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Synergism of energy starvation and
dextran-conjugated doxorubicin in the Kkilling of
multidrug-resistant KB carcinoma cells

Wing Lam, Hingleung Chan, Mengsu Yang, Shukhan Cheng and Wangfun Fong
Bio-active Product Research Group, Department of Biology and Chemistry, City University of Hong Kong,

Tat Chee Avenue, Kowloon, Hong Kong.

Here we report that 2-deoxyglucose/Na azide treatment and
free/conjugated doxorubicin are synergistic in cell killing. As
demonstrated by fluorescence confocal microscopy, KB-V1
cells retained more conjugated doxorubicin than free
doxorubicin. Verapamil or 2-deoxyglucose/Na azide en-
hanced only the retention of the free drug and the small
(<70 kDa) conjugates, indicating that P-glycoprotein (P-gp)
is not effective against large conjugates. Conjugated doxor-
ubicin was excluded from nuclei. Initially both free and
conjugated doxorubicin accumulated in cytoplasmic orga-
nelles. Upon 2-deoxyglucose/Na azide treatment, fluores-
cence labeling of organelles dissipated. Prolonged (24 h)
incubation of conjugate-preloaded cells resulted in redis-
tribution of some of the organelle-associated fluorescence to
nuclei, suggesting decoupling. The appearance of free
doxorubicin was confirmed by capillary electrophoresis. 2-
Deoxyglucose/Na azide treatment also retarded decoupling.
Our results suggest that energy starvation, in addition to
increasing cellular retention of P-gp substrates, may affect
cellular fate of conjugated drugs with a possible enhancing
effect in cancer cell killing. [C 1999 Lippincott Williams &
Wilkins.]

Key words: Delayed decoupling, dextran-conjugated
doxorubicin, multidrug resistance, 2-deoxyglucose/Na
azide.

Introduction

The anthracycline antibiotic doxorubicin (adriamycin)
is a wide spectrum anti-cancer drug,' but its use has
been restricted by its in vivo cardiotoxicity” and drug
resistance.” There have been many attempts to
improve the action of doxorubicin by linking it to
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macromolecules, such as transfcrrin,“'5 dextran,6

zmtibodic:s,7 antibodies through dnsxtr::m,8 micro-
spheres”'® and polymers.'' These modifications have
led to various beneficial effects. A number of
doxorubicin derivatives, such as annamycin, daunor-
ubicin, 8-(s)-fluoroidarubicin, idarubicin'?*"'* or doxor-
ubicin conjugated to trzmsff:rn'n,5 human serum
albumin'® and bovine serum albumin'® have been
studied for their ability to reverse the multidrug
resistance (MDR) phenotype with varying results.

In previous studies'’ we showed that in KB-3-1
cells cytotoxicity of doxorubicin decreases 15- to 40-
fold after conjugation to dextran of various sizes. In
the multidrug-resistant KB-V1 sub-line, which is over
300-fold more resistant to doxorubicin, dextran
conjugation results in a relative little decrease in
cytotoxicity. We have also shown that dextran-
conjugated doxorubicin can interact with DNA in
vitro. Both the association and dissociation rate
constants for the DNA-conjugates are more than
three magnitudes smaller than those for free
doxorubicin. On the other hand, the equilibrium
constants of the conjugate-DNA complexes are only
about 10 times smaller than that of the free-
doxorubicin-DNA  complex. Furthermore, we
showed that in multidrug-resistant KB-V1 celis, the
dextran-conjugated doxorubicin shows partial syner-
gism with free doxorubicin and colchicine.'®

The issue of energy starvation in the Kkilling of
multidrug-resistant cells has attracted much atten-
tion. Some multidrug-resistant cells, such as doxor-
ubicin-resistant Ehrlich ascites cells,'"® exhibit an
elevated ATP production rate. There are also reports
that glucose deprivation may induce cytotoxicity in a
number of drugresistant cells, including KB
cells.?>?! Here we show that 2-deoxyglucose/Na
azide treatment is synergistic with doxorubicin,
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vinblastine and colchicine, as well as dextran-
conjugated doxorubicin. To determine the mechan-
ism of this synergism, we investigated the effects of
2-deoxyglucose/Na azide treatment on the cellular
fate of dextran-conjugated doxorubicin in terms of
accumulation, retention, redistribution and decou-
pling. It is suggested that in addition to increasing
drug retention, other mechanisms, such as delayed
decoupling, may be involved in the action of energy
starvation in enhancing the cell killing activity of
conjugated doxorubicin.

