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Feeding male weanling rats on a vitamin A-deficient diet for 6 weeks resulted in
significant increases (44-57%) in glutathione S-aryl-, S-aralkyl- S-alkyl- and S-
epoxidetransferase activities in the liver cytosol. Only the S-aralkyl- (27%) and
S-alkyltransferase (14%) activities were signficantly increased in the kidney as a result
of deficiency. There was no effect on any of the pulmonary glutathione S-transferase
activities. The increases in hepatic transferase activities were due primarily to increases
(25-96%) in the apparent Vmax.. There were no changes in the apparent Km of any of the
four drug substrates employed. With 3,4-dichloronitrobenzene as the second substrate,
the apparent Km for glutathione was increased by over 2-fold in vitamin A-deficient
livers as compared with controls. The relationship between these results and enhanced
susceptibility to chemical carcinogens in vitamin A deficiency is briefly discussed, and
comparison is made between the effects of this nutritional state and pretreatment with
drug inducers on the glutathione S-transferases.

Glutathione S-transferases (EC 2.5.1.18) are
important cytosolic enzymes that catalyse the
metabolism of diverse foreign compounds, including
chemical carcinogens (Chasseaud, 1976). It is also
known that these transferases function non-en-
zymically to bind certain drugs both reversibly and
covalently and thereby decrease their potential
toxicity (Smith et al., 1977). An inverse correlation
between glututhione S-transferase activity and sus-
ceptibility to chemical carcinogenesis has been
proposed (Smith et al., 1977), and the prevention of
the neoplastic effects of chemicals by butylated
hydroxyanisole and ethoxyquin have been partly
attributed to large increases in hepatic glutathione
S-transferase activities after dietary intake of these
antioxidants (Benson et al., 1978).

Enhanced susceptibility to carcinogens in vitamin
A deficiency and, conversely, prevention of chemical
carcinogenesis by vitamin A and its analogues
(retinoids) have been the subject of numerous studies
(see review by Sporn et al., 1976). The increase in
the incidence of tumours in the respiratory tract of
vitamin A-deficient animals in response to benzo-
[alpyrene correlates with increased binding of the
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carcinogen to DNA after metabolic activation
(Genta et al., 1974). Enhanced tissue binding in
deficiency may arise if a greater concentration of the
free carcinogenic metabolite is achieved intra-
cellularly, possibly through an impaired catabolism
of the active metabolite by glutathione S-transferases.
In the present investigation we have therefore
examined the effect; of vitamin A deficiency on
hepatic, renal and pulmonary glutathione S-aryl-,
S-aralkyl-, S-alkyl- and S-epoxidetransferase
activities.

This work was presented in part at the Fourth
International Symposium on Microsomes and Drug
Oxidations, Ann Arbor, MI, U.S.A., July 15-18,
1979 (Siddik et al., 1979).

Materials and Methods

Chemicals
1,2-Dichloronitrobenzene and 4-nitrobenzyl

chloride were obtained from Aldrich Chemical Co.,
Milwaukee, WI, U.S.A. 1,2-Epoxy-3-(4-nitro-
phenoxy)propane and l 14C]methyl iodide (specific
radioactivity 59.7 Ci/mol) were purchased from
Eastman Kodak Co., Rochester, NY, U.S.A. and
Amersham Corp., Arlington Heights, IL, U.S.A.
respectively. All other compounds were obtained
from Sigma Chemical Co., St. Louis, MO, U.S.A.
Animals

Male weanling Sprague-Dawley rats (23 days old;
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60-65 g) were obtained from Taconic Farms, Ger-
mantown, NY, U.S.A. and maintained for 6 weeks
on either a vitamin A-deficient diet (less than
20i.u./kg; ICN Pharmaceuticals, Cleveland, OH,
U.S.A., catalogue no. 104646) or an identical diet
supplemented with retinyl acetate (20000 i.u./kg).
Animals were allowed food and water ad libitum
during the first 4 weeks. Thereafter, when the
anorexic effect of vitamin A deficiency became
pronounced, the amount of diet supplied to the
control animals was reduced in proportion to that
consumed by the group on the deficient diet.

