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Abstract—Multidrug-resistant LZ-8 cells are 9000-fold more resistant to Adriamycin® (ADRM) exposure
than wild-type V79 cells. To understand more about the mechanisms producing such high level resistance,
we tested whether LZ-8 cells inactivate ADRM toxicity to a greater extent than wild-type V79 cells.
ADRM was recovered from (1) culture media of wild-type V79 and ADRM-resistant LZ-8 cells; (2)
V79 and 1.Z-8 cells; and (3) LZ-8 cell plasma membrane, and the cytotoxicity was determined by treating
V79 cells for 1 hr with a known concentration of the recovered ADRM. ADRM obtained from LZ-8
cells or its culture medium exhibited less cytotoxicity than that recovered from V79 cells or its culture
medium. ADRM extracted from LZ-8 cell plasma membrane was noncytotoxic. HPLC analysis revealed
that the extracted ADRM was structurally changed compared to stock ADRM. The retention time in
the column was 7 min for stock ADRM, and 23 min for the recovered ADRM. Thus, LZ-8 cells have
an increased ability to transform ADRM into a noncytotoxic form compared to wild-type V79 cells.
This transformation involves structural conversion into a previously unidentified ADRM metabolite.
The greatly increased survival of LZ-8 cells compared to V79 cells after ADRM treatment is due to at
least two mechanisms: (1) an enhanced ability to inactivate the cytotoxicity of ADRM, and (2) increased
drug efflux resulting from the amplification and overexpression of the pgp 1 gene in these cells. Qur
results suggest the possibility that P-glycoprotein participates in drug binding/inactivation in addition to

serving as a drug efflux pump.

The most common, consistent alteration found in
multidrug-resistant cell lines is an amplified and/or
overexpressed gene for multidrug resistance that
results in increased levels of P-glycoprotein (P-gp)t
in the cell membrane [1-4]. P-gp is thought to
function as an energy-dependent drug efflux pump,
that removes drug from the intracellular environment
{5]. Many other mechanisms have been described,
including: alterations in the levels/activity of
topoisomerase II [6]; altered redox enzyme systems,
such as glutathione, glutathione S-transferase,
cytochrome P450 and superoxide dismutase [7-9);
and altered intracellular drug distribution in which
drug is sequestered away from target sites (i.e.
DNA) [10,11]. In some cells, two or more
mechanisms operate simultaneously, suggesting that
resistance may be multifactorial [12].

In our laboratory, a series of Adriamycin®
(ADRM)-resistant cell lines have been selected and
characterized. All cells from the LZ series exhibit
greater ADRM resistance and higher levels of P-gp
in the cell plasma membrane than wild-type V79
cells. We have shown previously that (1) different
degrees of ADRM resistance are observed in LZ-8
and LZ-24 cells even though the amounts of P-gp in
the plasma membrane are virtually identical
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{approximately 20% of the plasma membrane
proteins) {13}, and (2) a 1-hr, 100 ug/mL ADRM
treatment of LZ-8 cells produces significant amounts
of intracellular ADRM (detected by fluorescent
microscopy and spectrophotometry), but does not
result in enhanced cytotoxicity in LZ-8 cells
compared to untreated LZ-8 cells; in addition, no
DNA damage could be detected using alkaline and
pH 9.6 filter elution techniques [14]. In contrast,
wild-type V79 cells exhibit DNA strand breaks and
DNA-protein cross-links, and the survival fraction
is reduced to nondetectable levels after exposure to
100 pg/mL ADRM for 1 hr [14]. These observations
suggest that another mechanism, in addition to the
overexpression of P-gp, may contribute to ADRM
resistance in LZ cells. One possible explanation is
that LZ cells may have an enhanced ability to convert
ADRM into a noncytotoxic form compared to V79
cells.

In these studies, this hypothesis was explored by
testing the cytotoxicity of ADRM recovered from
the following three sources on the colony-forming
ability of V79 cells: (1) V79 and LZ-8 cells; (2) the
growth medium from the two cell lines; and (3) LZ-
8 cell plasma membrane. The resuits indicate that
this ADRM was inactivated and structurally changed
compared to stock ADRM as determined by HPLC,
and that LZ-8 cells exhibited an enhanced ability to
inactivate ADRM compared to V79 cells.

