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Comparative cytotoxicity of phenols in vitro
Siro PASSI, Mauro PICARDO and Marcella NAZZARO-PORRO
Istituto Dermatologico San Gallicano, Roma, Italy

Two melanotic human melanoma cell lines, IRE 1 and IRE 2, and the lymphoma- and leukaemia-derived
cell lines Raji and K 562, were exposed to different concentrations (from 5 x 10-3 M to 10-5 M) of phenols,
both substrates (s) and non-substrates (ns) of tyrosinase, in the presence or absence of the oxygen-
radical-scavenger enzymes superoxide dismutase, catalase and peroxidase. Monophenols were tyrosine (s),
4-hydroxyanisole (s) and butylated hydroxyanisole (ns); diphenols were L-3,4-dihydroxyphenylalanine (s),
dopamine (3,4-dihydroxyphenethylamine) (s), terbutylcatechol (s), hydroquinone (s) and resorcinol (ns);
triphenols were 6-hydroxydopa (3,4,6-trihydroxyphenylalanine) (s) and methyl gallate (s). Triphenols and o-
and p-diphenols underwent complete oxidation in culture medium within 24 h of incubation and were
significantly more toxic than monophenols and the m-diphenol resorcinol, which, under the same cultural
conditions, were much more stable. No significant differences in percentage survival were found among the
different cell lines for each drug tested. The major component of toxicity up to 24 h of di- and tri-phenols
is due to toxic oxygen species acting outside the cells and not to cellular uptake of these phenols as such.
In fact the addition of oxygen-radical-scavenger enzymes significantly (P < 0.01) decreased the adverse effect
of these drugs on all cell lines. The lower toxicity of monophenols and resorcinol as compared with that
of di- and tri-phenols is due, in our opinion, to the fact that they are less oxidized under the conditions
existing in the culture medium, and therefore do not produce sufficient levels of oxygen radicals. For these
compounds, a primary intracellular action has to be taken into account to explain their cytotoxicity.

INTRODUCTION
In recent years several investigations have been

directed at examining the potential anti-melanoma effect
of phenols (Wick, 1977, 1978, 1979, 1980a,b, 1982; Wick
& Frei, 1977; Wick et al., 1977, 1980; Pawelek & Lerner,
1978; Fujita et al., 1980; Parson & Morrison, 1982;
Fitzgerald & Wick, 1983, 1986; Pawelek & Murray,
1986). Although initial studies tended to correlate the
melanocytotoxic effect with data relating to the action of
tyrosinase in vitro, it has been demonstrated that several
of these phenolic agents possess a number of other
actions affecting cell functions unrelated to melano-
genesis. These are DNA synthesis, mitochondrial respir-
ation, RNA reductase and microsomal mixed-function
oxidase, interference with which may account for the
general cytotoxic effect (Wick, 1979, 1980a,b; Fitzgerald
& Wick, 1983, 1986; Passi et al., 1985; Riley, 1985).
Although it is probable that some of the observed actions
of these compounds are due to direct interference with
certain cellular functions, many of the most active
cytotoxic substances share the property of being
relatively easily oxidized, and may exert their toxic effect
through the action of oxidation products. Some phenols
are, in fact, so readily oxidized in cellular cultures that
their main toxic action appears to result from extracellular
autoxidation with the generation of toxic oxygen species
(Parson, 1985; Picardo et al., 1987).

Generally, the capacity for autoxidation depends on
the number and steric position of hydroxy groups, the
electronic properties and position ofpossible substituents
on the benzene ring, and, consequently, the polarity.

Thus 6-hydroxydopa is more easily autoxidizable and
polar then dopa, and this much more so than L-tyrosine.

Cellular permeability is a significant factor that is often
disregarded in studies concerning cytotoxicity in cultures.
Many of the phenols, in fact, possess a chemical
structure and solubility properties that would enable
them to enter cells readily and be oxidized by a variety
of metabolic routes.
The present work deals with the comparative cyto-

toxicity of phenols (mono-, di- and tri-phenols), which
are substrates or non-substrates of tyrosinase (Passi &
Nazzaro-Porro, 1981), on different cell lines containing
or not containing tyrosinase. In addition, we have
explored the possibility that scavenger enzymes may
interfere with the cytotoxic effect of phenols.