Preparation ofcytosol
The rats were killed by a blow to the head, and

livers, lungs and kidneys were quickly excised and
rinsed in cold KCl/Tris buffer (150mM-KCI/50mM-
Tris/HCl), pH 7.4. Subsequent procedures were
conducted at 0-40C. The tissues were minced with
scissors and homogenized in 2 vol. of KCl/Tris buffer
using a motor-driven Teflon-and-glass tissue grinder
(size C; A. H. Thomas and Co., Philadelphia, PA,
U.S.A.). The resulting homogenates were diluted to
25% (w/v) with KCl/Tris buffer and centrifuged at
105 OOOg for 60min in a Beckman L3-50 ultra-
centrifuge (Beckman Instruments, Fullerton, CA,
U.S.A.). The cytosols (supernatant fractions) were
carefully removed, avoiding the floating lipid pel-
licles, and diluted to 6mg of protein/ml with
KCI/Tris buffer.

Analytical procedures
Enzyme assays were conducted under conditions

giving activities that were linear with respect to
protein concentrations and incubation times.

Glutathione S-aryl-, S-aralkyl- and S-epoxide-
transferase activities were determined at 370C by
measuring product formation spectrophoto-
metrically at 350, 310 and 360nm respectively as
described previously (Grover & Sims, 1964;
Fjellstedt et al., 1973; Habig et al., 1974). In-
cubations contained lOmM-GSH, 50-500,ul of
diluted cytosol and the appropriate buffer in a final
volume of 2.85 ml. The S-aryltransferase activity
was determined in 0.4 M-Hepes, pH 8.3, and the
S-aralkyl- and S-epoxidetransferase activities were
determined in 0.1 M-potassium phosphate, pH 6.5
and 7.4, respectively. Reactions were initiated by the
addition of 3,4-dichloronitrobenzene (a substrate for
glutathione S-aryltransferase; 1.0mm final concen-
tration), 4-nitrobenzyl chloride (S-aralkyltrans-
ferase; 1.0mM) and 1,2-epoxy-3-(4-nitrophenoxy)-
propane (S-epoxidetransferase; 0.5mM) in ethanol
(lOO,ul). All enzyme activities were corrected for
non-enzymic interaction between substrates.

Glutathione S-alkyltransferase activity was deter-
mined by the procedure of Johnson (1966) as
described by Kaplowitz et al. (1975). Reactions

were conducted at 25°C in 1.Oml of 66mM-sodium
phosphate/2mM-EDTA buffer, pH 7.0, containing
10mM-GSH and diluted cytosol (100-200pI), and
were initiated by the addition of 1'4Clmethyl iodide
(5.0mM final concentration; sp. radioactivity 60,uCi/
mmol) in ethanol (50p1). Samples (lOO,ul) were
removed at 0 (blank value) and 5 min, added to an
equal volume of methanol in a liquid-scintillation
vial to stop the reaction and the mixture was
evaporated to dryness. Hot distilled water (1.0ml)
was then added, followed by 18 ml of ACS scintillant
(Amersham Corp.), and the radioactivity was
determined in a Packard Tri-Carb liquid-scintillation
spectrometer (model 3390) at a counting efficiency
of 66-68%.

Protein was determined by the method of Lowry
et al. (1951) with bovine serum albumin as standard.
Tissue vitamin A concentrations, expressed as
retinol equivalents, were measured as described by
Dugan et al. (1964).

Statistical analyses were performed by using Stu-
dent's t test for significance at the P < 0.05 level.
Enzyme kinetics

The hepatic glutathione S-transferase activities
were determined using lOmM-GSH and the follow-
ing range of substrate concentrations: 3,4-dich-
loronitrobenzene, 0.1- 1.0 mM; 4-nitrobenzyl
chloride, 0.1-1.0mM; [r4C]methyl iodide (specific
radioactivity 60-200pCi/mmol), 0.5-5.0mM; 1,2-
epoxy-3-(4-nitrophenoxy)propane, 0.1-0.5 mM.
The kinetic parameters for GSH (0.1-1.0mM)
were determined with 3,4-dichloronitrobenzene
(1.0mM) as the second substrate. Apparent Km and
Vmax values were calculated by finding the best fit of
the data to the Michaelis-Menten hyperbolic
equation by using a reiterative least-squares com-
puter program, MLAB, developed by the Division of
Computer Research and Technology, National
Institutes of Health (Knott & Reese, 1972).

