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Abstract Purpose: In this study, the cytotoxic effects of
paclitaxel (PAC) in normal and tumor cells were estab-
lished, and the cytoprotective effects of amifostine
(AMI) and cysteamine (CYS) against this cytotoxicity
were examined. Methods: Tumor cell lines used in this
study were L-strain cells of mouse subcutaneous origin
and human cervix carcinoma-derived HeLa cells. Mouse
embryonic fibroblasts (MEFs) were used as the normal
cell line. Results of the experiments were evaluated in
terms of the mitotic index and the 3H-thymidine labeling
index. PAC concentrations of 6 and 12 lg/ml were ap-
plied to the cells for 1–10 days either alone or in com-
bination with 1 lg/ml of AMI and CYS. Results: In
terms of the above parameters, statistically significant
effects were not seen in cultures of any of the cell lines
treated with 1 lg/ml of AMI or CYS alone. In contrast,
both concentrations of PAC caused increasing cytotoxic
effects with increasing treatment time (P<0.001). The
cytotoxic effect of PAC appeared as mitotic phase ac-
cumulation (G2/M blockage) and a subsequent decline
in the synthesis phase. HeLa cells were very sensitive to
PAC treatment, whereas MEF cells were quite resistant
compared with tumor cells. In cells treated with com-
bined drugs to investigate the cytoprotective effects of
AMI and CYS on normal and tumor cell lines, PAC
continued to show cytotoxic effects in tumor cells, but
this effect was reduced in the normal cells. Conclusions:
AMI and CYS did not protect tumor cells against the
cytotoxic effects of PAC, but protection was observed in
normal cells. Furthermore, the protection provided by
AMI was stronger than that provided by CYS.
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Introduction

Paclitaxel (PAC) is an antimicrotubule chemotherapy
agent and a diterpene isolated from the bark of the
Western (Pacific) yew, Taxus brevifolia. PAC acts by
promoting the assembly of microtubules from tubulin
dimers and stabilizing microtubules by preventing
depolymerization [20]. PAC also inhibits the transition
from G0 to S phase by disrupting tubulin in the cell
membrane and/or by direct inhibition of the cytoskele-
ton interrupting intracellular transport and communi-
cations. This mechanism of action is unlike that of other
cytotoxics [10].

Amifostine (AMI, WR-2721), a phosphorylated
thiol, has demonstrated the unique ability to protect
normal but not tumor tissue from cytotoxic damage
induced by radiation therapy and chemotherapy. AMI
selectively protects a broad range of normal tissues. This
selective protection is based on differential dephos-
phorylation by alkaline phosphatase at tissue sites and
the preferential uptake of the active thiol metabolite,
WR-1065, by cells in normal tissue [24]. The cytopro-
tective effect of AMI is thought to be a consequence of
its ability to scavenge reactive oxygen species and its
apoptosis-inducing effect [4]. The apoptotic response of
cells to an anticancer drug is mediated by wild-type p53.
The role of p53 on the mechanism involved in the effect
of AMI is controversial but appears to depend on the
cell type. A recent study on myeloid leukemia cell lines
showed that AMI impairs p53-dependent apoptosis by
reducing the activation of apoptosis-related genes [1].

In addition to the cytoprotective effects of WR-1065,
two additional metabolites, cysteamine (CYS, 2-merca-
ptoethylamine) and the symmetric disulfide WR-33278,
have cytoprotective properties [2, 3, 9]. Most of the
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experimental studies have been done on the radiopro-
tective effects of CYS [19]. Since the radioprotective
properties of CYS became known, some studies have
been carried out on the effects of this compound on
tumor cells [5, 25].

This study was conducted to determine whether the
interaction of the cytoprotective agents AMI and CYS
which have recently been introduced to the market with
the chemotherapy agent PAC plays role in mitosis and
DNA synthesis stages in both normal and tumor cells.

