offset feature was
also used to decrease background signal from the turbid
cell suspensions.
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