MATERIALS AND METHODS

Cell culture and ADRM survival studies. Our cell
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culture conditions have been described previously
in detail [4,14]. Chinese hamster V79 cells
were maintained as monolayers in F-10 medium
supplemented with 10% fetal bovine serum (ICN
Flow Biomedicals Inc., Costa Mesa, CA) and
penicillin/streptomycin. For LZ-§ cells, this medium
also contained 8 ug/mL ADRM.

The ADRM survival response was determined by
colony-forming ability using V79 cells exposed to
various levels of stock or recovered ADRM for 1 hr
at 37°. Following harvesting of exponentially growing
V79 cells with 0.05% trypsinin Puck’s Saline Solution
A (PSA), cells were counted using a Coulter counter
model ZM and subcultured into petri dishes in
numbers sufficient to yield 100-200 colonies at each
survival level. After exposure to stock or ADRM
recovered from cells, growth medium. or cell
membrane preparations, the dishes were rinsed once
with PSA, filled with fresh medium. and incubated
at 37° for colony formation.

ADRM recovery. To recover ADRM from the
growth medium, V79 and LZ-8 cells were grown in
3 ug/mL ADRM. This concentration of ADRM was
used since it is the highest concentration that V79
cells are able to tolerate and survive for 24 hr and
also allows sufficient recovery of ADRM. After 3
days growth in ADRM, the medium was collected,
filter sterilized using a 0.20 um MFS 25 disposable
syringe filter unit with a cellulose acetate membrane
(Millipore Corp., Bedford, MA), and the con-
centration of ADRM present was determined using
fluorescent spectrophotometry. This preparation was
diluted with fresh medium to the desired final
concentration and the cytotoxicity was assayed on
virgin V79 cells (i.e. cells never before exposed to
drug) by measuring colony-forming ability. It should
be noted that some studies have reported that
ADRM can absorb to some types of membranes
during filtration. This is particularly true with dilute
drug solutions and small volumes {a few mL}. Under
these conditions, more than 95% of ADRM is found
to be adsorbed to cellulose ester membranes [15].
Under the conditions of our experiments, no
detectable loss of ADRM or metabolites occurred
with filtration based on comparisons of HPLC
profiles of filtered versus centrifuged ADRM media
collected from V79 or LZ-8 cells.

To recover ADRM from cells, V79 cells were
exposed to 3ug/mL ADRM and LZ-8 cells to
100 pg/mL for 2 hr at 37°. A higher concentration
of ADRM was used in this experiment to treat LZ-
8 cells in order to recover adequate amounts of
intracellular ADRM (LZ-8 efflux is so rapid,
little ADRM is retained intracellularly at lower
concentrations). After ADRM treatment, culture
dishes were rinsed three times with PSA. The cells
were removed from the dishes using a rubber
policeman, collected in cold water, and kept on ice
for 20 min. Following cell lysis in cold water, cell
suspensions were transferred into test tubes, an
equal volume of n-butanol was added, and tubes
were vortexed for 5 min at room temperature. The
organic layer containing ADRM was separated by
centrifugation at 2500 rpm for 1hr, collected, and
dried by lyophilization. The recovered ADRM was
dissolved in distilled water, and the concentration
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was determined as above. Alternatively, after
collection of cells, recovered ADRM was extracted
using chloroform/methanol (2:1). and dried under
N,. HPLC analysis revealed that the two different
extraction procedures did not affect the retention
time in the column for ADRM or recovered ADRM.

Torecover ADRM from the plasma cell membrane
of LZ-8 cells, the cells were plated in roller bottles
and grown in medium containing 8 ug/mL ADRM
for 3 days. This concentration was used since it is
noncytotoxic to LZ-8 and allows sufficient ADRM
recovery from the membrane. After ADRM
treatment, the roller bottles were rinsed three times
with PSA to remove any free, unbound ADRM; the
cells were removed using a rubber policeman, lysed
in hypotonic solution, and homogenized. Unlysed
cells and nuclei were removed by centrifugation (see
details in Ref. 4). The cell membrane in the
supernatant was precipitated and further centrifuged
in a 16-60% sucrose gradient. The 16-31% interface
containing the plasma cell membrane was collected
and will be designated in this report as the ADRM-
LZm complex. For some experiments, ADRM was
extracted from this complex using n-butanol or
chloroform/methanol (2:1). The same retention time
in the column for extracted ADRM from the complex
was observed using either n-butanol or chloroform/
methanol (2:1).

