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Abstract

The present studies were aimed at testing the hypothesis that nitric oxide (NO) may enhance Taxol-induced cytotoxicity in carcinoma
cells by increasing influx of Taxol into intracellular compartments. Prostate carcinoma cells (PC-3, LNCaP) and neuroblastoma cells
(SKNDZ, CHP212) were used to investigate both transmembrane permeability and cytotoxicity of Taxol in the presence and absence of S-
nitrosocaptopril (CapNO), a nitric oxide donating compound. The order of permeability rate of Taxol across the four cell lines was
SKNDZ > LNCaP > PC-3 > CHP212. Pretreatment of the cell lines with CapNO (100 pM) enhanced permeability of Taxol across
prostate PC-3 and LNCaP cells, but not neuroblastoma SKNDZ and CHP212 cells. Taxol inhibited cell growth at nanomolar levels with
ICs0s of 0.21, 17.4, 96.4 and 842.9 nM corresponding to SKNDZ, PC-3, LNCaP and CHP212 cells, respectively. However, CapNO
inhibited proliferation of the four cell lines at millimolar levels with 1csos ranging from 0.3 to 1.1 mM. Enhancing effect of CapNO
(100 uM) on Taxol cytotoxicity were found in PC-3 and LNCaP cells, but not in SKNDZ and CHP212. The findings suggest that the
cytotoxic potency of Taxol is mainly dependent upon the cell membrane permeabilization to Taxol, and the enhancing effect of CapNO on
Taxol-induced cytotoxicity is primarily mediated via the increased influx of Taxol by NO into intracellular compartments, while NO-

induced cytotoxicity cannot be excluded.
© 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Paclitaxel (Taxol) stabilizes microtubules and induces a
well-defined G2-M arrest [1]. In addition, Taxol blocks
mitosis at the metaphase—anaphase transition by interfer-
ing spindle formation [2]. The drug is used for treatments
of a wide variety of cancers [3]. The clinical development
of Taxol, however, has been obstructed because of its poor
biopharmaceutical properties, including metabolic lability
and poor cellular membrane permeation characteristics
[4,5]. The problem of metabolic lability such as low oral
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availability and liver first-pass effect has, for all practical
purposes, been resolved by intravenous administration of
Taxol to avoid its intestinal permeation hurdles and liver
first-pass metabolism. However, little progress has been
made in developing strategies to improve the permeability
properties of Taxol through the intestinal mucosa and
tumor cell membrane in order to optimize the therapeutic
index.

A new direction for cancer drug development has
emerged from the discovery of NO as a major effector
molecule in a diverse array of physiological and patholo-
gical processes. NO has drawn our great interest to exploit
its activity in regulating cellular permeability and toxicity
of other drugs. NO donating compounds are valuable tools
for studying the physiology, pathophysiology, and phar-
macology of NO, irrespective of NO synthases involved.
We have recently demonstrated that CapNO, a well-docu-
mented NO donor [6-8], could significantly increase
transmembrane permeability of Taxol across representa-
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tive colonic carcinoma Caco-2 monolayers [9], which
have been used to predict the intestinal absorption of
compounds. Both Caco-2 cells and tumor cells overexpress
the apically polarized 170 kDa transmembrane protein,
known as P-glycoprotein. Encoded by the human MDRI1
or the murine mdrila and mdrlb genes, P-glycoprotein is a
drug efflux pump belonging to the ABC protein super-
family [10,11]. P-glycoprotein functions as an active efflux
transporter for cancer agents using the energy released
from ATP hydrolysis, and it causes multidrug resistance
in tumor cells. Taxol has shown to be a substrate of
P-glycoprotein [4,12,13]. These findings provide us with
a rationale that NO may enhance Taxol-induced cytotoxi-
city in tumor cells by increasing influx transport of Taxol
into intracellular compartments of tumor cells, and thus
overcome the acquired resistance of tumors against Taxol
in combination chemotherapy. In addition, NO itself is a
regulatory substance that plays a vital role in apoptotic
signaling pathways. All of these form the basis of the
present studies to test the aforementioned hypothesis by
using human prostate LNCaP and PC-3 as well as neuro-
blastoma SKNDZ and CHP212 cell lines. Current che-
motherapeutics for both cancers is unsatisfactory partially
because prostate and neuroblastoma cells possess P-gly-
coprotein with varying degrees of activity in their cell
membrane [14], which executes the detoxification mechan-
isms to lower intracellular accumulation of anticancer
drugs.