Materials and methods
Cell lines

The parental KB-3-1 cell line and the multidrug-
resistant variant KB-V1 cell line, obtained by step
selections for vinblastine resistance, were generously
provided by Dr Michael Gottesman (NIH, Bethes-
da).?? Cells were grown as monolayers in minimal
essential medium (MEM-Eagle; Sigma, St Louis, MO)
supplemented with 10% fetal calf serum (FCS;
Gibco, Grand Island, NY), and 1% of antibiotic and
antimycotic solution (A-7292; Sigma). KB-V1 cells
were maintained in the presence of 1 mg/ml of
vinblastine. Cells were grown at 37°C in 5%CQO,/air.
P-glycoprotein activity was inhibited by 10 uM
verapamil or energy starvation ¢high dose for short
incubation, 1 g/l 2-deoxyglucose/10 mM Na azide;
low dose for long incubation, 0.2 g/l 2-deoxyglu-
cose/0.2 mM Na azide).

Dextran—doxorubicin conjugates

Free drug was conjugated to dextran of various
molecular sizes (200-275 kDa, BDH, Dorset, UK; 70
and 500 kDa, Pharmacia, Uppsala, Sweden) through
Schiff base covalent bond formation as previously
reported,’® except that the dextran-doxorubicin
conjugates were precipitated in 4 volumes of acetoni-
trile. Products were collected by centrifugation
(4000 g for 15 min) and were extensively dialyzed
against double-distilled water. The coupling efficiency
was estimated by absorbance at 480 nm
(¢=11500 M~ ! ecm™Y). The purity of dextran-doxor-
ubicin conjugates was checked by thin layer chroma-
tography using chloroform:methanol:water (13:6:1) as
the mobile phase. The w/w ratio of doxorubicin/
dextran for the 70, 200 and 500 kDa dextran
conjugates was 2.3, 3.4 and 2.4%, respectively. The
conjugates were stable at pH 7.2.
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Cytotoxicity

Cytotoxicity was determined by the sulforhodamine B
(SRB) method.”? Briefly, cells were incubated in 96
well microtiter plate at 5000 cells/well overnight.
Drug treatment lasted for 72 h and cells were fixed by
20% trichloroacetic acid for 2 h at 4°C. Cells were
rinsed with water and then stained with 0.4% SRB in
1% acetic acid for 30 min. Unbound dye was removed
by 1% acetic acid and the protein-bound dye was
dissolved in un-buffered 10 mM Tris base. Cell number
was estimated by correlating to OD at 515 nm.

Determination of combination indices (Cl)

First, the median dose, or D, (LDs) of each treatment
was determined according to the median-effect plot:

log(fraction,gected / fractionynagrected)
=log(dose/dosemedian)”

The combined effect of two chemical treatments
was studied with mixtures containing varying total
amounts but a constant concentration ratio, which
was similar to the ratio of the respective LDsgs, of the
two treatments. CI were calculated at various killing
rates (fraction affected, f) according to Chou and
Talalay:**?°

Cl= (Dcomb)l/(Dalonc)l
=+ (Dcomb)z/(Dalone)z + (Dcomb)3/(Dalone)3

Where (Djione)s 1S the dose of drug »n alone required to
achieve a certain cell killing rate (f,)) and (D.omb), iS
the dose of drug n in the mixture to achieve a certain
cell killing rate (f).

A ClI greater than 1 indicates antagonism and smaller
than 1 indicates synergism. In the case of an additive
effect the CI equals 1. All experiments were repeated 4
times. All the CI curves or D, were analyzed by two-
way ANOVA (GraphPad Prism 1994) or ttest.

ATP assay
Cellular ATP content was measured by ATP assay kit

(Calbiochem, San Diego, CA) according to the
procedure provided by the manufacturer.

