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Preventive effect of cysteine on butylated hydroxytoluene-induced pulmonary
toxicity in mice

(Received 16 May 1983; accepted 4 August 1983)

Butylated hydroxytoluene (BHT)* is widely used as an
antioxidant in processed foods and petroleum products.
Though generally considered to be safe at the concentration
present in foods (the acceptable daily intake of BHT for
man is 0.5 mg/kg [1]), high doses of this compound cause
pulmonary hypertrophy, hyperplasia and general disorgan-
ization of the cellular components in mice [2-5]. The mech-
anism by which BHT causes such damage has not yet been
elucidated, but it has been presumed that such damage is
due to the interaction between reactive metabolites and
some cellular components.

We have been studying the effect of this compound on
cellular macromolecules [6-11]. Previous studies have dem-
onstrated that (a) BHT is converted to highly reactive
intermediates by a cytochrome P-450-linked monooxygen-
ase system in the microsomes [6, 7], and (b) some of the
activated metabolites, BHT-quinone methide and BHT-
alcohol, specifically bind to a sulfhydryl group of cellular
protein [9, 11]. In an in vitro study [7, 11], we found that
cysteine and reduced glutathione significantly decreased
the binding of BHT to cellular protein.

Based on previous in vivo and in vitro results, we inves-
tigated whether or not dietary cysteine could prevent pul-
monary enlargement induced by BHT in vivo.

Methods and Materials

Animals. Four-week-old male mice of the BALB/cAn
strain were obtained from Charles River Japan Inc. (Atsugi,
Japan). The animals were housed in plastic cages on
hard-wood laboratory bedding (Beta Chip. Northeastern
Products Corp.. Warrensburg, NY). Since Maikinson [12]
reported that BHT-produced pulmonary damage was pre-
vented by cedar terpenes derived from shavings used for
cage bedding, the hard-wood laboratory bedding was
employed in all experiments.

Chemicals. BHT (toluene[methy!-*C]) (specific radio-
activity, 0.485 uCi/umole) was purchased from the New

* Abbreviations:  BHT. 3.5-di-rerr-butyi-4-hvdroxyto-
luene: BHT-alcohol. 2.6-di-ter-butyl-4-hydroxvmethyi-
phenol:  BHT-quinone  methide.  2.6-di-terr-butyl-4-
methylene-2.5-cvclohexadienone:  PPO.  2.5-diphenvl-
oxazole: and POPOP. 1.4-bis-[2-(4-methyl-S-
phenvloxazolyl)|benzene.

England Nuclear Corp. (Boston. MA). The radiochemical
purity of the compound was rechecked by thin-layer
chromatography and found to be more than 99%. Non-
radioactive BHT was obtained from the Wako Pure Chem-
icals Co. (Osaka, Japan), and all other chemicals used were
of the highest obtainable purity.

Experimental protocol. In the initial experiments, mice
were fed a commercial stock diet (CLEA CE-2, CLEA
Japan Inc., Tokyo) for 3 weeks."They were then fed a diet
supplemented with L-cysteine or another L-amino acid.
which was added to the CE-2 diet. for 3 days. After the
3 days, each mouse was given a solution of BHT dissolved
in corn oil (0.1 m}20 g body wt) by intraperitoneal (i.p.)
injection each day for 4 days. During this time they were
maintained on the supplemented diet. The corresponding
control animals received an equivalent volume of corn oil.
Twenty-four hours after the last BHT dose, mice were
decapitated under anesthesia with ether. and the lungs
were removed and weighed. Trapped blood was not appar-
ent in the tissues of the decapitated animals. Measurement
of lung weight was used in most experiments to monitor
whether pulmonary damage had occurred [3. 12].

In a second series of experiments. after feeding a com-
mercial stock diet for 3 weeks. mice were fed a 1%
cysteine-supplemented diet for 3 days. Then the animals
received 200 mg/kg of BHT containing [*C]BHT dissolved
in corn oil (0.1 ml/20g body wt. approximately 1.5 to
1.6 uCi/animal). Mice were decapitated 6 hr afteri.p. injec-
tion of [“C]BHT. The lungs and liver were perfused with
saline and homogenized with 1.15% KCl in a Polvtron
homogenizer (Kinematica GmbH. Switzerland). Radio-
activity covalentlv bound to tissue macromolecules was
determined by the procedure described previously [6, 8].

