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Abstract OBJECTIVE: Potassium bromate (KBrO3) is a prooxidant and carcinogen. 
Melatonin is a highly effective antioxidant. Indole-3-propionic acid (IPA; indole 
substance) and propylothiouracil (PTU; antithyroid drug) reveal some antioxida-
tive effects. The aim of the study was to evaluate KBrO3-induced lipid peroxidation 
(LPO) in vitro in tissues collected from control or melatonin-treated rats, and to 
compare potential preventive effects of melatonin, IPA and PTU.
MATERIALS AND METHODS: Kidney, liver and lung homogenates from either 
control or melatonin-pretreated rats (0.0645 mmol/kg b.w., i.p., twice daily, 10 
days) were incubated in the presence of KBrO3 (0.1, 0.5, 1.0, 2.5, 5.0, 10.0 mM). 
Then, control lung homogenates were incubated with KBrO3 (10.0 mM) together 
with melatonin (0.01, 0.1, 0.5, 1.0, 5.0, 7.5 mM), or with IPA or with PTU. LPO 
products (malondialdehyde+4-hydroxyalkenals) were measured spectrophoto-
metrically.
RESULTS: Melatonin injections prevented KBrO3-induced LPO in lung homog-
enates. Melatonin, IPA and PTU, used in vitro, reduced KBrO3-induced LPO in 
control lungs. Unexpectedly, KBrO3 caused a concentration-dependent decrease 
in LPO in liver and kidney homogenates from control but not from melatonin-
treated rats.
CONCLUSIONS: Potassium bromate-induced LPO in the rat lung homogenates 
suggests that the lung may be the target for this carcinogen. An exposure of organ-
isms to melatonin decreases tissue sensitivity to KBrO3-induced damage, possibly 
by restoring the oxidative balance. 
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Abbreviations

Br.	 - bromine radical
BrO 	 - bromine oxide
BrO–	 - oxobromate ion
BrO2 	 - bromine dioxide 
H2O2 	 - hydrogen peroxide 
IPA 	 - indole-3-propionic acid 
KBrO3 	 - potassium bromate
LPO 	 - lipid peroxidation
MDA + 4-HDA	 - malondialdehyde + 4-hydroxyalkenals
NO. 	 - nitric oxide
.OH	 - hydroxyl radical 
ONOO– 	 - peroxynitrite anion
ROS 	 - reactive oxygen species
O2

–.	 - superoxide anion radical
PTU 	 - propylthiouracyl 

Introduction

Potassium bromate (KBrO3) has been classified as 
a compound belonging to Group 2B of carcinogens 
(“a possible human carcinogen”) (IARC 1986). KBrO3 
has been demonstrated to induce tumors in rat kidneys 
(Kurokawa et al. 1990; Wolf et al. 1998). This agent 
was used as a food additive in flour treatment and as 
a component of cold-wave hair lotions and is still used 
in barley processing (FAO/WHO 1979). Since 1992, the 
usage of KBrO3 in the treatment of flour has no longer 
been approved (JECFA 1992). Additionally, this chemi-
cal compound is still present in the environment as it is 
formed as an oxyhalide by-product during water ozona-
tion (van Dijk-Looijaard and van Genderen 2000). 

Oxidative stress plays an important role in the car-
cinogenicity of KBrO3 (Sai et al. 1991). This agent has 
been demonstrated to cause oxidative modification of 
DNA, lipids and proteins (Chipman et., 1998; Murata 
et al. 2001). KBrO3 decreases the activity of glutathione 
peroxidase – a well-known antioxidative enzyme, and 
increases formation of the following free radicals and 
reactive oxygen species (ROS): superoxide anion radi-
cal (O2

–.), nitric oxide (NO.) and peroxynitrite anion 
(ONOO–) (Watanabe et al. 2002). However, experi-
mental evidence suggests that the most reactive free 
radical – hydroxyl radical (.OH), and also O2

–., as well 
as hydrogen peroxide (H2O2) are not directly involved 
in the prooxidative effects of KBrO3, and the most well 
known antioxidative enzymes – superoxide dismutase 
and catalase – do not protect against oxidative DNA 
damage, due to this chemical compound (Murata et al. 
2001). On the other hand, some other bromine com-
pounds, such as oxobromate ions (BrO–), bromine 
oxides (BrO, BrO2) and bromine radicals (Br.), formed 
during KBrO3 reduction by sulfhydryl compounds, 
such as glutathione or cysteine, have been found to be 
responsible for DNA damage and carcinogenicity of 
KBrO3. This mechanism may be involved in KBrO3-
induced lipid peroxidation (LPO). 