MATERIAIS AND METHODS
Cultures
Four established cell lines were used in the present

study: the lymphoma-derived Raji cell line (Dr. Ragona,
Department of General Pathology, University of Rome,
Rome, Italy), the erythroleukaemia cell line K 562
(Professor R. Heberman, National Cancer Institute,
Bethesda, MD, U.S.A.) and two melanotic human
melanoma cell lines IRE 1 and IRE 2 (Dr. P. G. Natali,
R. Elena Institute, Rome, Italy). All the cell lines were
cultured in RPMI 1640 medium (GIBCO), with 10%
(v/v) fetal-calfserum (GIBCO), penicillin (100 units/ml),
and streptomycin (100,ug/ml). Every 3 days the medium
was removed and the cells subcultured. For the

Abbreviations used: HQ, hydroquinol; dopa, L-3,4-dihydroxyphenylalanine; dopamine, 3,4-dihydroxyphenethylamine; BHA, butylated hydroxy-
anisole; MG, methyl gallate (3,4,5-trihydroxybenzoic acid methyl ester); RES, resorcinol; TBC, terbutylcatechol; SOD, superoxide dismutase; PER,
peroxidase; CAT, catalase; 4-OHA, 4-hydroxyanisole.

Vol. 245

537



S. Passi, M. Picardo and M. Nazzaro-Porro

experiments, (2-3) x 104 cells/well were seeded on 96-well
plates (Flow Laboratories) (the suspended cell lines Raji
and K 562) or in 24-well plates (Flow) (IRE 1 and
IRE 2). Cells were cultured for 2, 4, 6, 8, 12, 20, 24 and
48 h at 37 °C in CO2/air (1: 19) in the presence or absence
of different phenols. Cultures were pulsed 1-4 h with
[3H]thymidine. The suspended cell lines were harvested
by using a cell harvester (Titertek) and the radioactivity
was counted in a fl-radiation counter. In the case of
cultured melanoma cell lines, cells were washed and
precipitated with 10% (w/v) trichloroacetic acid for 4 h
at 4 'C. The precipitate was washed twice in saline
(0.9 o NaCl), followed by the addition of 1 M-NaOH and
left at 4 'C for 24 h. Scintillation fluid (Unisolve) was
added and the sample counted for radioactivity.

Phenols
HQ, dopa, dopamine, 4-OHA, BHA, L-tyrosine and

MG were obtained from Fluka; RES and TBC were
from Merck AG; 6-hydroxydopa was from Sigma. All
these compounds were of the highest grade available, and
were used at concentrations ranging from 10-5 M to
5 x 10-3 M.

Their toxicity was also tested in the presence of 100
units ofSOD/ml and/or 1 unit ofPER/ml and/or 1 unit
of CAT/ml. All these scavenger enzymes were purchased
from Sigma.

Stability of phenols
The stability of phenols in complete medium at 37 'C

up to 2 days, in the absence or presence of different cell
lines and scavenger enzymes, was evaluated by h.p.l.c. on
an RP18 5,um column (Passi & Nazzaro-Porro, 1981;
Passi et al., 1985).

Effect of preincubation of phenols on cell survival
Experiments were performed in order to investigate

the effect of the preincubation of phenols on cell
survival. The different cell lines were incubated after the
previous addition of phenols to culture medium for 24 or
48 h, and the toxicity was evaluated as described above.