HPLC analysis for ADRM and recovered ADRM.
Stock ADRM and ADRM recovered from the
culture media, cell membrane, or whole cells were
analyzed by high performance liquid chromatography
{Beckman 421A controller, 114 M solvent delivery
module, San Ramon, CA) on an Ultrasphere C18
reverse phase column (25cm X 4.6 mm diameter)
with a linear gradient of 30% aqueous acetonitrile
containing 0.1% trifluoroacetic acid to 90% over
30 min at room temperature. A flow rate of ! mL/
min was used. A fluorescent detector (spectroflow
980, programmable fluorescence detector, Kratos
analytical, Ramsey, NJ} with an excitation wave-
length of 480 nm and an emission filter of 580 nm
was used to measure the amount of ADRM. Data
were recorded on a curve integrator (Water 740 data
module, Milford, MA). To protect against photolytic
degradation, all procedures were protected from
direct exposure to fluorescent light. The HPLC was
protected from light by the use of steel tubing.

RESULTS

Cytotoxicity of intracellular ADRM. When cells
are exposed to ADRM and the drug enters the cell,
some drug may reach initial targets (i.e. DNA) while
some may be metabolically inactivated and/or
removed from the cell via P-gp. These experiments
were designed to test whether V79 and LZ-8 cells
inactivate ADRM to different degrees by assaying
the cytotoxicity of recovered ADRM from the cells.
To determine the cytotoxicity of ADRM recovered
from V79 and LZ-8 cells, intracellular ADRM was
extracted directly from the cells as described in
Materials and Methods. This recovered ADRM was
then used to treat virgin V79 cells at a concentration
of 0.50 ug/mL for 1 hr at 37° in order to determine
if the ADRM was cytotoxic. A survival fraction of
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0.41 + 0.02 for ADRM recovered from LZ-8 cells,
and 0.14 = 0.01 for ADRM recovered from V79
cells was observed. In addition, virgin V79 cells were
exposed to stock ADRM at the same concentration
(0.50 ug/mL) for 1 hr at 37° as a control. The cell
survival fraction was 0.022 = 0.005. These results
suggest that both V79 and LZ-8 cells are able to
alter ADRM into a less cytotoxic form. However,
the efficiency of transforming ADRM into this less
cytotoxic form was significantly different between
the V79 and LZ-8 celis (relative survival 18.6 vs 6.4,
respectively).

Our second approach was to determine relative
cytotoxicity for intracellular ADRM released into
the culture medium from lethally irradiated V79 or
LZ-8. Cells were subcultured into dishes containing
different numbers (2 x 10%2 x 10%) of V79 or LZ-
8 cells that had been pretreated with 8 ug/mL
ADRM for 2 hr, and subsequently irradiated with
50 Gy. The culture dishes were rinsed three times
with PSA to remove free ADRM and refilled with
fresh medium. Over the next 24 hr, the cells lyse,
and release intracellular ADRM into the medium.
Virgin V79 cells were then innoculated into the same
petri dishes containing the ADRM treated/irradiated
cells. The survival fractions were determined by
colony-forming ability. The amount of ADRM
released into the culture medium from dead V79 or
LZ-8 cells was proportional to the cell number
seeded before treatment with radiation and ADRM
as determined by fluorescent spectrophotometry. As
a control, corresponding numbers of V79 or LZ-8
cells were subcultured into petri dishes and only
exposed to irradiation with 50Gy (no ADRM
treatment). The top two curves in Fig. 1 represent
the controls. The high survival fractions (95%)
indicate that the presence of dead V79 or LZ-8 cells
(lethal irradiation) did not affect the survival of
virgin V79 cells plated in the same petri dish. In
addition, HPLC analysis revealed that ADRM was
not structurally modified by irradiation at 50 Gy
(data not shown). Thus, under these experimental
conditions, the altered ADRM was most likely
formed by cellular metabolism. As shown in Fig. 1,
when V79 cells were exposed continuously to
8.0 x 107* ug/mL. ADRM released from lethally
irradiated cells for 6 days to allow colony formation,
the cell survival fraction was 0.88 for ADRM released
from LZ-8 cells, and 0.66 for ADRM released from
V76 cells. These results suggest that ADRM released
from LZ-8 cells was approximately 33% less cytotoxic
than that from V79 cells.