Due to the prooxidative action of KBrO3, antioxi-
dants are expected to protect against carcinogenicity 

caused by this compound. In fact, certain antioxidant 
substances, like ebselen (Watanabe et al. 2002), kola-
viron (Farombi et al. 2002) and melatonin (El-Sokkary 
2000) have been shown to prevent oxidative damage to 
macromolecules, caused by KBrO3 in kidneys.

Melatonin (N-acetyl-5-methoxytryptamine) – the 
pineal hormone – effectively neutralizes free radicals 
and reactive oxygen species (ROS) and favourably 
influences oxidative enzymes (Reiter et al. 2000; Tan et 
al. 2007). It has been found to protect against oxidative 
damage to macromolecules, caused by different poten-
tial carcinogens and prooxidative agents (Buyukoku-
roglu et al. 2007; Karbownik et al. 2000a,b; 2001b,c,e; 
2005; Karbownik and Lewinski 2003; Reiter et al. 2005).

Indole-3-propionic acid (IPA) is an indole substance 
with the chemical structure similar to that of melatonin, 
which also reveals antioxidative properties (Karbownik 
et al. 2001a,b,f).

Some antioxidative effects of propylthiouracil (PTU), 
an antithyroid drug, have also been found (Hicks et al. 
1992). PTU has been shown to decrease LPO and the 
formation of NO., and to increase the activity of super-
oxide dismutase (Seven et al. 2001).

The aim of the study was to evaluate the prooxida-
tive effect of KBrO3 in the rat kidney, liver and lung 
homogenates, and to compare potential protective 
effects of melatonin, IPA and PTU against LPO, caused 
by KBrO3. 

Materials and Methods 
Chemicals
Melatonin, IPA, PTU, and KBrO3 were purchased from 
Sigma-Aldrich (St. Louis, MO). The LPO-586 kit for 
LPO was purchased from Calbiochem (La Jolla, CA). 
Other chemicals were of analytical grade and came 
from commercial sources.

Animals 
The procedures, used in the study, were approved by the 
Ethical Committee of the Medical University of Łódź. 
Rat tissues – kidney, liver and lung – collected from 17 
animals of either the control group, previously treated 
with 0.9% NaCl:ethanol (vol:vol, 10:1) (i.p., 2 times 
daily, for 10 days) or a group of rats, previously treated 
with melatonin (0.0645 mmol/kg b.w., i.p., 2 times daily, 
for 10 days), were frozen on solid CO2 and stored at 
–80 °C until assay.

Incubation of rat tissue homogenates
Rat tissues were homogenized in ice cold 50 mM Tris-
HCl buffer (pH 7.4) (5%, w/v), and then incubated for 
30 min at 37 °C in the presence of examined substances. 

In Experiment I, homogenates of rat tissues – liver 
and lung – collected from either the control or the 
melatonin treated rats, were incubated in the pres-
ence of KBrO3, used in the following concentrations: 
0.1, 0.5, 1.0, 2.5, 5.0, 10.0 mM. In the case of kidney 



365Neuroendocrinology Letters  Vol. 31  No. 3  2010  •  Article available online: http://node.nel.edu

Potassium bromate and melatonin

homogenates, the range of examined concentrations 
additionally comprised 0.01 and 0.001 mM, because 
of an unexpected KBrO3-induced decrease in LPO, as 
observed in the pilot study. A concentration-depen-
dent increase in LPO was observed in the control lung 
homogenates (but not in homogenates of lung from 
melatonin-treated rats), with statistical significance for 
the concentration of 10.0 mM. This concentration was 
selected for the subsequent experiment to induce LPO.