Results
Body and organ weights, and vitamin A and protein
concentrations

There were no differences between control and
deficient animals in the growth rate, body and organ
weights and cytosol protein concentrations of liver,
lung and kidney after feeding rats on the appropriate
diet for 6 weeks (Table 1). Vitamin A con-
centrations in the three organs, on the other hand,
were significantly reduced in animals fed on the
deficient diet, being less than lug/g compared with
about 5, 7 and 207,ug/g in control kidney, lung and
liver respectively (Table 1).

Enzyme activities in liver, lung and kidney
Glutathione S-transferase activities are presented

in Table 2. Vitamin A deficiency resulted in
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Table 1. Status ofrats aJier receiving a vitamin A -deficient dietJbr 6 weeks
Male weanling rats (60-65 g) were maintained for 6 weeks either on a vitamin A-deficient diet or on an identical
diet supplemented with retinyl acetate (20000 i.u./kg). Results are expressed as means+ S.D. of the number of
determinations shown in parentheses. N.S., no significant difference between control and deficient groups (P> 0.05).
See the text for experimental details.

Mean daily growth rate (g/day):
0-4 weeks
5-6 weeks

Body weight (g)
Organ weights (g):

Liver
Lung
Kidney

Vitamin A content (,ug/g):
Liver
Lung
Kidney

Cytosol protein (mg/g):
Liver
Lung
Kidney

Control

5.4 +0.6 (15)
3.9+0.5 (15)
266 + 24 (15)

13.6+2.1 (15)
1.73 + 0.33 (10)
1.85 + 0.26 (10)

207 + 34 (10)
6.8 + 2.3 (5)
4.9 + 0.2 (5)

56.0+ 6.3 (10)
65.6 + 7.5 (5)
49.4 ± 5.0 (5)

Deficient

5.2+0.6 (15)
3.5 + 0.4 (15)
258+ 19 (15)

12.7+ 1.9 (15)
1.59 +0.25 (10)
1.89 +0.23 (10)

0.85 +0.81 (10)
0.79 + 0.25 (5)
0.80 + 0.25 (5)

51.7+6.7 (10)
63.4 + 5.1 (5)
44.5 + 3.6 (5)

Table 2. Effect ofvitamin A deficiency on hepatic, pulmonarv and renal glutathione S-transferase activities
Male weanling rats (60-65 g), maintained for 6 weeks on either a vitamin A-deficient diet or an identical diet
supplemented with retinyl acetate (20000 i.u./kg), were killed, and the livers, lungs and kidneys were used to
prepare the cytosols as source of the enzymes. The glutathione S-aryl-, S-aralkyl-, S-alkyl- and S-epoxidetransferase
activities were determined with 3,4-dichloronitrobenzene, 4-nitrobenzyl chloride, methyl iodide and 1,2-epoxy-3-
(4-nitrophenoxy)propane as the respective substrates. Enzymes activities (nmol/min per mg of protein) are
expressed as the means + S.D. of five determinations. Results of statistical comparisons between control and deficient
groups are given in parentheses. N.S., no significant difference between control and deficient groups (P> 0.05).
See the text for experimental details.