2. Materials and methods
2.1. Chemicals

[*H]-Taxol and [*H]-mannitol were purchased from
Moravek Biochemicals. Specific activity of Taxol was
10.1 Ci/mmol with radiochemical purity >99%. The
majority of the tritium is in the m- and p-positions of
the aromatic rings, with minor amounts in the 10-position
of the taxane ring, and in either the 3’-position of the side
chain, or less likely the 2-position of the taxane ring. The
preparation of CapNO crystals was similar to that
described previously [7,8]. The crystals are now available
from Calbiochem-Novabiochem. RPMI-1640 medium and
fetal bovine serum, L-glutamine, penicillin and streptomy-
cin were obtained from Gibco-BRL, Life Technologies.

2.2. Cell culture

PC-3, LNCaP, SKNDZ and CHP212 cell lines were
obtained from our in-house frozen stock cells cryopre-
served in a large repository of ampules. Each cell line used
for the assay was kept in a minimal number of passages.
The PC-3, LNCaP, SKNDZ and CHP212 cells were main-
tained as monolayers in RPMI-1640 medium with heat-
inactivated fetal bovine serum (10%), L-glutamine (2 mM),

penicillin (100 mM), and streptomycin (0.1 mg/mL) at 37°
in humidified 5% CO,.

2.3. Permeability assay

Permeability assay was similar to that described pre-
viously [15-17]. Briefly, confluent cell lines growing in
T75 tissue culture flasks were detached with a mixture
solution containing 0.05% trypsin and 0.5 mM of EDTA-
4Na in Hank’s balance salt solution. Thereafter, trypsin
was inactivated by addition of 5 mL of 5% serum-contain-
ing RPMI-1640 medium. Cells were seeded at a density of
10° cells/cm? onto the following Transwell after viability
test determined by trypan blue exclusion. The Transwell
inserts (No. 3460 Transwell; Corning Costar Co.) are
featured as polyester membrane filters with a pore size
of 0.4 um and a diameter of 12 mm. Both membrane
(10 pm thickness) and inside wall were pretreated with
tissue culture for uniform cell attachment. Monolayers
were incubated for 2 days to allow full maturation of
the cells. The transepithelial electrical resistance of these
cell lines ranged 20-35 Q cm” when medium resistance
was used as a basic value.

On the day of experiment, the old medium was aspirated.
With the inserts suspended in the wells, the prewarmed fresh
medium containing CapNO (100 pM) was added to the
apical chamber (0.5 mL) while the basolateral chamber
(1.5 mL) was filled with the same medium without CapNO.
After pretreatment of the cell lines with CapNO for 30 min,
[*H]-Taxol (100 nM) was added to the apical chamber, and
the medium samples (60 pL.) were then taken from the
opposite chamber at various time intervals over a 6-hr period.
The samples were added to biodegradable Ultima Gold
scintillation cocktail (Packard Inc.) to determine the [*HJ-
Taxol radioactivity using a Beckman LS 1801 liquid scin-
tillation counter (Beckman Instruments). Transwell without
cells seeded was run concurrently as a control to measure the
maximal amount of [*H]-Taxol transported through the
membrane when the permeation reached a plateau level.
The apparent permeability coefficient (Pypp) of [*H]-Taxol
was determined according to the following equation [16]:

) AQ/At
Papp (Cm/mln) = 2 )(/CO

where AQ/At is the permeability rate (umol/min) of [*H]-
Taxol across the microporous membrane. The rate was
calculated from the initial straight slopes. A is the surface
area of the membrane (i.e. 1 cm?), and Cy is the initial [*H]-
Taxol concentration in the apical chamber at t = 0 (UM).
The results of experiments performed in six replicates were
presented as means £ SD.