As stimulatory effects of KBrO3 on LPO had been 
observed exclusively in lung homogenates from the 
control rats, that tissue was the only one used in the two 
subsequent experiments for evaluation of the oxidative 
effect of selected antioxidants.

In Experiment II, in order to determine the effects of 
melatonin, IPA and PTU on the basal LPO in rat lung 
homogenates, the homogenates were incubated in the 
presence of melatonin in the concentrations of 0.01, 
0.1, 0.5, 1.0, 5.0 and 7.5 mM, or in the presence of IPA 
or PTU in the concentrations of 0.01, 0.1, 0.5, 1.0, 5.0, 
7.5 and 10.0 mM. The highest used concentration of 
melatonin was 7.5 mM, due to its limited solubility in 
ethanol – lower than that of IPA.

In Experiment III, lung homogenates were incu-
bated in the presence of KBrO3 (10.0 mM) in order to 
induce LPO and, additionally, in the presence of one 
of the antioxidants (melatonin or IPA or PTU) in the 
concentrations mentioned above, for evaluation of their 
potential protective effects.

The reactions were stopped by cooling the samples 
on ice. Each experiment was run in duplicate and 
repeated three times.

Measurement of LPO products
Concentrations of malondialdehyde + 4-hydroxy-
alkenals (MDA+4-HDA), as the index of LPO, were 
measured spectrophotometrically in the rat tissue 
homogenates. The homogenates were centrifuged at 
3,000 × g for 10 min at 4 °C. The supernatant (200 μl) 
was mixed with 650 μl of a methanol/acetonitrile (1:3, 
v/v) solution, containing a chromogenic reagent, 
N-methyl-2-phenylindole, and vortexed. After adding 
150 µl of methanesulfonic acid (15.4 M), the incuba-
tion was carried out at 45 °C for 40 min. The reaction 
between MDA + 4-HDA and N-methyl-2-phenylindole 
yielded a chromophore, which was spectrophotometri-
cally measured at the absorbance of 586 nm, using a 
solution of 10 mM 4-hydroxynonenal as standard. The 
level of LPO is expressed as the amount of MDA + 
4-HDA (nmol) per mg protein. 

Measurement of Protein
Protein was measured, using the method of Bradford 
(1976), with bovine albumin as standard. 

Statistical Analysis
The data were statistically analyzed, using unpaired 
Student’s t-test. Results are expressed as means±SEM. 

Statistical significance was determined at the level of 
p<0.05. 

Results

A tendency towards concentration-dependent increase 
in LPO was observed in the control lung homogenates 
after KBrO3 treatment, with statistical significance for 
the concentration of 10.0 mM (Figure 1a). Thus, the 
concentration of 10.0 mM was selected for the subse-
quent experiment to induce LPO in the control lung 
homogenates. KBrO3 treatment did not increase LPO 
in the lung homogenates from the melatonin-treated 
rats in any significant way (Figure 1b).

Fig. 1. Concentrations of malondialdehyde + 4-hydroxyalkenals 
(MDA+4-HDA) in homogenates of lungs, collected from the rats 
that were previously injected with 0.9% NaCl:ethanol (vol:vol, 
10:1) (i.p., twice daily, for 10 days) (a) or melatonin (0.0645 
mmol/kg b.w., i.p., twice daily, for 10 days) (b), incubated for 30 
min in the presence of potassium bromate (KBrO3) (0.1, 0.5, 1.0, 
2.5, 5.0 and 10.0 mM). The results are expressed in nmol MDA+4-
HDA per 1 mg protein. The bars represent the mean±SEM of 
three (3) independent experiments run in duplicates.  
* p<0.05 vs. controls.
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Unexpectedly, in kidney homogenates from both the 
control and the melatonin-treated rats, KBrO3 caused 
a concentration-dependent decrease in LPO, with sta-
tistical significance for the concentrations of 1.0, 2.5, 
5.0 and 10.0 mM in the control group (Figure 2a). Only 
for the highest applied concentration of 10.0 mM was 
the statistical significance recorded in the lung homog-
enates from the melatonin-treated rats (Figure 2b).