Materials and methods

Tumor cell lines

L-strain (CCL 1) cells and HeLa (CCL 2) cells were
employed as tumor cell lines. L-strain cells used in this
study were derived from mouse fibroblasts by in vitro
malign transformation [22]. Cells were maintained in
monolayer culture in medium-199 (M-199, Gibco Lab-
oratories, N.Y.) containing 10% fetal bovine serum
(FBS; Gibco), 100 lg/ml streptomycin and 100 IU/ml
penicillin, and were passaged twice a week in an
appropriate number of 25 cm2 flasks, and the volume of
the complete medium in each flask was made up to
12 ml. The doubling time of this cell line was 22.8 h [17].
HeLa cells were employed as other tumor cell line. The
cell line was isolated in 1951 from a carcinoma of the
cervix in a black female. The cells were grown in mini-
mum essential medium (MEM; Gibco) containing 10%
FBS, 100 lg/ml streptomycin and 100 IU/ml penicillin,
and were passaged twice a week in an appropriate
number of 25 cm2 flasks, and the volume of the complete
medium in each flask was made up to 12 ml. The dou-
bling time of this cell line was 19 h [22].

Normal cell line

Mouse embryonic fibroblasts (MEF) cells were used as
the normal cell line [7]. To produce MEF cultures, al-
bino mice (BALB/c strain) were allowed to mate and the
third day from the beginning of the experiment was
considered as the beginning of the urge to mate. The
appearance of the ventral plaque was accepted as day 0
of pregnancy. On the 13th day of pregnancy, the mice
were killed by cervical dislocation, and the uteri were
removed aseptically and placed in Hank’s balanced salt
solution (HBSS; Gibco). The inner organs and extrem-
ities of the embryos removed from the uteri were sepa-
rated, and the bodies were placed in HBSS and washed
three or four times until free of blood. The posterior skin
of the embryos that contain embryonic fibroblasts was
put in a beaker and cut extensively using sterile scissors
until a viscous tissue slurry was obtained. The tissue was
then trypsinized by adding 0.25% trypsin solution and
keeping the beaker on a magnetic stirrer at 37�C for
20 min. Later, the tissue suspension was transferred to

centrifuge tubes and spun for 3 min at 1500 rpm. The
supernatant was removed, and a second trypsinization
for another 20 min was carried out on the first fraction
sedimented. The second fraction was used to inoculate
sterile culture flasks (25 cm2) containing M-199. After
24 h, the embryo culture was washed with HBSS and the
medium was replaced with fresh medium. This proce-
dure was repeated until a single cell layer was obtained
in the primary culture. All the experiments were con-
ducted on secondary cultures prepared after a single cell
layer was formed [8]. The doubling time of this cell line
was 30.6 h [27].

Cell Culture

Cells were removed from the surface of the culture flasks
by the addition of 0.25% trypsin (Gibco) and centri-
fuged for 3 min at 1500 rpm. Following the addition of
medium to the cell precipitate, cells were cultured in a
24-well tissue culture plate covered with 1.104 cells/ml
and incubated in an atmosphere comprising 5% CO2

and 95% air for 24 h. After 24 h incubation the medium
was removed and replaced with medium containing the
drugs at various concentrations.

Drug treatments

PAC (Taxol, Bristol-Myers Squibb), AMI (ethyol, U.S.
Bioscience) and CYS (2-aminoethanethiol, C2H7NS,
Sigma, Germany) were dissolved immediately before use
in sterile medium to give the required concentration. The
concentrations of PAC used were the IC30 and IC50

concentrations (PAC I and PAC II, 6 and 12 lg/ml,
respectively), and AMI and CYS were used at 1 lg/ml.
Tumor and normal cells were treated with these doses
for 0, 1, 2, 3, 4, 6, 8 and 10 days and were exposed to
AMI, CYS, PAC I and PAC II, and the combinations
PAC I+AMI, PAC I+CYS, PAC II+AMI and PA-
C II+CYS.

Mitotic index analysis

Mitotic indices were determined by the Feulgen method.
Before the cells were treated with Schiff’s reagent, they
were prepared with 1 N HCl at room temperature for
1 min and then hydrolyzed with 1 N HCl for 10.5 min at
60�C. The slides were treated with Schiff’s reagent,
rinsed for a few minutes in distilled water and stained
with 10% Giemsa solution, pH 6.8, for 3 min, and wa-
shed twice in phosphate buffer. After staining, the slides
were rinsed in distilled water and air-dried. Finally, the
mitotic indices were calculated by counting metaphases,
anaphases and telophases for each tested drug concen-
tration and control. At least 3000 cells were examined
from each slide for determination of the mitotic index by
the same scorer.
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3H-thymidine labeling

For each cell line, nine groups of experiments were
performed. The control group did not receive any drugs,
but the other eight groups received drugs on day 0
(inoculation day was considered as day 1). Cells were
incubated in the presence of the drugs for 1, 2, 3, 4, 6, 8
or 10 days, transferred to fresh drug-free medium sup-
plemented with 1 lCi/ml 3H-thymidine (TRA-120,
Amersham, Germany, 1 mCi/ml), and incubated for
30 min for determination of the labeling index.