Cytotoxicity of ADRM recovered from growth
medium of V79 or LZ-8 cells. If the ADRM
recovered from V79 and LZ-8 cells in these first
experiments represents metabolically altered drug,
it would be expected that, with time, this ADRM
might be effluxed out of the cell and into the culture
medium. To test this possibility, the cytotoxicity of
ADRM recovered from culture medium was
determined as follows: 10 V79 or LZ-8 cells were
plated into dishes containing medium with 3 ug/mL
ADRM at 37° for 3 days. The medium was then
collected, filter sterilized, and used to treat V79
cells. Since ADRM is sensitive to light and
temperature, some degradation may occur in medium
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Fig. 1. Virgin V79 cell survival response to ADRM released
from lethally irradiated V79 and LZ-8 cells. X-axis (bottom)
represents the concentration of ADRM released from V79
or LZ-8 cells treated with radiation and ADRM. X-axis
(top) represents cell number plated before treatment with
radiation or radiation/ ADRM. Data are means + SD from
three independent experiments in which all points represent
the data from triplicate dishes.

at 37° [15]. Consequently, a dish containing medium
and 3ug/mL ADRM, but without cells, was
incubated at 37° for 3 days as a control. After
incubation for 3 days, the amount of ADRM
recovered from either the culture medium with cells
(V19 or LZ-8), or culture medium without
cells exhibited no difference, with a value of
2.95 % 0.05 yg/mL as determined by fluorescent
spectrophotometry. To determine the survival
response for ADRM recovered from growth
medium, virgin V79 cells were exposed to various
concentrations of recovered ADRM by dilution with
fresh medium from 3 to 0.1 uyg/mL, and colony-
forming ability was assayed. As shown in Fig. 2, the
results indicated that ADRM recovered from culture
medium with cells exhibited less cytotoxicity than
the control consisting of ADRM recovered from
culture medium without cells. For example, the
survival fraction for the 2 ug/mL (recovered) ADRM
treatment was 0.18 for ADRM obtained from LZ-8
culture medium, 0.04 for ADRM from V79 medium,
and 0.02 for ADRM from medium without cells.
These results are consistent with those above and
indicate that intracellularly inactivated ADRM can
be transported out of cells.

Cytotoxicity of ADRM bound P-gp (ADRM-LZm
complex) and ADRM recovered from the ADRM-
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Fig. 2. V79 cell survival response to ADRM recovered from V79 or LZ-8 cell growth medium containing

3 ug/mL ADRM and ADRM incubated without cells. Data are means = SD from three independent

experiments in which all points represent the data from triplicate dishes (where not shown, the standard
deviation was smaller than the size of symbol).

LZm complex. Several mechanisms for reducing
ADRM cytotoxicity are known including detox-
ification by enzymes [7-9, 16, 17], exocytosis [18]
and binding to P-gp [19]. Since P-gp binds ADRM
and probably functions as an energy-dependent drug
efflux pump, it is possible that P-gp (either alone or
in conjunction with membrane-associated enzymes)
may also inactivate ADRM. This can be tested by
recovering ADRM bound to P-gp. If the ADRM
bound to P-gp is always noncytotoxic, then either
P-gp only transports inactivated ADRM or P-gp
plays a role in the detoxification process.

To determine the cytotoxicity of the ADRM-
LZm complex, the complex was isolated from LZ-
8 cells grown in medium containing 8 yg/ml. ADRM
for 3 days at 37° as described in Materials and
Methods. 1.Z-8 provides a suitable test system, since
this cell line has such high levels of P-gp in the cell
plasma membrane (approximately 20% of plasma
membrane protein) that sufficient amounts of the
ADRM-LZm complex can be recovered for analysis.
The concentration of ADRM in the complex was
determined using fluorescent spectrophotometry,
and a concentration of 2 yg/mL ADRM present in
the complex was used to treat V79 cells for 1 hr at
37°. The amount of membrane protein in the complex
was determined using the Lowry method. To
evaluate the cytotoxicity of the ADRM-LZm
complex, monolayer V79 cells were also exposed to
the following treatments for 1 hr at 37°: (1) 2 ug/mL
of stock ADRM; (s) 2 ug/mL of stock ADRM plus
LZ-8 cell membrane or V79 cell membrane; and (3)
V79 or LZ-8 cell membrane alone (without ADRM).
The amount of cell membrane used in the treatments
was equivalent to the amount of cell membrane in
the ADRM-LZm complex. The resuits, shown in
Table 1, indicate that the ADRM-LZm complex
exhibited much less cytotoxicity compared to stock
ADRM with a relative survival of 2200. LZ-8 or
V79 cell membrane alone was not cytotoxic (survival
fraction 0.89). In addition, the cytotoxicity of stock