In the liver homogenates from the control rats, 
KBrO3 tended to decrease the basal LPO with the sta-
tistical significance found only for the concentration of 
10.0 mM (Figure 3a). In liver homogenates from the 
melatonin-treated rats, KBrO3 did not significantly 
influence the level of LPO (Figure 3b).

The incubation of lung homogenates for 30 min in 
the presence of melatonin or PTU did not cause any 
changes in the level of basal LPO (Figure 4a,b). IPA, in 

the highest used concentration (10.0 mM), decreased 
the basal LPO in the lung homogenates (Figure 4c).

Melatonin – in the concentrations of 5.0 and 7.5 mM 
– significantly reduced KBrO3-related increase in LPO 
in the control lung homogenates (Figure 5). Also IPA 
prevented KBrO3-induced LPO but that effect reached 
statistical significance only for the highest concentra-
tion of 10.0 mM (Figure 6). Unexpectedly PTU, in all 
the used concentrations, reduced KBrO3-induced LPO 
(Figure 7).

Discussion

An in vitro demonstration of the prooxidative effects 
of KBrO3 in rat lung suggests that it may be the target 
organ for this carcinogen, but such an assumption 
awaits experimental confirmation. The stimulatory 

Fig. 2. Concentrations of malondialdehyde + 4-hydroxyalkenals 
(MDA+4-HDA) in kidney homogenates, collected from the rats 
that were previously injected with 0.9% NaCl:ethanol (vol:vol, 
10:1) (i.p., twice daily, for 10 days) (a) or melatonin (0.0645 
mmol/kg b.w., i.p., twice daily, for 10 days) (b), incubated for 
30 min in the presence of potassium bromate (KBrO3) (0.001, 
0.01, 0.1, 0.5, 1.0, 2.5, 5.0, 10.0 mM). The results are expressed 
in nmol MDA+4-HDA per 1 mg protein. The bars represent 
the mean±SEM of three (3) independent experiments run in 
duplicates. * p<0.05 vs. controls.

Fig. 3. Concentrations of malondialdehyde + 4-hydroxyalkenals 
(MDA+4-HDA) in liver homogenates, collected from the rats that 
were previously injected with 0.9% NaCl:ethanol (vol:vol, 10:1) 
(i.p., twice daily, for 10 days) (a) or melatonin (0.0645 mmol/
kg b.w., i.p., twice daily, for 10 days) (b), incubated for 30 min 
in the presence of potassium bromate (KBrO3) (0.1, 0.5, 1.0, 2.5, 
5.0, 10.0 mM). The results are expressed in nmol MDA+4-HDA 
per 1 mg protein. The bars represent the mean±SEM of three (3) 
independent experiments run in duplicates.  
* p<0.05 vs. controls.
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Fig. 4. Concentrations of malondialdehyde + 4-hydroxyalkenals 
(MDA+4-HDA) in rat lung homogenates, incubated for 30 min 
in the presence of melatonin (0.01, 0.1, 0.5, 1.0, 5.0 and 7.5 mM) 
(a) or propylthiouracil (PTU) (0.01, 0.1, 0.5, 1.0, 5.0, 7.5 and 10.0 
mM) (b), or indole-3-propionic acid) IPA (0.01, 0.1, 0.5, 1.0, 5.0, 
7.5, 10.0 mM) (c). The results are expressed in nmol MDA+4-HDA 
per 1 mg protein. The bars represent the mean±SEM of three (3) 
independent experiments run in duplicates.  
* p<0.05 vs. controls.

Fig. 5. Concentrations of malondialdehyde + 4-hydroxyalkenals 
(MDA+4-HDA) in rat lung homogenates, incubated for 30 min 
in the presence of potassium bromate (KBrO3) (10.0 mM) and 
melatonin (0.01, 0.1, 0.5, 1.0, 5.0 and 7.5 mM). The results are 
expressed in nmol MDA+4-HDA per 1 mg protein. The bars 
represent the mean±SEM of three (3) independent experiments 
run in duplicates. * p<0.05 vs. controls; ** p<0.05 vs. KBrO3.