Autoradiography

After labeling, cells were fixed Carnoy’s fixative (3:1
mixture of ethanol/glacial acetic acid) and the remaining
radioactive material was washed twice with 2% per-
chloric acid at 4�C for 30 min. After preparing the slides,
they were coated with EM-1 gel emulsion (Amersham)
prepared with distilled water at 40�C to determine the
thymidine labeling index. After 3 days exposure at 4�C
autoradiograms were washed with D-19 b developer
(Kodak, Japan) and fixed with Fixaj B (Kodak). The
slides were evaluated after Giemsa staining for 3 min.
The same person evaluated all the slides by counting at
least 3000 cells from each slide. The labeling index was
calculated by examining 100 areas on each slide at a
magnification of ·12.5.

Statistical analysis

The data were analyzed statistically using one- and two-
sample directional Student’s t-tests (n=100). The data
analyzed were those from a minimum of three inde-
pendent experiments. Significance was accepted for P
values <0.01.

Results

L-strain cells

Effects of AMI and CYS alone

The mitotic and labeling indices of L-strain cells treated
with 1 lg/ml of AMI or CYS alone are shown in Figs. 1
and 2. There were no statistically significant effects, as
seen in the figures.

Effects of PAC I treatment either alone or in the presence
of AMI or CYS

Treatment with PAC I (6 lg/ml) alone for 1–10 days
significantly increased the mitotic index in L-strain cells
with increasing treatment time (P<0.001). Combination
treatments also significantly increased the mitotic index
in L-strain cells (P<0.001; Fig. 3). Treatment with
PAC I either alone or in the presence of AMI or CYS
significantly decreased the labeling index in L-strain cells
(P<0.001). As shown by the labeling index results
(Fig. 4), AMI and CYS had some protective effect in L-
strain cells treated for 0–4 days (P<0.01), but had no
protective effect in cells treated for 6–10 days.

Effects of PAC II treatment either alone or in the
presence of AMI or CYS

Treatment with PAC II (12 lg/ml) increased the per-
centage of cells in M phase, as was also seen with PAC I
treatment. These increases were statistically significant
when compared to control (P<0.001). In addition, the
effects of PAC II treatment were greater than those of
PAC I treatment (P<0.001). When AMI or CYS was
added to PAC II, mitosis increased with respect to the

Fig. 1 The mitotic index in L-strain cells following treatment with
1 lg/ml of AMI and CYS alone

Fig. 2 The 3H-thymidine labeling index in L-strain cells following
treatment with 1 lg/ml of AMI and CYS alone
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control cells (P<0.001). There was no significant pro-
tective effect of the combination treatments when com-
pared to the single treatments, as seen in Fig. 5. PAC II
decreased the percentage of cells in S phase, as seen
following PAC I treatment. This decrease was statisti-
cally significant when compared to control (P<0.001).
In addition, the inhibition of DNA synthesis was higher
following PAC II treatment than following PAC I
treatment (P<0.001). When AMI or CYS were added to
PAC II, DNA synthesis decreased with respect to the
control cells (P<0.001). At early time points (1–4 days),
the labeling index was increased with respect to that
following PAC II treatment alone. There was no sig-
nificant protective effect of combined treatment for 6–
10 days when compared to single treatment, as seen in
Fig. 6.

HeLa cells

Effects of AMI and CYS alone

Treatment with AMI or CYS alone had no significant
effect on the mitotic index or labeling index of HeLa
cells compared to controls (Figs. 7 and 8).

Effects of PAC I treatment either alone or in the presence
of AMI or CYS

The mitotic index in HeLa cells treated with PAC I
(Fig. 9) revealed that PAC exerts its cytotoxic effect by
mitotic cell accumulation. Comparing PAC I treatment
alone and in combination with AMI or CYS, there were
significant differences with respect to control (P<0.001).

