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Influence of Dietary Zinc, Copper and Cadmium Levels
on Rat Liver Aryl Sulfotransferase IV Activity
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Aryl sulfotransferase (AST) IV is a liver enzyme involved in detoxication and has been shown to be susceptible
to down regulation by a number of hepatotoxic xenobiotics. Studies presented here to investigate the ability of
hiological and non-biological divalent metal cations on AST IV activity showed that AST [V was strongly inhibited
following in vitro or in vivo exposure to Zn (1l ), Cu(Il) or Cd(II). It was found that 0.025~2.5 uM of these
metal ions were sufficient to cause 50% of inhibition ir vitro in purified AST IV and 0.25~25 uM of these metal
ions in liver cytosolic fractions. For the in vivo study, 1,000 mg Cu (1I Ykg, 2,000 mg Zn (11 )/kg or 250 mg Cd
(Il )/kg was added to individual diets and administered to three (3) groups of mats over a 7 week period. The
Cu (1 )-supplemented diet produced no apparent change in rat growth rate and resulted in 30-fold increase in liver
cytotolic Cu (1) levels, suggesting that elevated levels of Cu (1) ion in the liver were responsible for the loss
of AST IV activity. In contrast, the Zn ( II )-supplemented diet caused a decrease in rat growth rates and resulted
in zero increase in liver Zn (1) levels, which suggested an indirect inhibition mechanism was caused by Zn (1I)
in the liver. Rats were fed the Cd-supplemented diet also displayed a decrease in growth rate with little or no
change in liver Cu(H) or Zn(1l) levels. When the liver cytosols of rats from the metal ion diets were
immmochemically analyzed for the AST IV and albumin contents, no significant changes were observed in albumin
levels. However, AST IV contents in the cytosols of rats fed the Zn ( I )-supplemented diets showed a slight decrease
in amount. These results showed that AST IV activity in vitro and in vivo can be inhibited by Cu (1), Zn (11),
and Cd(1I1) by apparently different mechanisms. The immediate response to a Zn injection showed a decrease
in AST IV activity but not in the AST IV content in liver cytosol. These mechanisms appeared to involve direct

actions of the metal ion on AST IV activity and indirect actions affecting AST IV amount.
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INTRODUCTION

An important functions of the liver is to detoxify blood
borne xenobiotics by way of enzymatic conjugation to
polar water-soluble metabolites. In some instances, the
enzymatic conjugations may lead to both detoxication
as well as to the production of highly toxic metabolites
capable of causing genotoxic and cytotoxic damage. One
enzyme involved in such conjugation reaction is aryl
sulfotransferase (AST) IV. Specifically, AST IV has been
reported ™" to be one of the primary enzymatic activities
in the liver responsible for generating bioactivated, autogenic
metabolites of various arylamine hepatocarcinogens, such
as 2AAF. In addition, AST IV activity has been shown
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to display an unusual susceptibility to inhibition in vivo
during the dietary administration of a number of known
hepatocarcinogens.” ' Recently, the ability of AST IV
activity to be modulated during hepatocarcinogenesis by
2AAF in the diet has been suggested to have a role in
liver cancer development.’” It has been reported that a
rat liver sulfotransferase with structural properties similar
to AST IV and able to utilize N-OH-2AAF as an acceptor
in sulfate monoster formation was inhibited by various
divalent cations, including Zn (1) and Cu (II) cations."
Zinc and copper divalent cations have been well
characterized as essential to biological functions of living
organisms'® and to play a role in the regulation of some
proteins.”’lg) Furthermore, it has been well established
that the amounts of these metal cations must be maintained
within narrow limits if functional integrity of living
organisms is to remain unimpaired.'® In order to assess
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the possible effects of these metals on AST IV activity,
studies were conducted in vitro and in vivo with divalent
cations of zinc and copper as well as cadmium, a known
antagonist of zinc (II) and copper (II) and animal
toxin.'”*” The results of these studies indicated that @)
purified AST IV and AST IV in liver cytotols were readily
inhibited in vitro by the addition of zinc (II) and copper
(II) and cadmium (II) ions, (b) AST IV activity in the
cytosols of rats fed diets supplemented with the zinc (1),
copper (II) and cadmium (II) ions or rats injected
intraperitoneally with these metal ions were also
significantly inhibited, and (c) the mechanism of metal
ion inhibition on AST IV activity may involve both
decreases in enzyme specific activity and down regulation
of enzyme expression.

MATERIALS AND METHODS

1. Animal and Dietary Protocols

Male Sprague-Dawley rats (8 weeks, SASCO, Inc.,
Omaha, NE) were fed one of five diets for 7 weeks. The
diets contained a zinc test diet (#23566) purchased from
U.S. Biochemical Corp. (Cleveland, OH) supplemented
as described below:

1) Control diet, containing 10 mg Cu (I )/kg diet and
50mg Zn (II)/kg diet;

2) Zinc (11 )-deficient diet, containing 10 mg Cu (II)
/kg diet and < 2mg Zn (1l )/kg diet;

3) Zinc (II)-supplement diet, containing 10 mg Cu (II)
/kg diet and 2,000 mg Zn (I)/kg diet;

4) Copper-supplement diet, contai/kg diet and 50 mg
Zn (1T )/kg diet;

5) Cadmium-supplement diet, containing 10 mg Cu (I1)
/kg diet and 50 mg Zn (II)/kg diet and 250 mg Cd (1)
[kg diet

Eight rats were placed on each of diets 3, 4 and 5
while 29 rats were given diet 1 and 24 rats diet 2. After
7 weeks, one-half of control and one-half of zinc-deficient
rats were injected once intraperitoneally (i.p. with 20 mg
Zn/kg body weight). All rats were housed in stainless
steel cages and fed 15 g of assigned diet/rat/day throughout
the experimental period.