Fig. 6. Concentrations of malondialdehyde + 4-hydroxyalkenals 
(MDA+4-HDA) in rat lung homogenates, incubated for 30 min 
in the presence of potassium bromate (KBrO3) (10.0 mM) and 
indole-3-propionic acid (IPA) (0.01, 0.1, 0.5, 1.0, 5.0, 7.5 and 
10.0 mM). The results are expressed in nmol MDA+4-HDA per 
1 mg protein. The bars represent the mean±SEM of three (3) 
independent experiments run in duplicates.  
* p<0.05 vs. controls; ** p<0.05 vs. KBrO3.

resulted from the much lower carcinogen concentra-
tion in lungs after its i.p. injections, comparing to those 
obtained in lung homogenates under in vitro conditions.

Of great importance is the observation that KBrO3 
did not increase LPO in lung homogenates, collected 
from the rats which were pretreated with melatonin. 
This confirms that melatonin, when given in vivo, has a 
carry-over effect to the in vitro situation (Karbownik et 
al. 2001d). A similar effect of melatonin, given in vivo, 
was found when LPO was induced by Fenton reaction 
(Fe2+ + H2O2) in rat liver homogenates (Karbownik et 
al. 2000a). Thus, both the present and the earlier results 
suggest that melatonin, given to living organisms, 

effect of KBrO3 on LPO in rat lungs is our original 
observation. 

In contrast to the present in vitro observation, in our 
earlier in vivo study (Karbownik et al. 2006) KBrO3 did 
not increase LPO in rat lungs, which could then have 



368 Copyright © 2010  Neuroendocrinology Letters  ISSN 0172–780X  •  www.nel.edu

Magdalena Stasiak, Krzysztof Zasada, Andrzej Lewiński, Małgorzata Karbownik-Lewińska

decreases the sensitivity of different tissues to prooxi-
dative effects of different exo- and/or endogenic factors.

A question arises if melatonin directly revealed the 
above mentioned protective effects by direct facing 
KBrO3 (Karbownik and Reiter 2000; Ruiz-Rabelo et al. 
2007; Vijayalaxmi et al. 1996). Due to the rather a short 
half-life of melatonin (approximately half an hour), no 
presence of this indole substance, given in pharmaco-
logical doses, should be expected in any tissue of the 
organism at time of tissue collections (in our study – 12 
hours after the last melatonin injection). Instead, espe-
cially when given chronically, melatonin may change 
the level of oxidative balance, lowering the susceptibil-
ity of tissues to oxidative attacks and this could consti-
tute the mechanism, explaining the protective effect of 
melatonin as described above.

Although KBrO3 has been demonstrated to induce 
renal tumors (Kurokawa et al. 1990) and LPO (Kar-
bownik et al. 2005; 2006) in rats in vivo, it was not found 
in our study to induce LPO in rat kidneys. Conversely, 
KBrO3 decreased the basal level of LPO in kidney 
homogenates. Thus, the prooxidative mechanism of 
KBrO3, involved in its tumorigenic effect, is not con-
firmed under in vitro conditions, at least with relation 
to oxidative damage to lipids. It does not mean, how-
ever, that under in vitro conditions KBrO3 reveals any 
beneficial effects. The basal LPO illustrates the balance 
between the production and detoxification of reactive 
oxygen species, which, beside their well-known damag-
ing effects, are also required for physiological processes. 
Thus, the significant decrease of LPO, following any car-
cinogen treatment, could disturb the level of oxidative 
balance and should be treated as an undesirable effect.

A similar effect of KBrO3 was observed in the 
present study in rat liver homogenates, in which that 

prooxidant, when used in the highest concentration, 
decreased the basal level of LPO. The explanation of 
this phenomenon could be the same as above. 

Whereas in both control tissues – the kidney and 
liver – KBrO3 clearly decreased the basal LPO, such an 
effect was much weaker in tissues collected from the 
melatonin treated animals, while in the liver homog-
enates from melatonin-pretreated rats it completely 
disappeared. Thus, even in case of decreased LPO, due 
to external factors, melatonin, given in vivo, helps keep 
oxidative balance by restoring oxidative damage to the 
physiological level.