Cellular uptake of 13Hj4-0HA and 13Hldopa
Cell lines (106 cells/ml) were cultured for 1 h at 37 'C

in the presence of: (1) 10 ,#Ci of [1 -methoxy-3H]4-OHA
(sp. radioactivity 10 mCi/mmol; kindly provided by
Professor P. A. Riley, Department of Biochemical Path-
ology, School of Medicine, University College, London,
U.K.) plus 10-3 M unlabelled 4-OHA; (2) 5 1sCi of
L-3,4-dihydroxy[ring-2,5,6-3H]phenylalanine (sp. radio-
activity 25 Ci/mmol; obtained from The Radiochemical
Centre, Amersham, Bucks., U.K.) plus 5 x 10-4 M
unlabelled dopa. [3H]Dopa was kept at -20 'C at
pH 3 to prevent its decomposition, and immediately
before experiments it was purified by h.p.l.c. and its
radioactivity checked in a ,-radiation counter. The cells
were washed four times with phosphate-buffered saline
(Flow), pH 7.4, and then counted for radioactivity.
Blanks contained the same cells to which had been
added, immediately before washing, 10 ,uCi of
[3H]4-OHA plus 10-3 M unlabelled 4-OHA, or 5 ,tCi of
just-prepared [3H]dopa plus 5 x 10-4 M unlabelled dopa,
or 5 ,uCi of [3H]dopa plus 5 x 10-4 M-dopa preincubated
for 24 h.

RESULTS

Stability of phenols
Fig. 1 shows the rate of decomposition of 0.1 mM-tri-,

di- and mono-phenols in complete culture medium. The
presence of cell lines did not affect the rate of
decomposition. The triphenol 6-hydroxydopa is much
more rapidly autoxidized than the other phenols.
Autoxidation of the o-diphenols TBC and DPA (not
shown in Fig. 1) paralleled that of HQ and dopa
respectively. Also, the decomposition of the triphenol
MG was similar to that of dopa. Paralleling the gradual
disappearance with the time of the above drugs, no
quinone formation was detectable by h.p.l.c. analysis on
a reversed-phase column.
The monophenols tyrosine, 4-OHA and BHA, and the

m-diphenol RES, were more stable: only 10-15% became
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Fig. 1. Rate of decomposition of 0.1 mM-tri-, di- and mono-
phenols in culture medium

Each point represents the average for five analyses. Bars
represent S.D. , 6-Hydroxydopa; ----, HQ; ---,
dopa; -- , MG; -------, 4-OHA;. , tyrosine. For
further details, see the text.
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Fig. 2. Rate of decomposidon of 0.1 mM-HQ in culture medium

Each point represents the average for five analyses. Bars
represent S.D. , Without enzymes; ----, plus SOD;
------,plus PER;. , plus CAT. The same behaviour was
observed in the case of o-di- and tri-phenols. For further
details, see the text.
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decomposed after 48 h of incubation, in both the
presence and absence of cell lines. The rates of
decomposition of BHA and RES are not shown in
Fig. 1.
PER and, to a lesser extent, CAT and SOD, both alone

and in the presence ofcells, accelerated the decomposition
of triphenols and o- and p-diphenols (Fig. 2), but not that
of the monophenols BHA, 4-OHA and tyrosine, or the
m-diphenol RES.

Toxic effect of phenols
Figs. 3-4 show the effect of different concentrations of

phenols on the percentage survival of Raji and IRE 1 cell
lines after 24 and 48 h of incubation. For each phenol
tested, the toxicity increased with the duration of culture
up to 48 h (Picardo et al., 1987). From Table 1, which
summarizes this effect, it is evident that no significant
variation in the level of survival was found among the
different cell lines for each drug tested. However, the
triphenol 6-hydroxydopa was more toxic than were the

dihydric phenols dopa, DPA, HQ and TBC, and the
triphenol MG, and these more than the monophenols
and RES.

It is noteworthy that the level of toxicity of BHA,
which is not a substrate of tyrosinase, was significantly
higher (P < 0.05) than that of 4-OHA, which is a
substrate of tyrosinase (Passi & Nazzaro-Porro, 1981).
The addition to the medium of oxygen-radical-

scavenger enzymes, such as SOD, CAT and PER, only
slightly affected the toxicity towards Raji and IRE 1 cell
lines of RES and the monophenols tyrosine, 4-OHA and
BHA, which are stable drugs. In contrast, the enzymes
greatly decreased (P < 0.01) the adverse effect of o- and
p-diphenols and triphenols (Figs. 5-6), which are very
unstable drugs. The effect was partly additive when these
scavenger enzymes were used concomitantly and per-
sisted for about 24 h (Table 2). The same behaviour
was observed with the other cell lines.
The effects of preincubation of phenols on cell

viability were also determined. Fig. 7 shows the
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Fig. 3. Effect of different phenols on the Raji cell line Fig. 4. Effect of different phenols on the IRE 1 cell line

Each point represents the average for five experiments
performed in quadruplicate. Bars represent S.D. E],
1 mM-Tyrosine; E2, I mM-4-OHA; 3, 0.1 mM-dopa; M,
0.01 mM-HQ; X, 0.01 mM-6-hydroxydopa.