Glutathione S-transferase activities

Glutathione S-transferase
Aryl

Aralkyl

Alkyl

Epoxide

Liver

Control Deficient
77.4+ 13.9 118+ 16

(P< 0-01)
459+85 719+65

(P< 0.00 1)
82.6 + 10.5 119 + 10

(P <0.001)
125+11 190+12

(P< 0.001)

significant increases in glutathione S-aryl- (53%)
S-aralkyl- (57%), S-alkyl- (44%) and S-epoxide-
transferase (52%) activities in the liver. In the kidney,
S-aralkyl- (27%) and S-alkyltransferase (14%)
activities were also significantly increased in
deficient animals, although the increases were not as
great as in the liver. The activities of the renal
S-aryl- and S-epoxidetransferases were unchanged.
Vitamin A deficiency had no effect on any of the
four glutathione S-transferase activities in the lung.
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Addition in vitro of retinol or retinyl palmitate
(equivalent to 400-800,ug/g of liver) to the liver
cytosol from rats fed on the deficient diet had no
effect on enzyme activity.
Apparent enzyme kinetic parameters
Km and Vmax values were determined to evaluate

the effects of deficiency on the kinetics of the four
hepatic enzyme conjugation reactions. As shown in
Table 3, vitamin A deficiency significantly increased

N.S.
N.S.
N.S.

N.S.
N.S.
N.S.

P<0.001
P<0.001
P<0.001

N.S.
N.S.
N.S.

KidneyLung
1. --"

Control
1.8 + 0.4

42.2 + 8.3

15.0+ 2.8

12.9 + 2.8

Deficient
1.6 + 0.3
(N.S.)

35.5 + 5.2
(N.S.)

19.2+ 2.8
(N.S.)

11.6+ 2.4
(N.S.)

Control
3.9 + 1.1

243 + 50

62.0 + 3.8

118 + 26

Deficient
3.9 + 0.4
(N.S.)

308 + 20
(P<0.05)
70.6 + 3.8
(P < 0.02)
137 + 42
(N.S.)
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Table 3. Effect ofvitamin A deficiency on apparent kinetic parametersfor hepatic glutathione S-transferase activity
Male weanling rats (60-65 g), maintained for 6 weeks on either a vitamin A-deficient diet or an identical diet
supplemented with retinyl acetate (20000 i.u./kg), were killed and the livers were used as a source of the cytosol
enzymes. The glutathione S-transferase corresponding to the appropriate substrate is given in the legend to Table 2.
The kinetic parameters for GSH were obtained with 3,4-dichloronitrobenzene as the second substrate. The kinetic
parameters are expressed as the means + S.D. of five determinations. Results of statistical comparison between
control and deficient groups are given in parentheses. N.S., no significant difference between control and deficient
groups (P > 0.05). See the text for experimental details.

Apparent kinetic parameters

Km (mM)
A.-K A

Substrate
3,4-Dichloronitrobenzene

Control
2.9 + 0.7

4-Nitrobenzyl chloride

Methyl iodide

0.40 + 0.06

1.4 + 0.1

1,2-Epoxy-3-(4-nitrophenoxy)propane

GSH

0.66 + 0.21

0.18 + 0.05

Deficient
3.6 + 0.5
(N.S.)

0.43 + 0.10
(N.S.)

1.5 + 0.3
(N.S.)

0.78 + 0.18
(N.S.)

0.39 + 0.11
(P<0.01)

Vmax (nmol/min per mg of protein)
A_

Control
297 + 46

636+ 125

129 + 9

301 + 59

56.6 + 6.6

Deficient
536 + 89
(P< 0.00 1)
1012+ 154
(P< 0.01)
161 + 21
(P < 0.05)
466 + 88
(P< 0.01)
111 + 25
(P < 0.002)

the maximal enzymic rate (Vmax.) of conjugation of
GSH (saturating concentration) with 3,4-dichloro-
nitrobenzene (81%), 4-nitrobenzyl chloride (59%),
methyl iodide (25%) and 1,2-epoxy-3-(4-nitro-
phenoxy)propane (55%). The apparent Vmax for
conjugation between GSH and 3,4-dichloronitro-
benzene, as determined by varying the GSH con-
centration, was increased by 96% in animals fed on
the deficient diet. The apparent Km for GSH was
similarly increased (1 17%) in the livers from rats fed
on the deficient diet (Table 3). However, the apparent
Km values for the other four substrates were
unchanged in vitamin A deficiency.