Any potential application of the present results in 
clinical practice requires discussing several points. 
Each potential antioxidant, used in humans, should be 
deprived of any side effects. Only such an oxidant could 
be used in humans, exposed to prooxidants and carci-
nogenic factors. Melatonin fulfills these requirements 
because no side effects of melatonin have ever been 
observed, even when very high pharmacological doses 
of that indoleamine were used either in humans (Vijay-
alaxmi et al. 1996) or in animals (Karbownik et al. 2000b).

Indole-3-propionc acid is an indole substance, 
possessing similar properties to melatonin. Subtle 
structural differences between these two molecules 
determine their different biological effects. In our ear-
lier study, the protective effects of IPA against oxidative 
damage, caused by KBrO3 given in vivo, were proven in 
such tissues as thyroid gland, kidney and blood serum 
(Karbownik et al. 2005; 2006). IPA also protects against 
prooxidative effects of some carcinogens under in vitro 
condition (Karbownik et al. 2001a). However, the cur-
rent knowledge on the mechanism of IPA action, on its 
metabolism and, especially, on its absolute safety is not 
sufficient to recommend its use in clinical practice. 

Among all three examined antioxidants, PTU 
appeared the most effective against KBrO3-induced 
LPO in rat lungs. Similarly, in our earlier similar in 
vitro model, with the use of porcine thyroid, PTU was 
more effective than melatonin and IPA and under 
in vivo conditions, those three antioxidants revealed 
similar protective effects against KBrO3-induced LPO 
in rat thyroid (Karbownik et al. 2005). However, the 
protective effect of PTU against KBrO3-induced LPO 
provides merely some knowledge on the action of 
this antithyroid drug. Chronic treatment with PTU in 
euthyroid patients would definitely result in hypothy-
roidism, which excludes its potential use as exclusively 
that of an antioxidant. Additionally, serious side effects 
of PTU, such as agranulocytosis and toxic effects on the 
liver, are known (Bandyopadhyay et al. 2002).

In conclusion, the rat kidney, liver and lung reveal 
differential sensitivity to KBrO3, while it is only the 
lung tissue which is susceptible to its prooxidative 
effects. This suggests that rat lung may be the target 
organ for KBrO3. Exposure of an organism to melatonin 
decreases the sensitivity of its tissues to KBrO3-induced 
oxidative changes (both increased and decreased oxi-

Fig. 7. Concentrations of malondialdehyde + 4-hydroxyalkenals 
(MDA+4-HDA) in rat lung homogenates, incubated for 30 min 
in the presence of potassium bromate (KBrO3) (10.0 mM) and 
propylthiouracil (PTU) (0.01, 0.1, 0.5, 1.0, 5.0, 7.5 and 10.0 mM). 
The results are expressed in nmol MDA+4-HDA per 1 mg protein. 
The bars represent the mean±SEM of three (3) independent 
experiments run in duplicates.  
* p<0.05 vs. controls; ** p<0.05 vs. KBrO3.
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dative damage), possibly by restoring the oxidative 
balance. Thus, melatonin could be recommended for 
its antioxidative and – possibly – cancer preventive 
effects. The protective effects of IPA and PTU against 
KBrO3-induced LPO in homogenates of the rat lung 
have allowed to identify new details of the antioxidative 
mechanism of the agents in question. As on one hand 
IPA is not proved for its absolute safety, and – on the 
other PTU is used in the therapy of hyperthyroidism 
(causing hypothyroidism, when overdosed, and also 
other more serious side effects), these two compounds 
do not deserve for recommendation as regards their 
possible cancer prevention properties. 

Acknowledgements

The research was supported by a grant from the Medi-
cal University of Lodz (Project No. 502-11-294).

References

1 	 Bandyopadhyay U, Biswas K, Banerjee RK (2002). Extrathyroidal 
actions of antithyroid thionamides. Toxicol Lett. 128: 117–127. 