Table 1. Effect of ADRM and ADRM bound to LZ-8
membrane complex (ADRM-LZm) on survival of virgin

V79 cells
Survival Relative
Treatment fraction survival
2 ug/mL ADRM 0.00033 1.0
LZ-8 or V79
membrane 0.89
ADRM-LZm
complex 0.74 2200
ADRM + LZ-8
membrane 0.0033 10
ADRM + V79
membrane 0.0006 2

ADRM could be reduced two or ten times by mixing
stock ADRM with V79 or LZ-8 cell membrane,
respectively. Among the treated samples, the highest
survival was exhibited by treatment with ADRM
bound to LZ-8 membrane (ADRM-LZm complex).
The lack of cytotoxicity of this ADRM could result
from two possibilities: (1) ADRM could be in a
noncytotoxic form in the complex; and (2) the
immobilization of the ADRM by association with
the membrane could render the drug incapable of
penetrating the cell membrane by diffusion or
transport, thereby reducing its cytotoxic effects,

To test these possibilities, ADRM was extracted
from the ADRM-~LZm complex using n-butanol or
chloroform/methanol (2:1). Stock ADRM was
extracted by n-butanol or chloroform/methanol (2:1)
under the same conditions as a control. V79 cells
were exposed to the extracted ADRM for 1hr at
37°. The results are shown in Fig. 3 and indicate that
the ADRM extracted from the ADRM-LZm
complex exhibited significantly decreased cytotox-
icity. For example, following a 2 ug/ml. ADRM
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Fig. 3. V79 cell survival response to ADRM extracted from
ADRM-LZm complex. Data are means = SD from three
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data from triplicate dishes (where not shown, the standard
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2138). The similar cell survival curves for ADRM
with or without extraction suggest that this procedure
did not affect the activity of ADRM. In addition,
no structurally altered ADRM was formed using the
extraction procedure as determined by HPLC.

in the experiments reported above, ADRM was
recovered from LZ plasma membrane preparations.
Since ADRM is known to bind to many types of
moiecuies, the ADRM extracted from LZ plasma
membrane may not have been exclusively bound to
P-gp. However, since P-gp has been shown to
specificaily bind ADRM and 20% of the piasma
membrane protein in LZ cells is P-gp, we expect a
significant fraction of the ADRM recovered to be
bound to P-gp. In addition, if nonspecific binding of
ADRM to non-P-gp molecules accounted for the
majority of ADRM recovered, then V79 and 77A
{which contain Jow levels of P-gp in the plasma
membrane) would be expected to yield an equivalent
amount of AIDRM/mg plasma membrane protein.
This was not observed. V79 and 77A yielded levels
of ADRM consistent with the levels of P-gp in the
cell membrane.

Taken together, these results indicate that
the ADRM in the ADRM-LZm complex was
significantly less cytotoxic. Thus, the decreased
ADRM cytotoxicity observed in LZ-8 cells may be
largely due to the ability of LZ-8 cells to convert
ADRM to a noncytotoxic form which can be
transported out of the cells.

HPLC analysis of ADRM and recovered ADRM.
To determine whether ADRM extracted from the
ADRM-LZm complex is structurally modified
compared to stock ADRM, HPLC analysis was
performed. The HPLC profiles for stock ADRM
and recovered ADRM from the ADRM-LZm
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complex are shown in Fig. 4. The amount of ADRM
injected into the column was approximately 0.1 ug
for normal ADRM and 0.3 ug for the recovered
ADRM. HPLC analysis revealed that the retention
time in the column was 7 min for stock ADRM and
23 min for ADRM extracted from the ADRM-LZm
complex. This suggests that the recovered ADRM
(which was observed to be noncytotoxic) was
structurally changed compared to stock ADRM, and
exhibited higher hydrophobicity. Since only one
peak with a retention time of 23 min was observed
for ADRM recovered from the ADRM-LZm
complex {see Fig. 4}, it suggests that ADRM bound
to P-gp may always be noncytotoxic. Furthermore,
following incubation of stock ADRM and LZ-8 cell
plasma membrane (which contains approximately
20% P-gp) at 37° and pH 7.5 for 4 hr, noncytotoxic
ADRM (retention time of 23 min) was detected by
HPLC. These results suggest that P-gp may play a
role in ADRM inactivation.