Other methods. Radioactivity was measured by a Beck-
man scintillation spectrometer. model LS-355. and com-
pared with external standard. The scintillation medium
used consisted of 2 vol. toluene phospher (4 g PPO and
100 mg dimethyl-POPOP per 1000 mi of toluene) and | vol.
Triton X-100 [13]. Protein content was measured by the
biuret method [14].

Results and Discussion

Figure | shows the effect of dietary cysteine on pulmon-
ary enlargement induced by BHT in mice. The relative
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Fig. 1. Effect of cysteine-supplemented diet on pulmonary
enlargement induced by BHT in mice. After feeding 1%
cysteine-added diet (@) or control diet (O) for 3 days, a
solution of BHT (0~500 mg/kg) dissolved in corn oil was
given to each mouse by i.p. injection each day for 4 days
accompanied by the diets; the corresponding control ani-
mals received an equivalent volume of corn oil. Twenty-
four hours after the last BHT dose, the lung and body
weights were determined. Each value represents the mean
+ S.D. from five individual animals. Key: (*) significantly
higher than control animals (P < 0.01, Student’s t-test);
and (#) significantly lower than cysteine-untreated animals
at each dose of BHT (P < 0.01).

weights of lung (lung wt/100 g body wt) increased with
increasing doses of BHT. The increase in lung weight
induced by BHT at a dose of 200 mg/kg or less was com-
pletely prevented by a 1% cysteine-supplemented diet. The
mean intake of cysteine calculated from food intake was
about 1500 mg/kg/day, in groups of BHT dose of 200 mg/
kg or less, and all animals in the groups, regardless of
cysteine and/or BHT treatment, gained weight at the same
rate during the experimental period. At a dose of
400 mg/kg or greater, however, a complete inhibition of
increase in lung weight could not be obtained by 1%
cysteine.

Figure 2 shows the dose-relationship for the preventive
effect of cysteine on the pulmonary enlargement induced
by BHT. The increment of lung weight was inhibited by
cysteine in a dose-dependent manner. Complete protection
from this dose of BHT (200 mg/kg) required at least 1%
cysteine. The results in Figs. 1 and 2 indicate that 1%
cysteine-supplemented diet prevented pulmonary enlarge-
ment induced by BHT at doses near the threshold
(200 mg/kg or less) for toxicity.

In addition, we examined whether BHT-induced pul-
monary enlargement could be inhibited by other amino
acids or glutathione (Table 1). The amino acids used were
chosen on the basis of their structure and chemical proper-
ties. All animals, regardless of treatment, gained weight
at the same rate during the experimental period. All the
other amino acids tested were ineffective. Glutathione at
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a concentration of 1% significantly depressed the pulmon-
ary enlargement induced by BHT. The prevention by glu-
tathione was slightly less than that of cysteine. This may
be due to a difference of absorption into tissues between
cysteine and glutathione, since it is known that cysteine
enters cells more rapidly and that glutathione is rapidly
hydrolyzed in the systemic circulation [15, 16]. Further-
more, this may be due to a difference of amount of free
sulfhydryl group between the 1% glutathione- and 1%
cysteine-added diets. The data in Table 1 suggest that the
preventive effect is due to a free sulfhydry! group.

It has been reported that i.p. injection of BHT to mice
produces a pulmonary injury which is followed by extensive
hyperplasia and hypertrophy [2-5]. Although the mech-
anism by which BHT causes the pulmonary damage has
not yet been elucidated, several studies have suggested a
relationship between the cytochrome P-450-mediated for-
mation of activated BHT metabolites and the damage |5,
12]. To investigate the mechanism by which cysteine pre-
vents the pulmonary damage, [“C]BHT bound to lung
macromolecules was determined in an in vivo experiment,
as shown in Table 2. Since it has been reported that the
maximum concentration of BHT is present in the lung
between 4 and 8 hr after i.p. injection [4], we determined
radioactivity in mice 6 hr after [*C|BHT administration.
The content of [“C]BHT-equivalents in the lung of
cysteine-pretreated mice was not significantly different than
that of untreated mice. However, a significant decrease
(about 50% of untreated mice) in the amount of bound
[“C]BHT-equivalents to lung macromolecules was found
in the cysteine-treated mice. This phenomenon was also
found in the liver. However, the amount of bound
[“C]BHT-equivalents (per mg protein) in the lung was
much greater than that of the liver in cysteine-untreated
mice. This may be an important factor in the pulmonary
toxicity induced by BHT, since it has been reported that
there is a relationship between the amount of bound metab-
olites and the extent of injury produced by some hepato-
toxins {17] as well as pulmonary toxicants {18].
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Fig. 2. Effect of cysteine dose on lung weight increase
induced by BHT at a dose of 200 mg/kg. After feeding 0
to 2.0% cysteine-added diet for 3 days. a solution of BHT
dissolved in corn oil was given to each mouse (@) by i.p.
injection each day for 4 days accompanied by the diet: the
control (BHT-untreated) animals (O) received an equiv-
alent volume of corn oil. Lung and body weights were
determined 24 hr after the last dose of BHT. Each value
represents the mean * S.D. from five individual animals.
Key: (*) significantly higher than control mice (P < 0.01).