Each point represents the average for five experiments
performed in quadruplicate. Bars represent S.D. LI,
1 mM-Tyrosine; E2, 1 mM-4-OHA; ES, 0.1 mM-dopa; 0,
0.01 mM-HQ; 1U, 0.01 mM-6-hydroxydopa.

Table 1. Percentage survival of Raji, K 562, IRE 1 and IRE 2 cell lines cultured in the presence of different phenols for 24 h

Each result represents the mean+ S.D. for five experiments performed in quadruplicate. The phenols are reported in decreasing
order of toxicity. TBC and DPA toxicities were not reported because they are similar to those of HQ and DOPA respectively.
Abbreviation 6-OH-, 6-hydroxy.

Percentage survival

Ccacn.
Phenol (mM) Cell line. . . Raji K 562 IRE 1 IRE 2

6-OH-dopa
HQ
Dopa
MG
BHA
4-OHA
RES
Tyrosine

0.01
0.01
0.1
0.1
0.5
1.0
1.0
1.0

55 +4
65+7
55+6
65 + 5
47+3
60+ 5
63+4
100+4

50+4
69+ 6
58 +5
62+6
59+ 5
63 + 5
68+6
98+ 5

48 + 4
62+7
60+ 8
58+ 5
43 +6
69 + 6
90+6
97+5

50+ 5
68 + 8
59+6
59+6
42 + 4
67+ 5
88+4
98+5
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decreased survival of the IRE 1 cell line cultured for 24 h
in the presence of mono-, di- and tri-phenols which had
been preincubated in the medium for 24 and 48 h. During
this period, both triphenols and diphenols entirely
disappeared from the medium. It is evident that the
preincubation significantly affected (P <0.01) cell sur-
vival, and did so to a greater extent than when phenols
were not preincubated. The other cell lines behaved in the
same way as the IRE 1 cells. Preincubation, however, did
not influence the toxicity of BHA, 4-OHA, tyrosine and
RES.

Cell uptake of [3HJ4-OHA and 13Hldopa
Values for 3H uptake by different cell lines incubated

for 60 min with [3H]4-OHA or [3H]dopa are summarized
in Fig. 8. After this period, the numbers of viable cells
remained unchanged. No significant differences were
found between the cell lines in 3H uptake from
[3H]4-OHA. The behaviour was the same in the presence
of [3H]dopa. In addition, the value of 3H uptake of just
freshly prepared dopa paralleled that of dopa pre-
incubated for 24 h, when this catechol was fully decom-
posed.

a)

(U)

cc-
0

Cl)

Without + SOD + PER + CAT With all Without + SOD + PER + CAT With all
enzymes three enzymes three

enzymes enzymes

Fig. 5. Effect of oxygen-radical-scavenger enzymes on phenol
toxicity towards the Raji cell line

Each point represents the average for five experiments
performed in quadruplicate. Bars represent S.D. El,
1 mM-Tyrosine; C, 1 mM-4-OHA; E3, 0.1 mM-dopa; 0,
0.01 mM-HQ; E, 0.01 mM-6-hydroxydopa. For further
details, see the text.

Fig. 6. Effect of oxygen-radical-scavenger enzymes on phenol
toxicity towards the IRE 1 cell line

Each point represents the average for five experiments
performed in quadruplicate. Bars represent S.D. Fl,
1 mM-Tyrosine; E2, 1 mM-4-OHA; 3, 0.1 mM-dopa; 0,
0.01 mM-HQ; X, 0.01 mm-6-hydroxydopa. For further
details, see the text.