2.4. Cytotoxicity assay

Cells on microculture 96-well plates (1 x 10° cells per
well) were preincubated for 24 hr at 37° and 5% CO, to
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allow stabilization prior to addition of drugs. The indivi-
dual cell lines were then treated with either CapNO (12 hr)
or Taxol (48 hr) to determine dose-cytotoxic curves of the
cell lines. For combined drug administration, the cell lines
were pretreated with CapNO (100 puM) for 30 min. Six
different concentrations of Taxol ranging from 0.1 nM to
5 uM were then added to the pretreated cell lines. The cell
lines were incubated at 37° for 48 hr. Solution of MTT
tetrazolium salt (1 mg/mL) was added to the cells. The
cells were incubated again for 3 hr to allow for MTT
metabolism to formazan by the succinate-tetrazolim
reductase system active only in viable cells. A solution
of 0.04 N HCI in isopropyl alcohol was added to stop the
MTT assay. The supernatant was then aspirated and 150 pL.
of trituration was added to dissolve the water-insoluble
blue formazan. The optical densities were read on a
spectrophotometric plate reader at a single wavelength
of 570 nm. The data were then analyzed using the KC-4
program to discern the icsq value through a comparison of
samples without cells (100% inhibition) and with cells not
treated with drugs (control, 0% inhibition). 1csy values
were determined for CapNO and Taxol, respectively,
and then for the two drugs used in combination.

2.5. Statistical analysis

The results were expressed as mean values £ SD. The
ANOVA was also applied to examine significance of
differences, and P < 0.05 was considered to be significant.

3. Results
3.1. Comparison of Taxol cellular permeability

The permeability rate of Taxol across carcinoma mono-
layers of the tested cell lines was determined at its initial
concentration of 100 nM for 6 hr. The integrity of cell
monolayers is a prerequisite for meaningful permeability
measurements under the current conditions. Therefore, it is
critical to examine cell viability after incubation of the cell
lines with Taxol for 6 hr to ensure that the incubation
period and concentration of Taxol would not compromise
the monolayers integrity and result in false increases in
permeability. This was achieved in this study by using three
approaches [15-17]. First, the integrity of each batch of
cells was tested by measuring the leakage of ['*C]p-
mannitol in representative cell monolayers. The perme-
ability of this paracellular marker did not exceed values of
0.5%/hr. Second, MTT assay conducted on the cell lines
exposed to Taxol (100 nM) for 6 hr indicated that the MTT
conversion rate was similar to that of the control cells,
suggesting that incubation of the cells with 100 nM of
Taxol for 6 hr does not result in significant cytotoxicity.
Third, transwell inserts without cells seeded were run
concurrently as a control in the same transwell plate to
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Fig. 1. Transcellular permeability of [*H]-Taxol (100 nM) across neuro-
blastoma SKNDZ and CHP212 cell monolayers as well as prostate LNCaP
and PC-3 cell monolayers. [ZH]-Taxol was added to the apical chamber,
and the medium samples were collected from the opposite chamber for
analysis. The data represent means = SD (N = 6).

measure the maximal permeability of Taxol. These mea-
sures assure that Taxol is freely permeable through the
microporous membrane, and any delay in Taxol perme-
ability is caused only by the diffusion barrier of cell
monolayers. Under these well-controlled conditions, the
Papp (cm/s) values of Taxol across SKNDZ, LNCaP,
PC-3 and CHP212 were 10.56 x 1076, 4.13 x 1075,
2.03 x 107%and 0.29 x 1079, respectively. As can be seen
in Fig. 1, the permeability rate of Taxol across neuroblas-
toma SKNDZ cells was higher than that across prostate
PC-3 and LNCaP cells. The CHP212 cells showed the
highest resistance to Taxol permeability. The differences in
Taxol permeability may reflect the distinct membrane
architecture of the individual cell lines, including protein
array and P-glycoprotein activity.

3.2. Effects of CapNO on Taxol permeability

The cell-free control revealed the maximum permeation
of Taxol at a plateau of about 30 nM, which in theory was
equal to the finally evenly-distributed concentration of
Taxol in the Transwell. As can be seen in Fig. 2, pretreat-
ment of PC-3 and LNCaP cells with CapNO (100 uM)
significantly increased Taxol permeability across the two
prostate cell lines, whereas pretreatment of SKNDZ and
CHP212 cell lines with CapNO did not significantly
enhance permeability of Taxol across the neuroblastoma
cells.