504 Short communications
Table 1. Effects of amino acids and glutathione on BHT-induced pulmonary
enlargement in mice*
Relative lung wt
Treatment mg/100 g body wt % of BHT-treatedt
Untreated 637 = 64 55
BHT 1149 = 52 100t
BHT + alanine 1034 = 77 90
+ arginine 1163 = 37 101
+ cysteine 673 £ 90t 59
+ glutamic acid 1027 + 221 89
+ methionine 1108 = 148 96
+ phenylalanine 1149 = 255 100
+ tryptophan 1481 + 86 129
+ glutathione 853 £ 75% 74
* After feeding a diet supplemented with 1% amino acids or glutathione for
3 days, BHT (200 mg/kg) was given by i.p. injection each day for 4 days
accompanied by the supplemented diet; corresponding control (untreated) mice
received an equivalent volume of corn oil. Lung and body weights were determined
24 hr after the last dose of BHT. Each value represents the mean * S.D. from
five individual animals.
i Significantly different from mice that received BHT alone (P < 0.01).
Table 2. Effect of cysteine on [“C]BHT binding to lung and liver macromolecules in mice*
Bound radioactivity Total radioactivity
Treatment Body wt Lung wt Liver wt Lung Liver Lung Liver
(g) (mg) (g) (nmoles/mg protein) (nmoles/100 mg tissue)
Untreated 289x06 1729 1.49x0.07 0.365=0.051 0.193 £0.008 7.78* 131 12.5+40
1% Cysteine 28903 1806 1.47+0.10 0.192x0.059+ 0.156 £0.007+ 6.93=1.68 11.3x4.4
% of Untreated 100 106 99 53 81 89 90

* After feeding 1% cysteine-supplemented diet for 3 days, the animals received 200 mg/kg of BHT containing [*C]BHT
dissolved in corn oil (approximately 1.5 to 1.6 uCi/animal. Radioactivity bound to tissue macromolecules was determined
6 hr after i.p. injection. Each value represents the mean = S.D. from four individual animals.

+ Significantly different from untreated mice (P < 0.01).

The results in Table 2 indicate that a cysteine-supple-
mented diet has an inhibitory effect on the covalent binding
of reactive BHT metabolites to tissue macromolecules in
vivo. Qur previous studies have demonstrated that the
activated metabolites of BHT specifically covalently bind
to sulfhydryl groups of protein, cysteine and glutathione
[9, 11]. Further, we found that the suifhydryl compounds
remarkably decreased the binding of BHT to cellular pro-
tein [7, 9]. This study, therefore, suggests that the activated
metabolites of BHT in tissues are trapped by nucleophilic
sulfhydryl groups such as those of cysteine or glutathione
derived from the supplemented diet. Kehrer and Witschi
{5] have reported that the administration of the drug metab-
olism inhibitors SKF 525-A and piperonyl butoxide com-
pletely prevented BHT-induced pulmonary damage in

* Address all correspondence to: Yoshio Nakagawa,
Department of Toxicology, Tokyo Metropolitan Research
Laboratory of Public Health, 24-1, Hyakunincho 3-chome,
Shinjuku-ku, Tokyo 160, Japan.

mice. In addition, Malkinson [12] reported that young
mice, which have very low levels of cytochrome P-450, are
nonresponsive to the pulmonary toxicity of BHT. Conse-
quently, the results presented support the concept that
BHT-induced pulmonary damage in mice is due to the
interaction between reactive metabolites of BHT and some
cellular macromolecules.

In conclusion, we have demonstrated that cysteine-sup-
plemented diet completely prevented pulmonary hyper-
trophy induced by repeated BHT treatment, at doses near
the threshold for toxicity, in mice. Furthermore, the dietary
cysteine significantly decreased the amount of BHT bound
to lung macromolecules.