Discussion

Drug metabolism in vitamin A deficiency has
been studied by several groups. These investigators,
concentrating mainly on the microsomal cyto-
chrome P-450-dependent (phase 1) reactions, have
reported that activities of several enzymes are
decreased in deficiency (Yonemoto & Oh, 1969;
Becking, 1973; Colby et al., 1975; Chhabra et al.,
1977). Conjugation (phase 2) reactions, on the other
hand, have been largely ignored in vitamin A
deficiency. However, a brief report by Chhabra et al.
(1977) indicated that the hepatic and pulmonary
glutathione S-transferase activities were not affected
in vitamin A-deficient rabbits and guinea pigs. This
is partly in contrast with the present findings that
indicate that several hepatic and renal glutathione
S-transferase activities were significantly increased
in deficient rats. This, however, may be due to a

species difference in the response to vitamin A
deficiency.

The increases in hepatic glutathione S-trans-
ferase activities in vitamin A deficiency resemble
qualitatively those seen after induction with pheno-
barbital, 3,4-benzopyrene or 3-methylcholanthrene
(Kaplowitz et al., 1975). In the rat kidney, however,
these three agents induced the glutathione S-aryl-
and S-aralkyltransferase activities, but had no effect
on the S-alkyl- and S-epoxidetransferase activities
(Clifton et al., 1975), whereas in vitamin A
deficiency only the S-aralkyl- and S-alkyltrans-
ferase activities were significantly increased. The
glutathione S-transferase activities in the lung, on
the other hand, were increased by pretreatment with
phenobarbital (Smith et al., 1978), but not by other
inducing agents (Moron et al., 1979; Smith et al.,
1978) or by vitamin A deficiency. Preliminary
results indicate that extension of the deficiency for
up to 10 weeks still had no effect on the renal and
pulmonary glutathione S-aryltransferase activity.
The increases in Vmax of the hepatic glutathione

S-transferases in vitamin A deficiency indicate that
the amounts of these enzymes had increased by
presently unknown mechanisms. The increases in the
transferase enzymes appear to be a specific response
to deficiency, since the total hepatic cytosol protein
concentration was unchanged. Although the Km
values of the four xenobiotics were not altered, that
of GSH increased over 2-fold in deficiency, indicat-
ing an alteration in affinity of the enzyme for this
endogenous substrate. This increase in Km may not
be of any great significance in the metabolism of
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most drugs in vivo, since, in vitamin A-deficient rats,
the hepatic intracellular GSH concentration of over
5mM (Z. H Siddik, R. Drew & T. E. Gram, un-
published work), which is more than 10-fold greater
than the Km for GSH in most conjugation reactions
(Habig et al., 1974; Baars et al., 1978) (Table 3),
would be sufficient to saturate the enzymes with
GSH, and thus not affect the rate of metabolism
of the xenobiotics. Similarly, the quantitative in-
creases in the activities of the glutathione S-
transferases seen in vitamin A deficiency were
probably not affected by the increase in Km for
GSH, owing to the high concentration of GSH
(10mM) employed in the enzyme assays carried out
in vitro.
The present study therefore indicates that vitamin

deficiency increases glutathione S-transferase ac-
tivities in rat liver and kidney, but not lung. The
increase in liver contrasts with the general depres-
sion of hepatic mono-oxygenase activities in this
condition. Five glutathione S-transferases exist, pos-
sessing overlapping specificities (Jakoby et al., 1976)
and our results need not indicate increased activity
of all; they could suggest increased activity in liver of
only transferases A and E, and in kidney of only E.
In lung, our finding of unchanged transferase
activity indicates that the greater susceptibility of
vitamin A-deficient respiratory tract to chemical
carcinogens (Sporn et al., 1976) is due to mechan-
isms other than the decreased glutathione S-trans-
ferase activity believed responsible elsewhere by
Smith et al. (1977). However, in liver, the increased
transferase activity we found may protect vitamin A-
deficient rats against hepatocarcinogens metabolized
there.
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