3.3. Cytotoxic effects of Taxol

No significant growth inhibition of the tested cell lines
occurred within 6 hr exposure of Taxol (100 nM), even
when Taxol concentrations increased to 1 pM. Although
cytotoxic effect of Taxol is dependent on both Taxol
concentrations and duration of cell exposure, we found
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Fig. 2. Effects of CapNO (100 uM) on cellular permeability of [*H]-Taxol (100 nM) across prostate PC-3 and LNCaP cell monolayers as well as
neuroblastoma SKNDZ and CHP212 cell monolayers. The control experiments (no cell) were conducted concurrently in the same Transwell to determine the
maximum amount (100%) of [*H]-Taxol permeated when a plateau of the permeability was reached (~14 hr). Results are expressed as percentage of the
maximum [*H]-Taxol permeated (means & SD, N = 6). The statistically significant differences are evaluated by ANOVA. *P < 0.05 and **P < 0.01,

CapNO + Taxol vs. Taxol.

that Taxol cytotoxicity appeared to be more dependent on
exposure duration than on dose, and only above a certain
exposure time did cytotoxicity become dose-dependent.
With the same exposure time of 48 hr, nanomolar con-
centrations of Taxol inhibited the proliferation of the four
cell lines as shown in Fig. 3. An up to 4000-fold difference
in sensitivity to Taxol was noted among the four cell lines.
Very strong cytotoxic effects of Taxol were observed
against neuroblastoma SKNDZ. By comparison, the
two prostate cell lines showed a similar sensitivity to
Taxol, and neuroblastoma CHP212 exhibited the least
sensitivity in this respect. The 1csq values of Taxol against
SKNDZ, PC-3, LNCaP and CHP212 cell lines were 0.21,
17.4, 96.4 and 842.9 nM, respectively. The cytotoxic
potency of Taxol seems to be more dependent upon the
cell membrane permeabilization to Taxol: the higher the
cell membrane permeability to Taxol, the lower the 1cs
value of Taxol is against the related cell line (e.g.
SKNDZ).
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Fig. 3. Dose-inhibition curves of neuroblastoma SKNDZ and CHP212
cells as well as prostate PC-3 and LNCaP cells exposed to different
concentrations of Taxol for 48 hr. The cytotoxicity was determined by
MTT assay. The results are expressed as the percentage of inhibition
compared with vehicle treatment (means + SD, N = 6).

3.4. Cytotoxic effects of CapNO

Figure 4 shows the dose-inhibition curves of the four
cancer cell lines obtained following 24 hr exposures to
CapNO at concentrations ranging from 50 M to 1 mM.
Although SKNDZ appeared slightly more sensitive to
CapNO than other cell lines, the differences in sensitivity
to CapNO among the four cell lines were slight during the
same exposure period. The ics, values of CapNO in PC-3,
LNCaP, SKNDZ, and CHP212 cell lines were 543, 1180,
332 and 940 pM, respectively.

3.5. Combination effects of Taxol and CapNO

To determine whether the effect of Taxol on cell growth
could be increased by CapNO, we investigated the cyto-
toxic effects of Taxol in the presence and absence of
CapNO (100 pM) for their potential enhancement at inhi-
biting cancer cell growth. The MTT assay performed on
LNCaP and PC-3 cell lines showed that Taxol-induced
cytotoxicity resulted in a dose-dependent inhibition of cell
growth, which was even more pronounced when the cell
lines were pretreated with CapNO (100 pM) for 30 min.
The combination produced a shift of dose—response curves
of the cell lines to the left (Fig. 5). The combination of
Taxol with CapNO decreased the doses by 6-8 folds of
Taxol required to induce 50% inhibition of LNCaP and PC-
3 cell proliferation as determined by the MTT assay. In
contrast, CapNO did not significantly enhance Taxol cyto-
toxicity on SKNDZ cells. And pretreatment of CapNO did
not reinforce Taxol cytotoxicity on CHP212 at all. Taken
together with the enhancing effects of CapNO on cell
membrane permeability of Taxol across prostate LNCaP
and PC-3, but not neuroblastoma SKNDZ and CHP212 cell
lines, the present result suggests that the enhancing effect
of CapNO on cytotoxicity of Taxol might be attributed to
the increased influx of Taxol by CapNO into the prostate
cell lines. Conversely, the lack of combination activity of
Taxol with CapNO in the neuroblastoma cells might reflect
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Fig. 4. Dose-inhibition curves of neuroblastoma SKNDZ and CHP212
cells as well as prostate PC-3 and LNCaP cells exposed to different
concentrations of CapNO for 12 hr. The cytotoxicity was determined by
MTT assay. The results are expressed as the percentage of inhibition
compared with vehicle (means £ SD, N = 6).