Drug accumulation and retention of pre-
loaded drugs

To study drug accumulation, cells were grown on
22 mm x 0.13-0.17 mm coverslips and were washed



twice by 1 ml Hank’s balance salt solution (HBSS: in g/
1 MgSO4.7H,O 0.1, KCl 0.4, KH,PO, 0.06, NaCl 4,
NaHPOQ, 0.046, NaHCO; 0.55, CaCl, 0.144, glucose 1,
pH 7.4). Cells were then incubated in HBSS containing
10 uM of a drug for 2 h, washed 3 times with 1 ml of
0.1 M phosphate buffer, pH 7.4, dried under an
electric fan for 1 h, and studied by fluorescence
microscopy.

To study drug retention, cells were preloaded with a
drug as above for 1 h, washed and incubated drug-free
for an additional 1 h, then washed and dried.

For measuring cellular fluorescence intensity, 30
cells were randomly selected and their fluorescence
was measured using a Phocal Fluorescence System
(Life Science Resources, Cambridge, UK) connected to
a Nikon Diaplot-TMD inverted fluorescence micro-
scope ( x 40 oil immersion objective, dichroic mirror
510 nm and barrier filter 520 nm). Each experiment
was repeated 3 times.

Fluorescence quenching by intact cells

A modified procedure of Bogush and Robert'? was
used. First, 2 ml of a 2x 10° cells/ml suspension in
HBSS was pre-treated with DNase I (50 ug/ml, cell
culture grade; Boehringer Mannheim, Mannheim,
Germany) for 1 h and then loaded into a chamber
with a coverslip bottom. Cells were kept at 37°C
and were kept suspended by a paperclip wire
rotating at about 180 r.p.m. Doxorubicin was added
to cell suspensions to a final concentration of 2 uM.
Fluorescence intensity of the cell suspension was
measured.

Fluorescence and confocal microscopy

Cells attached on coverslips were washed twice
with 1 ml HBSS, fixed with 1 ml fresh fixing
solution (0.25 M sucrose, 1 mM EGTA, 0.5 mM
EDTA, 20 mM HEPES, 0.01% NaN,;, 4% formalde-
hyde, 0.5% glutaraldehyde) for 20 min at 37°C and
washed 3 times with 1 ml cold TBS (20 mM Tris-
HCl, 4.5% sucrose, 150 mM NaCl, 0.05% sodium
azide, pH 7.5) for 5 min. Coverslips were mounted
on glass slides with a mounting solution (1:9
PBS:glycerol, 1% phenylenediamine) and sealed with
nail-polish. Cells were studied with a Nikon Diaplot-
TMD inverted fluorescence microscope and photo-
graphed using Fuji ASA800 Super G plus negative
color film. Cells were also studied in optical sections
by a Zeiss LSM510/Axiovert 100 M confocal imaging
system.

Synergism in the killing of multidrug-resistant KB cells

Free doxorubicin measurement by
capillary electrophoresis

Cell extracts in CHCl;:MeOH (4:1) were vacuum-dried
and re-constituted in electrophoresis running buffer
(100 mM boric acid, 50 mM sodium dodecyl sulfate,
pH 9.08). Capillary electrophoresis was performed at
25 kV on uncoated fused-silica (75 um x 45 cm) capil-
lary in a Beckman P/ACE 5000 CE system equipped
with 5.0 mW argon-ion laser at an excitation/emission
of 488/520 nm. Pressure injection mode was em-
ployed. Free doxorubicin in growth medium was
similarly extracted and vacuum-dried but reconstituted
in phosphate-buffered saline. Doxorubicin was esti-
mated by fluorescence at an excitation/emission of
485/590 nm.

Results

Synergism between 2-deoxyglucose/Na
azide and cancer drugs

Medium-effect analysis of drug mixtures in both KB-
3-1 and KB-V1 cells demonstrated that there was
strong synergism between 2-deoxyglucose/Na azide
and drugs (Figure 1). 2-Deoxyglucose or Na azide
alone was also effective but less powerful. Cellular
ATP content reduced gradually to about 10% after
24 h treatment in low-dose 2-deoxyglucose/Na
azide.

