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Evaluation of Pyrogallol-induced Cytotoxicity in Catalase-mutant
Escherichia coli and Mutagenicity in Salmonella typhimurium
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Abstract We evaluated pyrogallol cytotoxicity using
Escherichia coli strains that express mammalian catalase
gene derived from catalase mutant mice (Cs®) and wild-
type (Cs%), and pyrogallol mutagenicity by Ames test.
Pyrogallol was more toxic to Cs® rather than to Cs®
(p < 0.05), while catalase, superoxide dismutase and
ascorbic acid decrease the toxic effect. Pyrogallol also
showed mutagenic effect (mutagenic index = 3.8 for
10 pmol pyrogallol/plate) while ascorbic acid (19.4%
reduction, p < 0.001) and naringin (35.1% reduction,
p < 0.001) played a protective role against it. Pyrogallol
cytotoxicity and mutagenicity seem to be attributable, at
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least in part, to reactive oxygen species formation. This
study also suggests that newly established catalase mutant
E. coli is probably useful in hazard identification of oxi-
dative chemicals.
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Pyrogallol (1,2,3-trihydroxybenzene) is commonly used in
the hairstyling industry due to its hair straightening and
permanent dyeing properties. However, pyrogallol has
drawn much attention among the ingredients of hair dyes
because of its autooxidation capability and for producing
reactive oxygen species (ROS) (Marklund and Marklund
1974). In conducting safety evaluations studies, the Euro-
pean Union (EU) has evaluated pyrogallol and concluded
that it could not be used as hair dye ingredient (Nohynek
et al. 2004). However, there were still conflicting findings
concerning its toxic and mutagenic effect and pyrogallol is
still widely used in commercial hair dye formulas in many
Asian countries and the United States.

In 1966, Feinstein et al. established catalase-mutant
mouse strains, acatalasemic mouse (C;H/AnL/Cs®) (here-
inafter called Cs®) as animal model for evaluating ROS-
induced damage. Recently, mutant catalase cDNAs from
the Cs® and its related wild-type (C3H/AnL/Cs®) (herein-
after called Cs®) mice were successfully cloned and
expressed in bacteria (Wang et al. 2001). A Gln to His
substitution at amino acid position 11 of Cs” catalase gene
is responsible for the reduced activity of Cs® catalase
(Wang et al. 2001). The present study employed newly
established strains of catalase normal and mutant E. coli
and Salmonella mutagenicity test to examine pyrogallol-
induced cytotoxicity and mutagenicity and the effects of
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some enzymatic and non-enzymatic antioxidants on pyro-
gallol toxicity and mutagenicity.

Materials and Methods

Pyrogallol, copper superoxide dismutase (CuSOD), ascor-
bic acid, naringin, and quercetin were purchased from
Wako Pure Chemicals (Osaka, Japan). All reagents were of
the best commercially available grade. For construction of
catalase mutant E. coli strains, we employed a katG katE
double mutant E. coli UM255 as a recipient since it is
completely deficient in hydroperoxidase (both HP-I and
HP-II) synthesis. Catalase activity of transformant E. coli
strain Cs® is only half of that in Cs* (Horita et al. 2005).
Growth of inhibition test was performed by diluted the
overnight cultures of tester strains in fresh LB medium and
incubated at 37°C. An aliquot (30 pL) of each culture with
an optical density of around 0.1 at 600 nm were added to
molten top agar (3 mL) and poured on LB agar plates.
Paper discs (6 mm in diameter) were placed on the solid-
ified top agar plates, and 15 pL of pyrogallol solution were
dropped onto the center of the paper discs and then all the
treated plates were incubated at 37°C for 20 h. For testing
the effects of antioxidants, we pretreated the LB agar plate
with antioxidant solutions (100, 500, and 2,000 U for
CuSOD; 25, 50, and 100 U/plate for catalase; 14 and
35 mmol/plate for ascorbic acid). We also examined
pyrogallol cytotoxicity by colony-forming efficiency test as
described previously (Horita et al. 2005).