a failure of CapNO to enhance permeability of Taxol into
these cells.

4. Discussion

Permeation of drugs across cell membrane occurs via
primarily the paracellular pathway or the transcellular
pathway [16,18,19]. In general, hydrophilic drugs are
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restricted to the paracellular pathway, which consists of
aqueous pores (average size approximately 7-9 pum) cre-
ated by the cellular tight junctions. These aqueous pores
restrict drug permeability based on the size and charge of
the molecule. In contrast, hydrophobic drugs that lack
charge and exhibit a low hydrogen-bonding potential
can traverse the membrane by passive diffusion via the
transcellular pathway. Studies have shown that Taxol, a
substrate of P-glycoprotein [12,13,20], transports across
cell membrane principally via the passive diffusion, which
is counteracted by the efflux action of P-glycoprotein [4,5].
One of the critical determinants for the extent of cytotoxi-
city of Taxol is the net amount of Taxol transported into
intracellular compartments and bound to microtubules to
cause tubulin polymerisation. In the present studies, we
found that permeability rate of Taxol across neuroblastoma
SKNDZ is higher than that across prostate PC-3 and
LNCaP cells, and neuroblastoma CHP212 cells (Fig. 1).
Overexpression of the apically-polarized membrane P-
glycoprotein is considered to be a primary defect of the
architectural change, and is one of the major elements
related to membrane resistance and failure of therapy for a
majority of cancer drugs [11,21]. It is uncertain, however,
to what extent the differences in Taxol permeability among
these cell lines can be directly related to their acquired P-
glycoprotein activity. Although the presence of P-glyco-
protein has been demonstrated in these cell lines
[14,22,23], no direct quantitative comparison about the
activity of P-glycoprotein has been made among these cell
lines.
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Fig. 5. Cytotoxic effect of Taxol on prostate PC-3 and LNCaP cells and neuroblastoma SKNDZ and CHP212 cells in the presence and absence of CapNO.
The cells were pretreated for 30 min with CapNO of 100 uM before treatment with Taxol for 48 hr. The cytotoxic synergy between Taxol and CapNO
occurred in the PC-3 and LNCaP cell lines. The results are expressed as the percentage of inhibition compared with vehicle treatment (means + SD, N = 6).
The statistically significant differences are evaluated by ANOVA. “P < 0.05 and **P < 0.01, CapNO + Taxol vs. Taxol.
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Pretreatment of these cell lines with CapNO enhanced
permeability of Taxol across the prostate PC-3 and LNCaP
cells, but not the neuroblastoma SKNDZ and CHP212 cells
(Fig.2).Ithasbecome apparent thatin neuroblastomaboth P-
glycoprotein and sphingolipid generation and metabolism
play vital roles in drug resistance [24,25]. Unfortunately,
there are no convincing evidences indicating that NO has a
pronounced effect on metabolism of sphingolipid in neuro-
blastomas. However, prostate cancer cells do not exhibit
significant sphingolipid characteristics [22]. P-glycopro-
tein-mediated drug efflux and high levels of glutathione (a
cellular detoxification mechanism) are decisive factors of
drug resistance phenotypes in prostate cancer cells [26]. NO
has shown an inhibitory effect on multidrug resistance
mechanisms: NO enhances cellular permeability via
decreasing cellular ATP content [27], inducing cGMP-
dependent protein kinase augmentation of ADP-ribosylation
of monomeric actin [28,29], and tyrosine phosphorylation.
These events may modulate P-glycoprotein by interaction
with binding sites on P-glycoprotein, inhibition of ATP
binding and hydrolysis, interaction with the lipid membrane
of the cells. Cytoskeleton determines the ability of cells to
change their shape in response to environmental and intrinsic
stimuli. Ithasbeen shown that NO canlead toamore dynamic
cytoskeleton and its rearrangements by augmenting ADP-
ribosylation of monomeric G-actin, a major component of
the cytoskeleton [28,29], and subsequently enhances cellular
permeability todrugs. The formation of S-nitrosoglutathione
resulted from S-nitrosation of glutathione by NO [30], or
from the frans-nitrosation reaction between glutathione and
CapNO [31] could effectively extend the life time of activity
of NO under physiological conditions, and induce cytotoxi-
city over a longer period [27,32]. In addition, the conversion
of glutathione to S-nitrosoglutathione could impair the glu-
tathione-related cellular detoxification mechanism. These
differences in cell membrane permeabilization, membrane
components, and P-glycoprotein activity may explain the
differential effects of CapNO on Taxol permeability between
the two disease sub-panels.