Drug accumulation in multidrug-resistant
cells

KB-V1 cells accumulated much less free doxorubicin
than KB-3-1 cells (Figure 2). Energy starvation or
verapamil treatment, which inhibits P-gp, increased
free drug accumulated, particularly in KB-V1. How-
ever, the accumulation of conjugates in the two cell
lines was more comparable, suggesting conjugates are
not good substrates for P-gp. Direct comparison of the
accumulation of free and conjugated doxorubicin was
not possible because of the different emission
intensities of the two.

To estimate drug retention, cells were pre-loaded
with free or conjugated doxorubicin and cellular
fluorescence was measured after 1 h further incuba-
tion in the absence of drug in medium. As expected,
fractional retention of conjugates was higher than that
of the free drug (Table 1). This was particularly
noticeable in the multidrugresistant KB-V1 cells.
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Figure 1. Medium-effect analysis of interactions between

energy starvation and free/conjugated doxorubicin on killing
of KB-3-1 and KB-V1 cells. Cells were grown in MEM-10%
FCS and exposed to drug mixtures for 72 h. Experiments
were designed and data were analyzed according to the
medium-effect method of Chou and Talalay,?® assuming a
mutually exclusive model. Each data point represents the
average of four experiments; each experiment was per-
formed in triplicate. () Doxorubicin + 2-deoxyglucose/Na
azide, 1:162/2500 for KB-3-1 cells, 1:1.63/25 for KB-V1 cells.
(A) D70 + 2-deoxyglucose/Na azide, 1:126/400 for KB-3-1
cells, 1:2.6/40 for KB-V1 cells.

When P-gp was inhibited by verapamil or energy
starvation, fractional retention of the free drug and the
70 kDa conjugate, but not the larger (200 and
500 kDa) conjugates, significantly increased.

Nuclear presence of free doxorubicin but
not conjugates

Cellular DNA-doxorubicin interaction can be moni-
tored by fluorescence quenching in cell suspen-
sions.*12?% Fluorescence of free doxorubicin was
quenched when added to suspensions of KB-3-1 cells
(Figure 3a), indicating free doxorubicin is entering
nuclei and interacting with DNA. Fluorescence
quenching could be increased further by energy
starvation. Quenching was not detectable when free
doxorubicin was added to KB-V1 cells unless the cells
were energy starved (Figure 3a).

Fluorescence of conjugates was not quenched by
intact cells. However, in cell lysates conjugates are
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Figure 2. Accumulation of free and dextran-conjugated
doxorubicin in KB-3-1 and KB-V1 cells. The intracellular
fluorescence intensity was determined in cells incubated for
2 h with 10 uM free doxorubicin (Dox) or dextran-conjugated
doxorubicin (D70, D200 and D500: doxorubicin conjugated
to 70, 200 or 500 kDa dextran) with equivalent doxorubicin
content. To inhibit P-gp activity some cells were treated with
10 uM verapamil (VPL) or energy starved (DG). Results are
presented as fractions of fluorescence intensity emitted by
KB-3-1 cells. In each experiment 30 cells were randomly
selected and cellular fluorescence measured. Resuits
represent the averages and standard errors of means of
data obtained from three experiments. ®Significantly different
(p<0.05) from KB-3-1 cells receiving the same treatment.
bSignificantly different (p < 0.05) from same cells of which P-
gp was not inhibited. °Significantly different (p<0.05) from
free doxorubicin.

capable of interacting with DNA and fluorescence
quenching can be observed (data not shown).

Decoupling

In cells preloaded with conjugates, on prolonged
incubation cellular fluorescence increased gradually
(Figure 3b). Since the fluorescence emission of free
doxorubicin is more intense than conjugated doxor-
ubicin, these results suggest that there might be a
decoupling of doxorubicin from dextran. Free doxor-
ubicin was detected in cell extracts and medium by
capillary electrophoresis. In cells preloaded with
conjugates, the amount of intracellular and medium
free doxorubicin increased with time (Figure 4).

Decoupling may be catalyzed by an acidic environ-
ment, such as in the interior of organelles. When
solutions of conjugates were made acidic, fluores-
cence intensity (Figure 3d) and the amount of free
doxorubicin (data not shown) gradually increased,
mimicking events taken place in intact cells.