The major metabaolites of ADRM in humans and
mammalian species, including cells in cuiture [20~
28], are shown in Table 2, All known metabolites
can be synthesized from ADRM by chemical
reactions according to the methods described by
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Table 2. Retention time for Adriamycin and its metabolites as determined by HPLC

Retention time

Structure Compound {min)
O OH ™+
CH=— CH,0H
OO T
- Doxorubicinol 2.2
CHO © oH %g
HC
NH,
o OH ?H
CH— CH,OH Doxorubicinol aglycone 3.7
QL IOL I
CHO o oW OH
(o] OH i
C =~ CH,OH
@.@‘ “OH Doxorubicin 7.0
CHO © oH  9p
H,C
OH
NH,
o OH ?H
CH=~CH,0H 7-Deoxydoxorubicinol aglycone 9.1
O JOL I
CH,O (e} OH
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OLJOL Y
cHO O oM OH
o OH 9
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Scheme 1. A speculative molecular structure for inactivated
ADRM which was recovered from ADRM-LZm complex.

Takanashi and Bachur [23]. The retention time in
the column for ADRM metabolites was determined
under the same conditions we used for our analysis,
and the results are shown in Table 2. None of the
known metabolites of ADRM exhibited a retention
time close to the ADRM recovered from the
ADRM-LZm complex (23 min). This suggests that
the ADRM recovered from the ADRM-LZm
complex may be a previously unidentified metabolite
of ADRM. To further clarify the nature of the
metabolite, LZ-8 was treated with [*CJADRM
(labeled at the keto C-14 position) and the ['*C}-
ADRM-LZm complex was isolated. The “C-
labeled ADRM was extracted from the complex by
n-butanol and analyzed for fluorescence using HPLC
and radioactivity using scintiliation counting. The
results indicate that the ADRM recovered from the
ADRM-LZm complex had lost the radioactive label,
suggesting that ADRM may undergo a two-carbon
degradation of its a-ketol group. Based on these
results, a putative chemical molecular structure for
the recovered ADRM from ADRM-LZm complex
(a noncytotoxic metabolite}) may be a 9-keton-7-
deoxy-adriamycin aglycone as shown in Scheme 1.
Further refinement of the chemical structure of the
ADRM metabolite will be determined by mass
spectroscopy or nuclear magnetic resonance in future
studies.

DISCUSSION

Our results indicate that intracellular ADRM
obtained from LZ-§ cells exhibited less cytotoxicity
than that from V79 cells. The inactivated ADRM
can be effluxed via P-gp or transported (via
exocytosis) out of the cells into the culture medium.
The noncytotoxic metabolite extracted from the
ADRM-LZm complex was found to be structurally
changed compared to stock ADRM as determined
by HPLC. These results suggest that an inactive
metabolite of ADRM was produced in both ADRM-
sensitive V79 cells and ADRM-resistant LZ-8 celis;
however, ADRM-resistant LZ-8 cells have a greatly
enhanced ability to transform ADRM into the
noncytotoxic form. For LZ-8 cells, this represents a
second mechanism of ADRM resistance in addition
to enhanced efflux resulting from the amplification/
overexpression of the pgp 1 gene. Metabolic
inactivation of the drug before it reaches sensitive
cellular targets is consistent with our previous studies
in which no DNA damage could be detected in LZ-
8 with filter elution methods after ADRM treatment
[14]. A possible consequence of the simultaneous
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functioning of both enhanced drug inactivation and
faster efflux in LZ-8 cells is that the rapid efflux of
a noncytotoxic metabolite might establish a high
concentration gradient of noncytotoxic ADRM
around the perimeter of the LZ-8 cell. This gradient
might serve as a protective barrier making it more
difficult for cytotoxic ADRM to enter the cell due
to competition with the noncytotoxic form. It is also
possible that the noncytotoxic metabolite may diffuse
back into the cell more easily (due to its nonpolarity)
than unmodified ADRM. If true, this would also
contribute to increased resistance of LZ-8 cells.