Fig. 5 Mitotic index values in L-strain cells treated with PAC II
(12 lg/ml) either alone or in the presence of AMI or CYS

Fig. 6
3H-Thymidine labeling index in L-strain cells treated with

PAC II (12 lg/ml) either alone or in the presence of AMI or CYS

Fig. 3 Mitotic index values in L-strain cells treated with PAC I
(6 lg/ml) either alone or in the presence of AMI or CYS

Fig. 4
3H-Thymidine labeling index in L-strain cells treated with

PAC I (6 lg/ml) either alone or in the presence of AMI or CYS
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The labeling index in HeLa cells treated with PAC I
(Fig. 10) revealed that PAC exerts its cytotoxic effect by
inhibiting DNA synthesis. Comparing PAC I treatment
alone and in combination with AMI or CYS, there were
significant differences with respect to control (P<0.001).
AMI and CYS did not protect HeLa cells.

Effects of PAC II treatment either alone or in the
presence of AMI or CYS

The effects of drug treatment on the mitotic index in
HeLa cells are shown in Fig. 11. Drug treatment caused
a significant accumulation of mitotic HeLa cells with
respect to control (P<0.001). Treatment with PAC II
alone had a greater effect than treatment with PAC II in
combination with AMI or CYS. The effects of treatment

on the mitotic index in HeLa cells were greater than
those in L-strain cells. There was also no significant
protective effect in HeLa cells of AMI or CYS in com-
bination with PAC II. The labeling index was signifi-
cantly decreased with respect to control (P<0.001;
Fig. 12).

Mouse embryonic fibroblast cells

Effects of AMI and CYS alone

Treatment with AMI or CYS alone had no significant
effect on the mitotic index or labeling index of MEF cells
compared to controls (Figs. 13 and 14).

Effects of PAC I treatment either alone or in the presence
of AMI or CYS

The mitotic index in normal MEF cells treated with
PAC I alone significantly increased with increasing
treatment times with respect to controls (P<0.001), as
shown in Fig. 15. In combination with AMI or CYS, the
cytotoxic effects of PAC I treatment were reduced.
Comparing treatment with PAC I alone and in combi-
nation with AMI or CYS, significant differences were
found (P<0.001). The protective effect of AMI was
higher than that of CYS (P<0.001). The labeling index
in normal MEF cells treated with PAC I alone signifi-
cantly decreased with increasing treatment times with
respect to controls (P<0.001), as seen in Fig. 16. In
combination with AMI or CYS, the toxic effect of
PAC I treatment was significantly reduced (P<0.001).

Effects of PAC II treatment either alone or in the
presence of AMI or CYS

The effects of the drug treatments on the mitotic index in
MEF cells were shown in Fig. 17. PAC II treatment
increased the mitotic index in MEF cells with increasing
treatment time compared to controls (P<0.001). The
effect of PAC II in combination with either AMI or
CYS was significantly different (p<0.001) from that of
PAC II treatment alone. CYS added to PAC II provided
a significant protective effect in normal MEF cells
compared to controls (p<0.001). There was no sig-
nificant difference in mitotic index in MEF cells between
control cells and those treated with PAC II in combi-
nation with AMI. Thus, the protection by AMI was
stronger than that by CYS (P<0.001), and AMI selec-
tively protected the normal MEF cells. PAC II treat-
ment significantly decreased (P<0.001) the labeling
index in MEF cells with increasing treatment time
compared to controls, as being shown in Fig. 18. The
addition of either AMI or CYS to PAC II reduced
PAC II’s toxicity. Either of these combinations pro-
tected the normal MEF cells as seen in terms of the
mitotic index.

Fig. 7 Mitotic index in HeLa cells treated with 1 lg/ml of AMI or
CYS

Fig. 8
3H-Thymidine labeling index in HeLa cells treated with

1 lg/ml of AMI or CYS
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Discussion

In this study, the cytotoxic effects of PAC in normal and
tumor cells were investigated, and the cytoprotective
effects of AMI and CYS against this cytotoxicity were
examined.