Both the increase in fluorescence (Figure 3b) and
increase in free doxorubicin could be reduced by
energy starvation (Figure 3b and 4). Presumably upon
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energy starvation, the acidic interior of organelles can

not be maintained.

Subcellular distribution and redistribution

Doxorubicin, being basic, is in the first place trapped
in acidic organelles, ie. mitochondria and lyso-

somes?7'28 (Figure 5a and b), on which P-gp are not

detected.”® Under conditions of energy starvation,
intracellular proton gradients could not be maintained
and doxorubicin would be re-distributed. Conceivably
some doxorubicin would be eliminated by membrane
pumps and inside cells the majority would be found in
nuclei where it is immobilized by drug-DNA interac-
tion (Figure 5c¢ and d).

Table 1. Retension of free and dextran-conjugated doxorubicin in KB-3-1 and KB-V1 cells

KB-3-1+VPL? KB-V1+VPL? KB-3-1+4DGP KB-V1+DG"®

Drugs KB-3-1 KB-V1

Dox® 0.767+0.017  0.520+0.042
D70¢ 1.024+0.090*  0.647+0.008"
D200° 0.797+0.089  0.770+0.064"
D500¢ 0.875+ 0.091 0.743+0.067*

1.113+0.019* 0.803+0.086* 1.170+0.029* 1.113+0.129"
0.860+0.025 0.979+0.098* 0.813+0.063 1.020 + 0.049*
0.865+0.068 0.813+0.042 0.860+0.067 1.010+0.064
0.673+0.056 0.817+0.038 0.757+0.020 0.810+0.032

Fluorescence intensity was measured in cells preloaded with drugs (incubated with 10 uM drugs at 30°C for 1 h) and in the same cells after a
further 1 h of incubation without drugs. Fractional retention is the ratio between finat and initial fluorescence. To inhibit P-gp activity, cells were
treated with 10 pM Verapamil (VPL) or 1 g/l deoxyglucose+10 mM Na azide (DG). In each experiment, 30 cells were randomly selected for
fluorescence measurement. Results represent averages + SEM of data obtained from three experiments.

210 uM verapamil (VPL) treated.
PEnergy starvation.
°Free doxorubicin.

9Doxorubicin conjugated to 70 (D70), 200 (D200) or 500 (D500) kDa dextrans.
*Significantly different (p<0.05) from the retention of free doxorubicin.
*Significantly different (p<0.05) from same cells (KB-3-1 or KB-V1) of which the P-gp pump was not inhibited.
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Figure 3. Changes in drug fluorescence in cell suspensions (a and b} and in acidic buffer (c and d). For panels (a) and (b),
free or conjugated doxorubicin (final concentration 2 uM) was added to 2 x 108 cells in 2 ml suspensions under normal or

energy starved (DG) conditions.
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Figure 4. Decoupling of doxorubicin from dextran in KB-3-1 (W, (J) and KB-V1 (A, A) cells. Cells were preloaded with
doxorubicin conjugated to 500 kDa dextran and were incubated under normal (solid symbols) or energy-starved (DG) (open
symbols) conditions. Intracellular and medium free doxorubicin was measured by capillary electrophoresis or fluorescence,

respectively.

Conjugated doxorubicin was also initially and
predominantly found in cytoplasmic organelles (Figure
Se and f). In contrast to free doxorubicin, upon
pretreatment with 2-deoxyglucose/Na azide, the con-
jugates re-distributed to cytoplasm but were largely
excluded from nuclei (Figure 5g and h).

In cells preloaded with the 200 kDa conjugate, after
prolonged (24 h) incubation some fluorescence began
to appear in nuclei (Figure 5i). The nuclear presence
of fluorescence was less in the multidrug-resistant KB-
V1 cells (Figure 5j). Presumably prolonged incubation
resulted in decoupling and the elevated P-gp pump
activity in drugresistant cells eliminated some of the
decoupled free drug. With energy starvation, nuclear
fluorescence increased in both cell lines, especially in
KB-V1 cells (Figure 5k and I). The exact amount of
doxorubicin in nuclei could not be determined by the
techniques used in our studies.