2 	 Bradford MM (1976). A rapid and sensitive method for the quan-
titation of microgram quantities of protein utilizing the principle 
of protein-dye binding. Anal Biochem. 72: 248–254.

3 	 Buyukokuroglu ME, Cemek M, Yurumez Y, Yavuz Y, Aslan A (2008). 
Antioxidative role of melatonin in organophosphate toxicity in 
rats. Cell Biol Toxicol. 24:151–158.

4 	 Chipman JK, Davies JE, Parsons JL, Nair J, O’Neill G, Fawell JK 
(1998). DNA oxidation by potassium bromate; a direct mecha-
nism or linked to lipid peroxidation? Toxicology 126: 93–102.

5 	 van Dijk-Looijaard AM, van Genderen J (2000). Levels of expo-
sure from drinking water. Food Chem Toxicol. 38: S37–42.

6 	 El-Sokkary GH (2000). Melatonin protects against oxidative 
stress induced by the kidney carcinogen KBrO3. Neuroendocri-
nol Lett. 21: 461–468.

7 	 FAO/WHO (1979). Food and Agriculture Organisation. Guide to 
the Safe Use of Food Additives, Second Series. Geneva: World 
Health Organisation p. 60.

8 	 Farombi EO, Alabi MC, Akuru TO (2002). Kolaviron modulates cel-
lular redox status and impairment of membrane protein activi-
ties induced by potassium bromate (KBrO3) in rats. Pharmacol 
Res. 45: 63–68

9 	 Hicks M, Wong LS, Day RO (1992). Antioxidant activity of propyl-
thiouracil. Biochem Pharmacol. 43: 439–444.

10 	IARC (1986). IARC Monographs on the evaluation of the carci-
nogenic risk of chemicals to humans. Some naturally occurring 
and synthetic food components, furocoumarins and ultraviolet 
radiation. Lyon, France: IARC publication No. 40. p. 207–220. 

11 	JECFA (1992). Joint FAO/WHO Expert Committee on Food Addi-
tives. Evaluation of certain toxicants. Thirty-ninth JECFA Report, 
WHO Technical Report Series, No. 828.

12 	Karbownik M, Garcia JJ, Lewinski A, Reiter RJ (2001a). Carcino-
gen-induced, free radical-mediated reduction in microsomal 
membrane fluidity: reversal by indole-3-propionic acid. J Bioen-
erg Biomembr. 33: 73–78.

13 	Karbownik M, Gitto E, Lewinski A, Reiter RJ (2001b). Induction 
of lipid peroxidation in hamster organs by the carcinogen cad-
mium: melioration by melatonin. Cell Biol Toxicol. 17: 33–40.

14 	Karbownik M, Gitto E, Lewinski A, Reiter RJ (2001c). Relative effi-
cacies of indole antioxidants in reducing autoxidation and iron-
induced lipid peroxidation in hamster testes. J Cell Biochem. 81: 
693–699.

15 	Karbownik M, Lewinski A (2003). Melatonin reduces Fenton 
reaction-induced lipid peroxidation in porcine thyroid tissue. J 
Cell Biochem. 90: 806–811.

16 	Karbownik M, Lewinski A, Reiter RJ (2001d). Anticarcinogenic 
actions of melatonin which involve antioxidative processes: 
Comparison with other antioxidants. Int J Biochem Cell Biol. 33: 
735–753.

17 	Karbownik M, Reiter RJ (2000). Antioxidative effects of melato-
nin in protection against cellular damage caused by ionizing 
radiation. Proc Soc Exp Biol Med. 225: 9–22.

18 	Karbownik M, Reiter RJ, Cabrera J, Garcia, JJ (2001e). Comparison 
of the protective effect of melatonin with other antioxidants in 
the hamster kidney model of estradiol-induced DNA damage. 
Mutat Res. 474: 87–92.

19 	Karbownik M, Reiter RJ, Garcia JJ, Cabrera J, Burkhardt S, Osuna 
C, et al. (2001f ). Indole-3-propionic acid, a melatonin-related 
molecule, protects hepatic microsomal membranes from iron-
induced oxidative damage: relevance to cancer reduction. J Cell 
Biochem. 81: 507–513.