Mutagenic effect of pyrogallol was evaluated by Ames
test using the pre-incubation method (Yahagi et al. 1977).
The Ames test employs the mutant strains of Salmonella
typhimurium, with pre-existing mutations on the histidine
operon gene that prevents them from synthesizing an
essential amino acid, histidine. As a result, the bacteria
cannot survive and grow without histidine. However, if a
mutagenic agent is present, it can induce reverse mutation
that causes the mutant bacteria to revert from being aux-
otrophic (Salmonella typhmurium His— or histidine depen-
dent) to protrophic (S. typhimurium His+ or wild type that
is able to synthesize histidine) (Mortelmans and Zeiger
2000). In this study, we employed S. typhimurium strains
TA98, TA100, and TA102. Results are expressed as
Mutation index (MI) that indicates the revertants of pyro-
gallol divided by the revertants of negative control. MI
over 2 indicates mutagenicity and 1.5 < MI < 2 indicates
weak mutagenicity. We further evaluated the effects of
antioxidants ascorbic acid, naringin, and quercetin by
Ames test in strain TA100 with S9, in which all the
experimental procedure was the same as has been men-
tioned except that 100 pL test sample included 50 pL
pyrogallol solutions and 50 pL antioxidant solution
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(naringin or quercetin). Since ascorbic acid is vulnerable to
heating, 700 pL of ascorbic acid solution was pretreated
onto the glucose agar plate. The differences among groups
in relation to Ames test were analyzed by one-way analysis
of variance (one-way ANOVA) following Bonferroni tests
and trend analysis with a Windows version SPSS 11.0. For
assessing the differences in pyrogallol toxicity among Cs®
and Csb, student’s 7-test and 2-way ANOVA were used.

Results and Discussion

Growth of inhibition test showed that zone surrounding the
paper disc of Cs* was significantly smaller than that of Cs"
(Fig. 1). The viability of Cs* and Cs" also decreased as the
concentration of pyrogallol increased (p < 0.001) and Cs”
was more susceptible to pyrogallol than Cs* (p < 0.05)
(data not shown). The addition of SOD, catalase or
ascorbic acid lessened the toxic effects of pyrogallol on
both strains, and the differences in diameter of inhibition
zone between Cs® and Cs® became smaller (Fig. 1). In
particular, the addition of 100 U/plate catalase abolished
the toxicity caused by pyrogallol. It is known that catalase
is supposed to play a critical role in detoxification of H,O,
in E. coli, since no glutathione peroxidase has been iden-
tified in E. coli (Smith and Schrift 1979). The present
results further provide evidence that H,O, is one of
mediators of pyrogallol-induced cytotoxicity. Pretreatment
with SOD as well as ascorbic acid also inhibited pyrogallol
toxicity dose-dependently in both strains, suggesting a
possibility of O3~ formation in the process of pyrogallol
toxicity. SOD is an enzyme that can catalyze the conver-
sion of O3~ to H,0,, while ascorbic acid is known to have
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Fig. 1 Effect of antioxidants on pyrogallol-induced cytotoxicity.
Each bar represents mean = SD (N > 3) of diameters of inhibiting
zone. CuSOD (1): 100 U/plate, (2): 500 U/plate, (3): 2,000 U/plate;
CAT (1): Catalase 25 Ul/plate, (2): 50 U/plate, (3): 100 U/plate; Vit C
(1): Ascorbic acid 14 mmol/plate, (2): 35 mmol/plate. *p < 0.05
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the ability to act as a scavenger of O5~ and OH® (Grey and
Adlercreutz 2003).

Our data also showed that pyrogallol was mutagenic to
TA100 in the presence of metabolic activation, whereas in
the absence of metabolic activation, pyrogallol was highly
mutagenic to TA98 and TA100, and weakly mutagenic to
TA102 (Table 1).

The mutagenicity of pyrogallol observed in the present
study is decreased in the presence of S9 mix as metabolic
activation inducer, which is consistent with the report by
Do Céu Silva et al. (2003). The disagreements on muta-
genic effect of pyrogallol between the results of ours and
that of some studies in the literature (Lin and Lee 1992;
Glatt et al. 1989) were possibly due to the difference in the
treatment and concentrations used. Furthermore, ascorbic
acid and naringin suppressed pyrogallol mutagenicity
(Table 2) and the protective effect of ascorbic acid was
more marked than that of naringin.

