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Paclitaxel-induced Cytotoxicity—the Effects of
Cremophor EL (Castor Oil) on Two Human Breast
Cancer Cell Lines With Acquired Multidrug
Resistant Phenotype and Induced Expression of
the Permeability Glycoprotein

M.-L. Fjillskog, L. Frii and J. Bergh

Paclitaxel (Taxol®) is a new cytotoxic agent with considerable activity in phase II studies on metastatic breast
cancer. Paclitaxel for clinical use is dissolved in the solvents cremophor EL and ethanol. In this study, we added
paclitaxel, formulated either in cremophor EL and ethanol or only in ethanol, in increasing concentrations to two
parental human breast cancer cell lines (ZR 75-1 and HS 578T) and their corresponding sublines with acquired
doxorubicin resistance and P-glycoprotein expression. Paclitaxel dissolved either in ethanol or ethanol plus
cremophor EL, resulted in steep and almost identical dose-response curves for the parental lines ZR 75-1 and
HS 578T, respectively, independent of the solvent used. When paclitaxel was formulated only in ethanol the
effects on the corresponding doxorubicin-resistant sublines were significantly reduced compared with paclitaxel
dissolved in ethanol plus cremophor EL. These effects by cremophor EL may partly explain some of the
antitumoral effects observed by paclitaxel in anthracycline failing patients.
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INTRODUCTION

PacLiTaxEL (TAXoL®) 18 a natural cytotoxic compound derived
from the bark of Western yew [1]. The drug has attracted much
attention during the last 2 years due to high response rates
even in doxorubicin-resistant breast cancers, and cisplatinum-
resistant ovarian cancers [2, 3]. Responses in the breast cancer
group were noteworthy, while the resistance pattern for paclit-
axel has been described to belong to the multidrug-resistant
phenotype [4-6]. However, the resistance mechanisms for paclit-
axel are complex and may also involve alterations of tubulin [7].

Paclitaxel works via promotion of the assembly of microtu-
bules and stabilisation of the tubulin polymers [8]. The high in
otvo activity of paclitaxel is partly in contrast to the preclinical
data which revealed poor, modest, or high activity of paclitaxel
depending on the models used [9]. Paclitaxel used in humans is
dissolved in polyethoxylated castor oil (cremophor EL) and
ethanol. Cremophor EL has been described to revert the vinblas-
tine resistance in K562 cells with a multidrug resistance pheno-
type [10]. The effect by cremophor EL has lately also been
studied on daunorubicin-resistant cells [11].

In accordance with this, we suspected that part of the effects
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by paclitaxel in breast cancer patients with doxorubicin resist-
ance may partly be related to cremophor EL.

MATERIALS AND METHODS

Cell lines and tissue culture

In order to test this hypothesis, we used two human breast
cancer cell lines with acquired doxorubicin (dox) resistance, ZR
75-1-dox and HS 578T-dox, together with their corresponding
parental cell lines ZR 75-1 and HS 578T. ZR 75-1 is a ‘receptor
positive’ cell line, i.e. it contains high levels of oestrogen and
progesterone receptors, and HS 578T is a ‘recepror negative’ cell
line, i.e. it contains low levels of these receptors [12-14]. The
dox sublines showed immunohistochemical expression of the P-
glycoprotein using two different antibodies recognising different
epitopes [15-17]. The parental lines were negative for the P-
glycoprotein [15]). The used sublines, ZR 73-1-dox and HS
578T-dox in this study, were adapted to growth in the presence
of 40 and 400 ng/ml of doxorubicin, respectively. The dox
sublines maintained their dox resistance and growth rate after at
least 4 months removal of dox, followed by re-exposure of dox.
ZR 75-1-dox and HS 578T-dox were both cross resistant to
etoposide and vincristine, thus fulfilling the criteria of multidrug
resistance related to increased expression of the P-glycoprotein
[15].

The monolayer growing cell lines, both parental and dox
sublines, were cultured in Eagle’s minimal essential medium
(MEM) (Northumbria Biological Limited, NBL, U.K.) sup-

687



688

plemented with 10% fetal calf serum (FCS) (from NBL) and 2
mM glutamine at 37°C in humidified atmosphere containing
95% air and 5% CO,. No antibiotics were added to the cultures.
The cell lines were screened negative with a DNA probe
technique for mycoplasma [18].

Paclitaxel

Paclitaxel (6 mg/ml) (30 mg/vial in 50% v/v cremophor EL
and dehydrated alcohol) from Bristol-Myers-Squibb (PRI, batch
F92 A 004M, New York, U.S.A.) and paclitaxel from Sigma
Chemical Co. (St Louis, Missouri, U.S.A.) were used. We
dissolved and used paclitaxel in identical concentrations of
ethanol and cremophor EL, according to the above, and paclit-
axel dissolved only in ethanol.

Paclitaxel was added in the following final concentrations: 0,
0.025, 0.05, 0.1, 0.2, 0.4, 0.8, 2.0, 4.0, 8.0 and 10.0 pg/ml.
This corresponds to a maximal ethanol and cremophor EL
concentration of 0.23% v/v, respectively (Figures 1 and 2).