20 	Karbownik M, Reiter RJ, Garcia JJ, Tan D (2000a). Melatonin 
reduces phenylhydrazine-induced oxidative damage to cellular 
membranes: evidence for the involvement of iron. Int J Biochem 
Cell Biol. 2: 1045–1054.

21 	Karbownik M, Stasiak M, Zasada K, Zygmunt A, Lewinski A 
(2005). Comparison of potential protective effects of melatonin, 
indole-3-propionic acid, and propylthiouracil against lipid per-
oxidation caused by potassium bromate in the thyroid gland. J 
Cell Biochem. 95:131–138.

22 	Karbownik M, Stasiak M, Zygmunt A, Zasada K, Lewinski A 
(2006). Protective effects of melatonin and indole-3-propionic 
acid against lipid peroxidation, caused by potassium bromate in 
the rat kidney. Cell Biochem Funct. 24: 483–489. 

23 	Karbownik M, Tan DX, Reiter RJ (2000b). Melatonin reduces the 
oxidation of nuclear DNA and membrane lipids induced by the 
carcinogen δ-aminolevulinic acid. Int J Cancer 88: 7–11.

24 	Kurokawa Y, Maekawa A, Takahashi M, Hayashi Y (1990). Toxicity 
and carcinogenicity of potassium bromate - a new renal carcino-
gen. Environ Health Perspect. 87: 309–335.

25 	Murata M, Bansho Y, Inoue S, Ito K, Ohnishi S, Midorikawa K, 
Kawanishi S (2001). Requirement of glutathione and cysteine in 
guanine-specific oxidation of DNA by carcinogenic potassium 
bromate. Chem Res Toxicol. 14: 678–85.

26 	Reiter RJ, Tan DX (2005). Maldonado MD. Melatonin as an anti-
oxidant: physiology versus pharmacology. J Pineal Res. 39: 
215–216. 

27 	Reiter RJ, Tan DX, Qi W, Manchester LC, Karbownik M, Calvo JR 
(2000). Pharmacology and physiology of melatonin in the reduc-
tion of oxidative stress in vivo. Biol Signals Recept. 9: 160–171.

28 	Ruiz-Rabelo JF, Vazquez R, Perea MD, Cruz A, Gonzalez R, Romero 
A, et. al. (2007). Beneficial properties of melatonin in an experi-
mental model of pancreatic cancer. J Pineal Res. 43: 270–5.

29 	Sai K, Takagi A, Umemura T, Hasegawa R, Kurokawa Y (1991). 
Relation of 8-hydroxydeoxyguanosine formation in rat kidney to 
lipid peroxidation, glutathione level and relative organ weight 
after a single administration of potassium bromate. Jpn J Cancer 
Res. 82: 165–169.

30 	Seven R, Gelisgen R, Seven A, Erbil Y, Bozbora A, Burcak G (2001). 
Influence of propylthiouracil treatment on oxidative stress and 
nitric oxide in Basedow disease patients. J Toxicol Environ Health 
A 62: 495–503.

31 	Tan DX, Manchester LC, Terron MP, Flores LJ, Reiter RJ (2007). 
One molecule, many derivatives: a never-ending interaction of 
melatonin with reactive oxygen and nitrogen species? J Pineal 
Res. 42: 28–42.

32 	Vijayalaxmi, Reiter RJ, Herman TS, Meltz ML (1996). Melatonin 
and radioprotection from genetic damage: in vivo/in vitro stud-
ies with human volunteers. Mutat Res. 371: 221–228.

33 	Watanabe S, Togashi S, Fukui T (2002). Contribution of nitric 
oxide to potassium bromate-induced elevation of methae-
moglobin concentration in mouse blood. Biol Pharm Bull. 25: 
1315–1319.

34 	Wolf DC, Crosby LM, George MH, Kilburn SR, Moore TM, Miller RT, 
et al. (1998). Time- and dose-dependent development of potas-
sium bromate-induced tumors in male Fischer 344 rats. Toxicol 
Pathol. 26: 724–729.