YOSHIO NAKAGAWA* T
TETSUYA SUGAE
KoGo HIRAGAT

tDepartment of Toxicology

Tokyo Metropolitan Research
Laboratory of Public Health

Tokyo 160, Japan, and

iDepartment of Clinical
Biochemistry

Tokyo College of Pharmacy
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Differential inhibition of human placental monooxygenase activity: evidence for
multiple forms of 7-ethoxycoumarin O-deethylase

(Received 9 June 1983; accepted 15 September 1983)

Preparations of human placental microsomes or homogen-
ates from maternal smokers have been shown to catalyse
the in vitro hydroxylation of zoxazolamine {1],
benzo(a)pyrene [2] and 2,5-diphenyloxazole (3], the N-
demethylation of aminoazo dyes [4] and the O-deethylation
of 7-ethoxycoumarin [5] and 7-ethoxyphenoxazone [6]. Of
these activities only ethoxycoumarin O-deethylation has
been observed to any significant extent in placentas from
non-smokers [2, 5], suggesting the possible existence of
both a basal (constitutive) and an induced form of deethy-
lase activity in the placenta. Multiple forms of cytochrome
P-450 have been found in various animal tissues [7-10] and
have been distinguished by their sensitivity to various
inhibitors of monooxygenase activity. In this study we
investigated qualitative differences between basal and
induced human placental ethoxycoumarin (O-deethylase
activities using a-naphthoflavone, metyrapone and
dimethylsulphoxide as selective monooxygenase inhibitors.
Metyrapone and dimethylsulphoxide are known to inhibit
one form of cytochrome P-450, a-naphthoflavone having
little or no effect, whilst the reverse situation occurs with
a different form of cytochrome P-450. Samples of placental
homogenates were obtained from a number of maternal
smokeis and non-smokers and also from an epileptic receiv-
ing phenytoin anticonvulsant therapy throughout her
pregnancy.

Materials and Methods

Placentas were obtained from three non-smoking
women, three women who smoked between 15 and 30
cigarettes per day during their pregnancy and from a
non-smoking epileptic woman who had received phenytoin
(350 mg/day) throughout her pregnancy; her plasma con-
centration of phenytoin at delivery was found to be
14.5 ug/ml. All patients delivered at term after a normal
pregnancy and labour. The placentas were immediately
stored at —20° after delivery until required for assay when

they were thawed out overnight at 4° before being minced
using a Bauknecht tissue mincer after first removing the
membranes and umbilical cord. A portion of the mince was
homogenised (14,500 rpm, 1min) in ice-cold 50 mM
Tris—-HCI buffer (pH 7.5) using a Silverson homogeniser
to produce a 20% w/v homogenate.

Placental 7-ethoxycoumarin O-deethylase activity was
measured using a modification of the method of Greenlee
and Poland [11]. The enzyme reaction was initiated by
adding 1.0 ml of a mixture of NADPH (2.4 mM) and 7-
ethoxycoumarin (0.67 mM) in 50 mM Tris-HCl buffer (pH
7.5) to placental homogenate (0.5 ml). After incubation
(10 min, 37°) the reaction was stopped by addition of 4.5 ml
of chloroform: acetone (9:1 v/v). The tubes were vortex-
mixed (15 sec), centrifuged (1500 g, 5 min) and the lower,
solvent layer back-extracted into 1.0ml of 50 mM Tris
buffer (pH 9.8) by vortex mixing (15 sec). After centrifu-
gation (1500g. 5min) the fluorescence of the upper
aqueous layer was determined in an Aminco-Bowman spec-
trophotofluorometer at uncorrected excitation and emis-
sion wavelengths of 368 and 456 nm respectively. The mean
recovery of metabolic product (7-hydroxycoumarin) was
found to be 50.0 + 1.9% [12]. The effect of inhibitors upon
7-ethoxycoumarin deethylase activity was determined by
adding appropriate amounts of each of the inhibitors to the
corresponding assay medium. Dimethylsulphoxide and
metyrapone inhibitors were dissolved in 50 mM Tris—HCl
buffer (pH 7.5) and a-naphthoflavone was dissolved in
methanol. Inhibitor concentrations used were: a-naphtho-
flavone (0.1-2.0 um), metyrapone (0.05-1.0 mM) ard
dimethylsulphoxide (10~200 mM).

Results

The optimum assay conditions required for the deter-
mination of 7-ethoxycoumarin deethylase activity in hom-
ogenate preparations from induced and non-induced pla-
centas were found to be virtually identical. Incubation of