The mechanisms responsible for transforming
ADRM into a nontoxic metabolite in ADRM-
resistant cells are not yet well understood. It has
been reported that the major enzymatic conversion
of ADRM involves a carbonyl reduction by aldo-
keto reductase [20,23,28]. In addition, there is
reductive hydrolytic glycosidic cleavage [23]. The
molecular structures of the known metabolites are
shownin Table 2. The main metabolite Adriamycinol
exhibits antitumor activity [29,30], whereas the
aglycones are no longer active [31]. Some inves-
tigations have demonstrated that 7-deoxy-adriamycin
aglycone is a metabolite known to be formed
from ADRM semiquinone radicals under anoxic
conditions by NADPH-cytochrome P450 reductase.
A free radical-dependent mechanism is thought to
be involved in ADRM cytotoxicity [9, 16, 17].

The structures of ADRM and daunorubicin are
very similar, differing only in the presence of a
hydroxyl group on the alkyl side-chain (see Table
2); yet there are marked differences in their
antitumor properties and in their cytotoxicity.
ADRM has shown a much wider spectrum of activity
in various solid tumors and leukemias, and greater
cardiotoxicity than daunorubicin {31]. This implies
that the alkyl side-chain may play an important role
in ADRM cytotoxicity [32]. Our results show that
ADRM extracted from the ADRM-LZm complex
lost the '*C label, suggesting that 9-ketone,7-deoxy-
adriamycin aglycone may be formed through two-
carbon degradation on the alkyl side-chain during
cellular ADRM metabolism. Hasinoff [33] and Tong
et al. [34] have reported that ADRM can undergo a
mild two-carbon degradation of its a-ketol group by
tautomerization of the a-ketol group to an a-
hydroxyaldehyde. Stepwise oxidative degradation of
ADRM has been shown to produce 9-COOH-
adriamycin [35].

Based on our results and those of others, we
speculate on a possible pathway for the production of
9-ketone,7-deoxy-adriamycin aglycone from ADRM
in the two cell lines. When ADRM enters cells by
passive diffusion or active uptake, following
elimination of the daunosamine moiety by reductive
glycosic and hydrolytic glycosidic cleavage, and
reductive redox-cycling via NADPH-cytochrome
P450 reductase, or detoxification enzymes and/or
P-gp. 7-deoxy-adriamycin aglycone is formed. The
7-deoxy-adriamycin aglycone will subsequently
undergo a two-carbon degradation on the alkyl side-
chain through tautomerization or by stepwise
oxidative degeneration to form 9-ketol-7-deoxy-
adriamycin aglycone which is a noncytotoxic
metabolite of ADRM.
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Our data are also interesting in view of current
models of the mechanism of P-gp drug efflux {2, 36].
The most common concept is that after the drug
passes through the lipid bilayer into the cytoplasm,
it becomes bound to P-gp and is effluxed out of the
cell. With this model, at least some drug would have
the opportunity to interact with target sites and/or
other cellular components before efflux. Alterna-
tively, it has been proposed that drug binds to P-gp
and is effluxed from the cell while still in the lipid
bilayer (i.e. without entering the cytoplasm of the
cell) {2, 19]. With this mechanism, drug would not
be expected to be able to interact with any internal
cellular target sites. In these and other studies [14]
we have shown that (1) ADRM enters LZ-8 cells
with the majority localized to the cytoplasm; (2)
ADRM recovered from LZ-8 membrane (which
contains 20% P-gp) is in a noncytotoxic form; and
(3) the noncytotoxic form of ADRM can exit LZ-8
cells. These results suggest that for LZ-8 cells, the
first model may be the more likely mechanism but
the second model cannot be excluded yet.

In summary, the results reported here suggest that
the enhanced survival of LZ-8 cells after ADRM
treatment is due to at least two mechanisms: (1) an
enhanced ability to inactivate the cytotoxic properties
of ADRM, and (2) increased drug efflux via P-gp.
P-gp may not function exclusively as an energy-
dependent pump but may also serve as a binding
site for ADRM (and other cytotoxic agents). The
resulting complex may induce unidentified enzymatic
processes which cleave the ADRM molecule into
noncytotoxic subunits. Thus, the presence of high
levels of P-gp in multidrug-resistant cells may also
serve to protect the cell membrane, which represents
an important target for ADRM-induced toxicity as
suggested by us and others [4, 37-39].
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