As a control, we added only cremophor EL and ethanol to the
studied cell lines in the same concentrations as they were
investigated together with paclitaxel.
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Figure 1. ZR 75-1 and the multidrug-resistant subline ZR75-1-dox.
Dose-response curves: (a) ethanol and cremophor EL alone in
the same concentrations as when used together with paclitaxel;
(b) paclitaxel dissolved in dehydrated ethanol; (c) paclitaxel dissolved
in dehydrated ethanol/cremophor EL (1/1).
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Figure 2. HS 578T and the multidrug-resistant subline HS 578T-
dox. Dose-response curves: (a) ethanol and cremophor EL alone in
the same concentrations as when used together with paclitaxel; (b)
paclitaxel dissolved in dehydrated ethanol; (c) paclitaxel dissolved in
dehydrated ethanol/cremophor EL (1/1).

Measurement of cellular cytotoxicity by taxol

A semiautomatic fluorometric method for determination of
cytotoxicity and viability was used [19]. Briefly, 10 pl of
paclitaxel-containing solution, from the sources outlined above,
were added at the final calculated concentrations (increasing
paclitaxel concentrations from 0 to 10.0 pg/ml) into the wells
of a flat-bottomed 96-well microtitre plate (Nunc, Roskilde,
Denmark). The corresponding ethanol and cremophor EL
concentrations were 0-0.23% v/v, respectively. The microtitre
plates were kept frozen at —20°C until used. Cells were tryp-
sinised into single cell suspension on day 0 from optimal growing
stock cultures according to the above. Thirty microlitres of cells
(15 000 cells) were seeded into 160 pl of medium (Eagle’s with
10% FCS) in each well (first medium, then cells). One empty
column (blank wells) received only culture medium. One column
contained culture medium and tumour cells. The cells were then
incubated for 3 days at 37°C in a humidified atmosphere with
95% air and 5% CO,. On day 3, the plates were centrifuged, the
medium was removed, and cells washed in phosphate-buffered
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saline (PBS). Two hundred !l of fluorescein diacetate (FDA)
(Sigma Chemical Co.) dissolved in PBS were added to exper-
imental and control wells [19]. The plates were incubated for 30
min [19], and then read in the 96-well scanning fluorometer
(Fluoroscan 2) at 538 nm. The fluorometer was blanked against
wells containing assay medium and fluorescent dye without cells
[19]. The effects of paclitaxel dissolved in ethanol + cremophor
EL and ethanol + cremophor EL alone were related to the
viability status in the control wells, medium and cells. The
results were expressed as a per cent of viable cells of correspond-
ing control cultures. The results were transferred into a Macin-
tosh SE computer for graphical and statistical processing utilis-
ing the Excel and Cricket softwares.

Three independent experiments were conducted, and three
wells were analysed per concentration and time. For statistical
analysis, we used the unpaired and two-tailed z-test (Statview).

RESULTS
Parental cell Iines

Cremophor EL and alcohol, without the addition of paclitaxel,
resulted in flat dose-response curves for the lines ZR 75-1 and
HS 578T (Figures 1 and 2a). The 50% inhibitory concentration
(ICso) and ICq values, respectively, were 0.09 and >0.23% for
ZR 75-1 (Table 1). The corresponding values for HS 578T were
0.04 and >0.23%, respectively (Table 1).

Both ZR 75-1 and HS 578T demonstrated steep dose-response
curves for the studied paclitaxel formulations (Figures 1 and
2b,c). Paclitaxel dissolved in ethanol demonstrated almost ident-
ical dose-response curves compared with the paclitaxel formu-
lation in cremophor EL/ethanol. The ICs, values were identical
(< 0.025 wg/ml) for both formulations and both cell lines (Table
1). The I1Cqq values were also similar (Table 1). The parental line
ZR 75-1 was significantly more sensitive (P < 0.0001 to P =
0.0002) to paclitaxel dissolved in ethanol compared with the dox
subline (Figure 1b). ZR 75-1 was significantly (P = 0.0001 to P
= 0.02) more sensitive than the dox subline of ZR 75-1 in the
concentration interval from 0.025 to 0.1 wg/ml with the solvents
ethanol and cremophor EL together with paclitaxel (Figure 1c).

Table 1. 1Csq and 1Coo values in wgiml and %, respectively, for ZR
75-1 and HS 578T and their corresponding sublines

Cr EL/Eth PacVEth  PacV/CR EL/Eth
ZR 75-1
ICs, pg/ml
ZR 75-1 0.09% <0.025 <0.025
ZR 75-1-dox 0.12% >10 0.1
1Cyy pg/ml
ZR 75-1 >0.23% 0.025 0.1
ZR 75-1-dox >0.23% >10 2
Cr EL/Eth PacVEth  Pacl/Cr EL/Eth
HS 578T
ICs, pg/ml
HS 578T 0.04% <0.025 <0.025
HS 578T-dox 0.15% >10 1.6
1Cyo pg/ml
HS 578T >0.23% 8 0.8
HS 578T-dox >0.23% >10 9.5

dox, subline with acquired doxurubicin resistance. Cr EL, cremophor
EL; Eth, ethanol; Pacl, paclitaxel.ICs,/1Co0, the concentration required
to cause a 50 and 90% cell kill, respectively.
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HS 578T was significantly (P < 0.0001 to P = 0.005) more
sensitive than the corresponding dox subline when paclitaxel
was dissolved only in alcohol (Figure 2b). This was also the case
(P < 0.0001 to P = 0.04) for the combined solvents, except for
the two highest paclitaxel concentrations (Figure 2c¢).