Table 2. Effect of oxygen-radical-cavenger enzymes on the percentage survival of Raji and IRE 1 cell lines in the presence of
0.1 mM-dopa or 0.1 mM-HQ preincubated in the medium for 24 and 48 h

Each result represents the mean+S.D. for five experiments each performed in quadruplicate. Scavenger enzymes were added
together with the cells. *Indicates values were significant (at P < 0.01) as compared with their respective controls.

Percentage survival

Preincubation DOPA HQ
period

Enzyme (h) Raji IRE 1 Raji IRE I

None (control)
SOD

PER

CAT

0
0
24
48
0

24
48
0
24
48

55 + 6
90 + 4*
70+7*
36 + 6
75 +-6*
55 + 6*
34 + 5
80 + 4
58 + 5*
35 +4

60+ 5
92+3*
71 +4*
36+ 7
78+8*
54+7*
33 +6
85 + 6*
61 +4*
36+ 8

20+2
65 + 7*
60 + 6*
20+6
40+5*
36 + 4*
13+4
50 + 6*
45+5*
15+5

20+4
55+8*
58 +9*
18 +S
38+3*
35+4*
12+3
48 + 7*
45+3*
16+6
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Fig. 7. Effect of preincubation of phenols on the IRE 1 cell line

Each point represents the average for five experiments
performed in quadruplicate. Bars represent S.D.
1 mM-Tyrosine; E,l mM 4-OHA; ES, 0.1 mM-dopa; 1,
0.01 mM-HQ; gK, 0.01 mm-6-hydroxydopa.

20

18

16
E

6.

._
Cu

0
-o

x

14

12

10

8

6

4

2

n
Cell line ... Raji K 562 IRE 1 IRE 2

Fig. 8. 3H uptake by different cell lines incubated for 60 min with
13H14-OHA or l3Hldopa

Each point represents the average for three experiments
performed in triplicate. Bars represent S.D. E, 10 ,Ci
of [3Hj4-OHA plus 10-3 M-unlabelled 4-OHA; 0, 5 ,uCi of
[3H]dopa plus 5 x l0-4 M-unlabelled dopa;UB, 5,Ci of
[3H]dopa plus 5 x 10-4 M-unlabelled dopa preincubated for
24 h.

DISCUSSION

This study clearly demonstrates that the number and
the steric position of hydroxy groups, as well as the
presence of substituents on the benzene ring, play a role
both in the toxicity of phenols against cultured cell lines
and in their autoxidation, when incubated in a culture
medium at 37 'C. A good correlation (r = 0.711) exists
between the half-lives of the di- and tri-phenols and their
toxicities (Fig. 9). The triphenol 6-hydroxydopa
undergoes complete oxidation within 2 h of incubation in
culture medium; the o-diphenols DPA, dopa and TBC,
and the p-diphenol HQ, do so within 20 h. Therefore the
triphenol is more toxic than are the diphenols.
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Fig. 9. Toxicity versus half-lives of 0.1 mM-tri- and -di-phenols

Linear regression was calculated by the method of least
squares (correlation coefficient = 0.711) from the values
reported in Fig. 1 and Table 1. IRE 1, IRE 2 and K 562
cell lines showed the same behaviour as Raji cell line.

It is likely that the higher stability and the lower
toxicity of MG, a triphenol commonly used as a food
additive, compared with 6-hydroxydopa, depends upon
the presence in position 1 of the molecule of a -CO2H
group, which, because of its electron-acceptor property,
partly stabilizes the molecule. The monophenols 4-OHA,
BHA and tyrosine, and the diphenol RES, are stable
enough in culture medium and therefore are less toxic
under the same cultural conditions (Table 1). RES is an
m-diphenol, which is not a substrate of tyrosinase
because of the impossibility of its giving rise to a
metaquinone (Passi & Nazzaro-Porro, 1981). Probably
the same impossibility accounts for its low degree of
autoxidation. However, it must be pointed out that,
because of their polarity, it is likely that monophenols
enter the cells in higher amounts than do the
corresponding diphenols, and these more so than
triphenols.
The presence in the medium of oxygen-radical-

scavenger enzymes produces two apparently contrasting
effects in the case of triphenols and o- and p-diphenols.
On the one hand, SOD, CAT and PER,11oth individually
or in association, increase the rate of decomposition
(Fig. 2), but, on the other hand, they significantly decrease
(P < 0.01) the adverse effect of phenols on all cell lines
(Figs. 5 and 6). The contrast is easily explained by
considering the latter aspect of the problem, that is, that
the toxicity is modified by the presence of scavenger
enzymes.