Tumor and normal cells treated with AMI or CYS
showed no significant differences in mitotic index and
labeling index compared to untreated cells (Figs. 1, 2, 7,
8, 13, 14). In all three cell lines, PAC I and PAC II
treatments exerted their cytotoxic effects by causing
accumulation of mitotic cells and a decrease in the
proportion of labeled cells with increasing time. The
accumulation of cells resulted in an increase in the mi-
totic index, which was an expected consequence of PAC
treatment. The mitotic index increased in all cell lines

due to PAC treatment but then appeared to decrease
after reaching a peak value. This drop could suggest that
the cells, which accumulated in mitosis phase were still
under the influence of the drug, because even the mini-
mum mitotic index was significantly higher than that of
controls (P<0.001). This drop could be interpreted as
an indication of cell death caused by PAC.

In all the cell lines used, the decreases in labeling
index were proportional to the increases in mitotic index
values caused by PAC. Therefore, the decrease in
labeling index values was a result of accumulation of
cells in mitosis rather than the effect of the drug on the
synthesis phase. As a result, cells could not proceed to
the synthesis phase and the labeling index values de-
creased as expected. Thus, the cytoprotective effects of
AMI and CYS in these cells are valid in terms of the
labeling index criterion as well.

Fig. 10
3H-Thymidine labeling index in HeLa cells treated with

PAC I (6 lg/ml) either alone or in the presence of AMI or CYS
Fig. 12

3H-Thymidine labeling index in HeLa cells treated with
PAC II (12 lg/ml) either alone or in the presence of AMI or CYS

Fig. 11 Mitotic index in HeLa cells treated with PAC II (12 lg/ml)
either alone or in the presence of AMI or CYS

Fig. 9 Mitotic index in HeLa cells treated with PAC I (6 lg/ml)
either alone or in the presence of AMI or CYS
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In the tumor cell lines, the maximum cytotoxic effect
of PAC was found in HeLa cells. Besides, PAC in
combination with AMI or CYS produced different ef-
fects according to the cell line. In normal MEF cells, the
toxic effect of PAC was reduced when PAC was used in
combination with AMI or CYS. Although AMI was
shown to be effective in protecting normal cells, in tumor
cell lines (L-strain or HeLa cells) no such effect was
found.

The cytoprotective effects of AMI or CYS and the
toxicity exerted by PAC alone appeared in the same time
period. The protection provided by AMI was again
stronger than that by CYS. The cell lines used in the
current study showed different levels of sensitivity as
well. In comparison to tumor cells, MEF cells appeared
more resistant to the increase in mitotic phase accumu-
lation and the decrease in the proportion of labeled cells

caused by PAC (Figs. 15, 16, 17 and 18). During treat-
ment days 0–4 in L-strain cells, AMI and CYS had
significant protective effects (P<0.01), but during the
later treatment time (days 6–10), this protective effect
disappeared (Figs. 4 and 6). HeLa cells were the most
sensitive of the tumor cells at early time points (Figs. 10
and 12). The differences in sensitivity could be explained
by the differences in the cell type and cell cycle length,
and the cells may also have been affected differently
because of differences in the phase distribution of the
cells. Indeed, it has been shown that cells with a shorter
cell cycle are more sensitive to antineoplastic drugs.
HeLa cells divide two times faster than L-strain cells,
and hence are more sensitive [11, 16].

Laboratory studies have shown that AMI possesses
broad-spectrum selective cytoprotective properties and

Fig. 15 Mitotic index in MEF cells treated with PAC I (6 lg/ml)
either alone or in the presence of AMI or CYS

Fig. 16
3H-Thymidine labeling index in MEF cells treated with

PAC I (6 lg/ml) either alone or in the presence of AMI or CYS

Fig. 13 Mitotic index in MEF cells treated with 1 lg/ml of AMI or
CYS

Fig. 14
3H-Thymidine labeling index in MEF cells treated with

1 lg/ml of AMI or CYS
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can protect against the toxicity of other classes of anti-
cancer agents, such as anthracyclines and taxanes [15,
21]. This protective effect occurs in normal tissues and
has been found to be due to the presence of high phos-
phatase activity, neutral pH, and more efficient vessel
formation in normal tissues in contrast to tumor tissues.
AMI is used as a premedication. It is phosphorylated by
alkaline phosphatase, converted to its active metabolite,
free thiol, and reduces the toxicity of chemotherapeutic
drugs. Under the conditions mentioned above, free thiol
attaches to and detoxifies the reactive metabolite of the
drug, and it can also remove the free radicals formed in
the tissues receiving this drug [24]. Although the cellular
target of PAC is tubulin, not DNA, preclinical studies
have shown that AMI may offer selective cytoprotection
of normal tissues from PAC as well [13]. In addition,
AMI reduces the number of DNA single-strand breaks