Dox sublines

Cremophor EL and ethanol alone resulted in a flat
dose—response curve for ZR 75-1-dox, little different from the
parental cell line ZR 75-1 (Figure 1a). The subline HS 578T-
dox was significantly (P = 0.0004 and P = 0.001) less sensitive
to cremophor EL and ethanol at the concentrations 0.046 and
0.092% v/v, respectively (Figure 2a).

Generally, ZR 75-1-dox showed a steeper. dose-response
curve (significance level from P < 0.0001 to P = 0.04) for the
paclitaxel formulation in cremophor EL/ethanol (1Cs, 0.1 pg/ml
and ICg 2.0 pg/ml) compared with paclitaxel dissolved in only
ethanol (1Cs and 1Cgp > 10.0 pg/ml) (Figures 1b, ¢, Table 1).
The addition of paclitaxel to cremophor EL/ethanol compared
with the solvents alone was significantly (P = 0.0002 to
P = 0.02) more effective except at 0.05 pg/ml paclitaxel
(Figures la, c).

HS 578T-dox demonstrated a significantly (P = 0.0006 to
P = 0.01) higher sensitivity to paclitaxel in the splvents ethanol/
cremophor EL at the concentrations = 0.2 pg/ml (1Csy 1.6 pg/
ml and 1Cg0 9.5 pg/ml) compared with paclitaxel dissolved only
in ethanol (ICso and I1Cgo > 10.0 pg/ml)(Figures2b, c, Table 1).
The effect of cremophor EL plus ethanol on the dox subline of
HS 578T was significantly inferior (P = 0.0007ito P = 0.02) to
paclitaxel/ethanol/cremophor EL, except at 0.025, 0.05 and
8 wg/ml paclitaxel concentrations (Figures 2 a, ¢).

DISCUSSION

Paclitaxel has been described to be effectivé even in breast
cancer patients who had failed on anthracycline combinations
[2]. This was unexpected because paclitaxel resistance has been
described as belonging to the multidrug-resistance phenotype
[4-6]. However, other resistance mechanisms related to tubulin
changes have also been described [7].

These contradictions in previous reports on paclitaxel therapy
and the reversion potential of the multidrug-rdsistance pheno-
type by cremophor EL were the main objectives|for carrying out
the present study [10, 11]. The clinical significance of our
observations is further stressed by the recent report, after
completing this study, on measured plasma levels of cremophor
in the range from 0.09 to 0.20% v/v in patients with ovarian
cancer treated paclitaxel [20]. In our study, we psed cremophor
EL from 0 to 0.23% v/v (Figures 1 and 2). Clinical cremophor
EL concentrations may thus be able to cause the effects we
observed in this study.

Qur data showed that cremophor EL enhanded the cytotoxic
effect of paclitaxel on the human breast cancer cell lines with the
multidrug-resistant phenotype. The effects by paclitaxel on
these dox sublines were significantly hampered when the drug
was dissolved in ethanol. The corresponding parental cell lines
ZR 75-1 and HS 578T were equally very sensitive to paclitaxel
dissolved in either ethanol or in ethanol/crembphor EL. This
strong argument suggests that cremophor EL had a drug rever-
sion potential on the dox sublines. Furthermore, the combi-
nation of cremophor EL and ethanol alone at higher concen-
trations had a cytotoxic effect but this was significantly inferior
to that with paclitaxel. However, ethanol aléne at the same
concentrations (data not shown) had no effect on any of the
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parental or dox sublines. There was no observable difference
between commercially produced paclitaxel and our own paclit-
axel preparation in ethanol and cremophor EL (data not shown).

These data indicate that the high response rate reported on
breast cancer patients with doxorubicin-resistant tumours using
paclitaxel may not, per se, be due to the cytotoxic effect of
paclitaxel alone but rather is caused by the combination of
paclitaxel and the solvent cremophor EL.

Treated breast cancers tend to express high levels of P-
glycoprotein/the mdr! gene compared with corresponding un-
treated cases [21-23]. The two dox sublines used in this study fit
well to this model. However, contradictory results have also
been reported [24, 25].

Furthermore, cyclosporine A has recently been described as
reverting drug resistance in patients with VAD-resistant mul-
tiple myeloma [26], and it should also be noted that the solvent
for cyclosporine A is cremophor EL. This is further indirect
evidence supporting the theory that doxorubicin-failing breast
cancer patients may have responded just by adding cremophor
EL to their doxorubicin-containing regimen.

Thus, these data strongly suggest that all described antitumo-
ral effects by paclitaxel may not exclusively be related to the
drug itself, but rather to the combination of paclitaxel and
cremophor EL.
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