Discussion

Cancer chemotherapy is often hindered by adverse
side effects and drug resistance. The use of biological
macromolecules and related substances as carriers of
therapeutic agents could relieve some of the undesir-
able side effects. Dextran-conjugated doxorubicin is
one such example.>’

Our previous studies have shown that dextran
conjugation alters drug action in multidrug-resistant
KBV1 cells'”'® which overexpress P-gp. Energy
starvation may curtail multidrug resistance through
inhibiting pump activities. Here we have shown that
strong synergism occurs when 2-deoxyglucose/Na
azide are applied with free/conjugated doxorubicin.
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DNA interaction and the subsequent stabilization of
topoisomerase II cleavage complexes are primary cell-
killing mechanisms for doxorubicin,?® although other
sites of action are also likcly.4 Subcellular drug
distribution may influence drug-DNA interaction and
thus may have a critical effect on drug action. We have
shown that dextran-conjugated doxorubicin, although
capable of interacting with DNA #n vitro with only a
small decrease in the equilibrium binding constant,'”
has a much reduced cytotoxicity which can be
attributed to its inability to enter nuclei. Large
molecules bigger than 20-40 kDa are known to be
excluded from nuclei.?!*?

We have also clarified the relationship between drug
size and P-gp activity. In the first 1-2 h of exposure,
both free and conjugated doxorubicin tend to
concentrate in cytoplasmic acidic organelles. Free
doxorubicin, however, may slowly find its way to
nuclei but most of the free doxorubicin is not available
to nuclei of drug-resistant KB-V1 cells, unless P-gp is
inactivated. Large conjugates of over 200 kDa, on the
other hand, are excluded from nuclei but they are not
good substrates for P-gp and their retention is
improved. P-gp seems to be only effective on the free
drug and smaller (<70 kDa) conjugates, and is not
effective against conjugates larger than 200 kDa. Our
interpretation is in line with the observation that the
size of the central pore of Pgp is about 5 nm,*
whereas the estimated effective size of 200 kDa
dextran is greater than 9 nm.>?

Upon prolonged incubation, conjugated doxorubi-
cin may be released as free drug due likely to an acidic
pH-dependent decoupling. This results in an intracel-
lular delayed-release effect. This is analogous to cases
where bovine serum albumin or poly-Llysine drug



conjugates are degraded in the lysosomes before
doxorubicin can interact with nuclear DNA.'® It would
be of great interest to delineate the relationship
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Figure 5. Drug distribution in KB-3-1 and KB-V1 cells as
observed by fluorescence (a—d) or laser scanning confocal
microscopy (e—). KB-3-1 cells (a and c¢) and KB-V1 cells (b
and d) were pre-incubated with 10 M free doxorubicin at
37 C for 2 h. Bright spots (arrows in a and b) are presumed
acidic organelles where doxorubicin was highly concen-
trated. Fluorescence in these spots dissipated in energy-
starved cells (c and d) and partially redistributed to nuclei. In
D200 conjugate-loaded cells (e to f), the bright cytoplasmic
spots (armrows) indicate the organelle location of the
conjugate and the lack of fluorescence in nuclei. In
energy-starved cells these bright spots dissipated (g and
h). Upon prolonged (24 h) incubation (i and j), the
cytoplasmic organelle location of the conjugate remained,
but some fluorescence started to appear in nuclei of KB-3-1
cells (arrows in i), but less was found in nuclei of KB-V1 cells
(i)- Upon prolonged energy starvation, nuclear fluorescence
increased (arrows in k and 1).

Synergism in the killing of multidrug-resistant KB cells

between the kinetics of drug release and the
cytotoxicity of these conjugates in multidrug-resistant
cells.

Conclusion

Energy metabolism and glucose transport may be
altered in multidrugresistant cells.'”'  Energy
starvation can cause apoptotic death of drug-
resistant cells, an action which may be mediated
by oxidative stress and c-myc expression.>**> Our
results suggest additional mechanisms for the action
of energy starvation. These include increasing the
retention of free doxorubicin and small conjugates,
facilitating a drug redistribution from cytoplasmic
organelles to cytoplasm and nucleus, and delaying
the decoupling of doxorubicin from conjugates. All
of these could be potentially beneficial for cytotoxic
drug action.
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