In comparing Taxol and CapNO as cytotoxic agents used
in present assay, we found a substantial difference in
potency between the two differently-categorized com-
pounds (Figs. 3 and 4). The finding suggests that the
two compounds act at different cellular targets by distinct
mechanisms. Taxol exhibits a peculiar mechanism of
action by inhibiting microtubule disassembly with broad
IC508 covering from nanomolar to micromolar range. The
cytotoxic mechanisms of Taxol in prostate cancer cells also
include inhibition of protein isoprenylation and induction
of apoptosis [33]. Whereas, CapNO inhibits the four cell
lines at a narrow ICso range around 1 mM, which is con-
sistent with observed cytotoxic potency of NO and many
NO donating compounds [32,34,35]. NO, released from
CapNO after hemolytic cleavage of the nitrogen—sulfur
bond, is generally recognized to have various effects on
cellular functions including generation of toxic peroxyni-

trite [36], inhibition of Fe—S enzymes [37], deregulation of
poly adenosine diphosphate (ADP)-ribosyl transferase,
energy depletion, initiation of p53 expression [38,39]
and oxidation of cellular sulfhydryl groups to trigger
cellular suicide program [40]. The weak potency of NO
and its donating compound CapNO at producing cytotoxi-
city may be attributed to the non-specific inhibition of NO
on the above-mentioned cell targets. Consistent with obser-
vations that NO is a small molecule permeable to many
cells [41,42], CapNO is a membrane-permeable NO donor
that could readily permeate Caco-2 and endothelial cells by
the passive diffusion [15]. In contrast, Taxol has limited
transmembrane permeability [4,13,43] with permeability
rate 10 times lower than CapNO [15]. The distinct trans-
membrane resistances could, therefore, significantly influ-
ence the potency of Taxol (but not CapNO) on different cell
lines, resulting in a broad range of its icsps (Fig. 3).
Differential sensitivity against Taxol is a common finding
in neuroblastoma cell lines and reflects the natural pheno-
typic heterogeneity of the cell population [44,45]. Indeed, a
significant difference in sensitivity to Taxol was found
between neuroblastoma SKNDZ and CHP212 cells. It is
conceivable that the weak sensitivity of CHP212 cells to
Taxol is attributable to the high level of the cell’s trans-
membrane resistance produced mainly by sphingolipid
component, and thus less tubulin polymerization occurs
due to relatively low levels of intracellular Taxol (Fig. 1).

Given that CapNO itself is capable of producing cyto-
toxicity and enhancing transmembrane permeability of
Taxol, it is conceivable that CapNO might strengthen
the cytotoxicity of Taxol against prostate PC-3 and LNCaP
cells, but not neuroblastoma cells. This notion has been
demonstrated (Fig. 5). The lack of properties for CapNO to
reinforce cellular transport of Taxol across neuroblastoma
cells may account for its failure to enhance cytotoxic effect
of Taxol.

The studies described here may provide strategies to
increase the bioavailability of Taxol, and overcome or
alleviate cell resistance against Taxol in cancer chemother-
apy. These findings provide insight into the mechanisms
underlying the enhancing effect of NO on Taxol-induced
cytotoxicity. It now seems probable that NO must be added
to the list of factors capable of modulating the functions of
P-glycoprotein and cell transport components.
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