in MRC cells induced by PAC but does not decrease the
number of single-strand breaks in A427 cells. In an in
vivo system, AMI plus PAC has been shown to have a
greater antitumor effect than PAC alone when tested in
a murine ovarian cancer model [18]. Additionally, WR-
1065 protects normal human diploid fibroblasts from
PAC toxicity, while fibrosarcoma cells are unaffected or
sensitized, suggesting a less straightforward explanation
for the therapeutic effect of this drug [26, 28].

In transformed cells, WR-1065 protects cells from the
cytotoxic effects of PAC in a p53-dependent manner.
However, in a transformed human tumor cell line, WR-
1065 provides no protection, consistent with the premise
that p53-dependent growth arrest is the basis for the
protective effect of this compound, and that this path-
way is abrogated in human tumors [23]. The molecular
basis of this effect is not clear, but a recent study has
indicated that AMI-induced G1 arrest and cytoprotec-
tion are mediated via a pathway that is dependent on
p53 protein and that AMI-induced expression of p21
protein is not sufficient to sustain a G1 arrest or to
mediate cytoprotection. However, it is not known whe-
ther AMI directly affects p53-induced cell death or
whether p53 protein is involved in resistance to AMI-
induced apoptosis [12]. It is generally accepted that
changes in gene expression in target cells can lead to an
acquired resistant phenotype and can also provide clues
about intracellular drug targets [4]. The reason for
AMI’s selectivity in its protective effect in MEF cells in
terms of mitotic and labeling index criteria mentioned
above can be explained by these mechanisms.

In vitro and in vivo laboratory studies have shown
that CYS can increase the mitotic activity of rat, mouse
and human tumor cell lines. These studies suggest that a
biological protection mechanism might be involved in
the mitotic activity of normal or malignant tissue cells [5,
6, 14, 24]. In the experimental model used in this study,
CYS was shown to possess a significant cytoprotective
activity. However, when the combinations of PAC+A-
MI and PAC+CYS were compared, AMI was found to
provide more effective protection (P<0.001). The cell
kinetic parameters in this study provided limited in-
formation to explain the cellular mechanisms of the
cytoprotective effect. Besides, the results concerning the
cytoprotective effect demonstrated that more detailed
parameters must be investigated in order to evaluate the
level of these effects. Nevertheless, the time-dependent
increases in the level of cytotoxicity and mitotic phase
accumulation, and decreases in labeling index, following
PAC treatment are in good agreement with the results of
previous studies [2, 9, 13, 19, 26]. Particularly, the
demonstration of the protective activity of AMI, which
was selectively exerted in normal cells is the most
important finding of this study.

The results obtained in this study could play an
important role as a resource when designing other in
vivo and in vitro experiments with various cell groups,
which altogether may lead to better tumor therapy
programs.

Fig. 17 Mitotic index in MEF cells treated with PAC II (12 lg/ml)
either alone or in the presence of AMI or CYS

Fig. 18 3H-Thymidine labeling index in MEF cells treated with
PAC II (12 lg/ml) either alone or in the presence of AMI or CYS
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14. Modig HG, Edgren M, Révész L (1971) Release of thiols from
cellular mixed disulphides and its possible role in radiation
protection. Int Radiat Biol 22(3):257–268

15. Ng TY, Ngan HY, Cheng DK, Wong LC (1999) The effect of
amifostine on the in vitro cytotoxicity of chemotherapeutic
agents in three epithelial ovarian carcinoma cell lines. Gynecol
Oncol 75(2):194–197

16. Obata S, Yamaguchi Y, Miyamoto T (1990) Effects of etopo-
side (VP-16) on the survival and progression of cultured HeLa
S3 cells through the cell cycle. Nippon Gan Chiryo Gakkai Shi
25(10):2484–2491
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