Kanno et al. (2003) demonstrated that naringin was
protective against H,O,-induced cytotoxicity and apoptosis
in P388 cells previously, and our study is the first one that
further proved the protective role of naringin against
pyrogallol. In contrary, quercetin highly augmented the
mutagenicity of pyrogallol. Although quercetin in low
concentration inhibited oxidative damage by scavenging
H,0,, 057, and OH® (Horvathova et al. 2005), it also has
been reported having pro-oxidant effect through the

Table 1 Mutagenicity of pyrogallol

Table 2 Effects of ascorbic acid, naringin and quercetin on pyro-
gallol-induced mutagenicity in Salmonella typhimurium TA100 with
metabolic activator S9

Concentration (per plate) % of induction® (%)

Ascorbic acid

7 mmol 61.8 + 7.3%*
14 mmol 5777 £ 5.1%%*
28 mmol 68.9 £ 3.7%*
56 mmol 80.6 + 6.9%*
Naringin
2.5 nmol 75.1 £ 3.8%
5 nmol 76.1 £ 6.7
50 nmol 69.3 £+ 13.0*
250 nmol 64.9 £ 9.9%*
Quercetin
50 nmol 116.7 £ 13.5
125 nmol 107.0 £ 13.0
250 nmol 1553 £ 6.5
500 nmol 162.9 £ 5.9*
1 pmol 184.3 £+ 41.3*

Data are expressed as mean £ SD (N > 3)
Each plate contained 3.5 pmol of pyrogallol

# Percent of induction indicates the revertants/plate containing
pyrogallol and antioxidants divided by revertants/plate containing
pyrogallol only

* p < 0.05, #* p < 0.01 compared with pyrogallol treatment alone

Concentration (per plate) +S9 —-S9
TA98* TA100* TA102° TA98¢ TA100° TA102°
Hist™*  Mr* His™ mr*  His™ mr*  His™ mr*  His™ mr*  His™ mr##
Pyrogallol
0 208 - 59+11 - 487 £43 - 32+3 - 81+ 6 - 351 +£23 -
1 nmol 285 14  69+2 1.1 548 £ 62 1.1 464 £31 13
10 nmol 22+5 1.1 77+£5 1.3 542 £ 47 1.1 527+39 15
100 nmol 261 13 87+ 6 1.4 582+96 12 547 £ 116 1.6
1 pmol 27+4 14 157 +£20 26 456 +£80 0.9 550+ 11 1.6
2 pumol 30+ 1 0.9 166 + 20 2.1
4 pmol 51+3 1.2 310 £ 46 3.8
6 pmol 357 £ 85 11.2  Toxic 0
8 pmol Toxic 0 Toxic 0
10 pmol 11+£9 06 227+41 38 177 £ 23 04 Toxic 0
Mutagenicity - + - + + +

Trend analysis was performed excluding the plates showing biocide effect. TA98 (+S9): n> = 0.425, p < 0.01, TA100: > = 0.734, p < 0.001,
TA102: 5> = 0.813, p < 0.001. TA98(—S9): #* = 0.62, p < 0.001, TA100: > = 0.909, p < 0.001, TA102: 5> = 0.217, p < 0.05

# His™ indicates His™ revertants per plate. All data are expressed as mean + SD (N = 3). Assays for each concentration of pyrogallol were

performed using two or three plates for each experiment

## The mutagenicity of pyrogallol was obtained by counting the number of Hist revertants/plate. MI indicates the revertants of pyrogallol
divided by the revertants of negative control. MI > 2 indicates the mutagenicity (4), and 1.5 < MI < 2 indicates the weak mutagenicity (+)

100 nmol/plate 2-NF for positive control; ® 25 nmol/plate 4NQO for positive control; © 50 nmol/plate 2-NF for positive control
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generation of O3, H,O, and OH® in a Fenton reaction
system (Kessler et al. 2003). Quercetin also has a muta-
genic effect that can be enhanced in the presence of S9
(Brown 1980). This results revealed that naringin and
quercetin, even in the same group of polyphenolic flavo-
noids, exhibited different effects, because the antioxidant
activities of flavonoids have been suggested to be structure-
related (Wang et al. 2006).

The present results suggest that pyrogallol-induced
cytotoxicity and mutagenicity seems to be attributable to
the formation of ROS. Both enzymatic (catalase, SOD) and
non-enzymatic (ascorbic acid, naringin) antioxidants
played a protective role against the pyrogallol-induced
cytotoxicity and mutagenicity. This study also suggests that
newly established catalase mutant E. coli is probably useful
in hazard identification of oxidative chemicals.
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