It is evident, from our results (Figs. 5 and 6), that the
major component of the toxicity is attributable to active
oxygen species acting outside the cells and not to the
uptake of these phenols as such. It is known that rapidly
autoxidating phenols generate oxygen-radical species,
i.e. H202, O2-- (superoxide radical), OH (hydroxyl
radical), and A' 02 (singlet oxygen), which are capable
of damaging all types of cells (Graham et al., 1978;
Hassan & Fridovich, 1979; Thor et al., 1982). This may
also explain why dihydric and trihydric phenols, all
substrates for tyrosinase, do not show any specific
toxicity against melanoma cell lines containing tyrosinase
when compared with the other cell lines lacking
tyrosinase (Table 1). In contrast, scavenger enzymes only
slightly affect the toxicity of monophenols and RES,
which are stable drugs.

6-Hydroxydopa TBC
*HQ

Dopal
*MG
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Stability experiments show that triphenols and di-
phenols undergo complete oxidation in culture medium
within 24 h of incubation, yet cells added after 24 or 48 h
preincubation are still killed (Fig. 7). Since the toxic role
of oxygen radicals persists for about 24 h (Table 2), it is
evident that, subsequently, other mechanisms must be
involved, such as the disappearance from the medium of
essential growth factors, which may be destroyed, or
inactivated, by quinones, semiquinones and oxygen
radicals formed during the autoxidation of phenols,
and/or the possible concomitant formation of toxic
radical polymers (Breathnach et al., 1983; Naish, 1984).
The lower toxicity of monophenols and RES is due, in

our opinion, to the fact that they are less oxidized under
the conditions existing in the culture medium and
therefore do not produce sufficient levels of oxygen
radicals. This is consistent with the observation that
neither cell survival nor the rate of decomposition is
significantly affected by the presence of scavenger
enzymes. A primary intracellular action of these
compounds has to be taken into account to explain their
cytotoxicity.

Because of their relative non-polarity and greater
liposolubility, BHA (not a substrate of tyrosinase) and
4-OHA (a substrate of tyrosinase) enter the cell more
easily and therefore become more toxic (Table 1) than
tyrosine (a substrate of tyrosinase) or the diphenol RES
(not a substrate of tyrosinase), which are more polar.
The question of the cellular permeability to phenols is

an important one, and, in our opinion, has not been
adequately studied to date. The use of labelled
compounds may give rise to misleading measurements
and interpretations in this context. In fact the intra-
cellular concentration of a compound is normally meas-
ured as 3H or 14C uptake (Wick& Frei, 1977), without any
further investigations into the localization and the
chemical identity of the 3H or 14C.
From our results (Fig. 8) it appears that no significant

differences in 3H uptake are found among the different
cell lines cultured in the presence of [3H]4-OHA; the
behaviour is the same in the presence of [3H]dopa. The
values for 3H uptake ofjust-prepared dopa parallel those
ofdopa preincubated for 24 h, when this catechol is fully
decomposed, and are significantly higher than those
obtained with [3H]4-OHA (1500 c.p.m. as against
950 c.p.m.), although this monophenol was added at
double the concentration (10,uCi as against 5,Ci) and
is more apolar than dopa. The point is that the 3H-uptake
method does not give a reliable measurement of the entry
of phenols into the cells.

In conclusion these results demonstrate that the fate
and mechanism of cytotoxicity ofphenols in culture have
to be more critically evaluated before considering their

possible use in man (mainly diphenols) for the 'selective
chemotherapy of malignant melanoma'.

This work was supported by grants from the C.N.R. Italy
(Project 'Oncology', no. 85.02270.44) and from Schering
A.G., Berlin, Germany.
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