2. Chemicals

p-Nitrophenylsulfate, PAP, Zinc acetate, cupric sulfate
and cadmium chloride were purchased from Sigma

Chemical Co. (St. Louis, MO). The N-OH-2AAF was
supplied by Dr. Robert A Froyd (Associate Member,
OMRF, Oklahoma City, Oklahoma). 2-Naphthol was
purchased from Aldrich Chemical Co. (Milwaukee, WI).
All solvents and acids were analytical grade and were
obtained from Sigma Chemical Co. (St. Louis, MO) or
Fisher Scientific (Pittsburgh, PA). PAPS was purchased
from Dr. Sanford Singer, Dept. of Chemistry, University
of Dayton, Dayton, OH. Purified AST IV and antisera
to AST IV were prepared as previously described by
Ringer er al.”® Rabbbit anti-serum to albumin was
purchased from Cappell Co., Westchester, PA.

3. Preparation of Rat Liver Cytosols

For the preparation of rat liver cytosols, rats were killed
by cervical dislocation and their livers were removed and
homogenized in a Potter-Elvehjem homogenizer with 3
vol. of 25 M sucrose. Post-microsomal supernatant was
obtained by centrifugation at 100,000 g for 60 min. The
upper lipid layer of the post-microsomal supernatant
fraction was removed, and the remaining supernatant was
collected and protein concentration was determined
according to the method of Lowery er al.’”

4. Sulfotransferase Assays

N-OH-2AAF sulfotransferase activity in liver cytosols
was measured as described by Mulder and Meerman.”
In this assay, p-nitrophenylsulfate was used as a sulfate
donor in the phenol sulfotransferase catalyzed conversion
of PAP to PAPS. The rate of sulfation was monitored
spectrophotometrically by following the accumulation of
p-nitrophenol (450 nm) that paralleled the formation of
the N-OH-AAF sulfate ester. A typical reaction mixture
contained in 0.5mL: 100 mM Tris (pH 8.0), 10 mM
p-nitrophenylsulfate, 20 uM PAP, 0.5 mM N-OH-AAF,
5% (v{v) ethanol, and 300 ug protein from cytosol. The
reaction was initiated by the addition of protein and the
absorbancy at 405 nm was continuously monitored with
a Gilford 250 spectrophotometer during a 10-min incubation
at 31 C. Sulfotransferase activity was expressed as nmoles
of p-nitrophenol released per min per mgcytosol protein.

In some experiments, 2-naphthol was used as substrate
to measure the activity of sulfotransferase.” The standard
assay for AST IV was conducted at pH 5.5 with 0.25 mM
2-naphthol as acceptor substrate. Incubations were terminated
after 3 min at 37 C and the product was determined with
methylene blue. The enzyme activity was expressed as
the nmol of p-nitrophenol formed-nitrophenylsulfate/min
/mg cytosol protein.
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5. Immunodetection(Western Blot) of AST IV
and Albumin

The analysis of liver cytosols for AST IV and albumin
content was performed by electrophoresis, electroblotting,
and immunochemical detection with antibodies to AST
IV and albumin as previously described by Ringer et al.™

Briefly, 4 ug cytosolic fraction was elctrophoresed
using a Phast System single-dimension 10~15% gradient
polyacrylamide gel with SDS-buffer strips, Pharmacia
LKB Biotechnology, Inc. (Piscataway, NJ). Proteins from
the Phast system gels were then electrophoretically
transferred from the gels to nitrocellulose paper with the
aid of Trans-Blot apparatus (model 250, Bio-Rad, Richmond,
CA). The nitrocellulose was then immunochemically
developed by the initial 2-h incubation with antiserum
to AST IV (diluted 1:1,000), of antiserum to albumin
(diluted 1:10,000), followed by binding of peroxidate-
conjugated anti-rabbit IgG as the secondary antibody.
Positive signals on the filter paper were generated by
a peroxidase-catalyzed reaction between hydrogen peroxide
and 4-chloro-1-naphthol.

6. Metal Analysis

Glassware used in the analysis for metals were cleansed
in 3.2 N nitric acid (for 24 h) and rinsed at least five
times with distilled deionized water for analyses of cytosol
and tissues. Samples (1 mL of cytosol and 1 g of tissues)
were placed in 5 mL Erlenmeyer flasks and 2~4 mL of
12 N nitric acid was added. Samples were digested (100 C)
and then evaporated and diluted with distilled deionized
water to appropriate volumes. Trace element levels were
determined by atomic absorption spectrophotometry
{Perkin-Elmer, Model 306, Norwalk, CT).

7. Serum GOT Assay

Serum GOT activity in rat serum was determined using
a Sigma GOT kit (cat. #505, Sigma Chem. Co., St. Louis,
MO). Measurements were made with a Gilford 250
spectrophotometer, by Karmen’s method.”” Serum GOT
activity was expressed in LU. (25 C), where 1.U. equaled
the amount of enzyme which convert 1uM of substrate
per min per liter of serum.

RESULTS

1. In Vitro Inhibition of AST IV Activity by Zinc
(1), Copper (1), and Cadmium (11)

The ability of Zn (II), Cu (II) and Cd (II) to inhibit

the sulfotransferase activity of AST IV was assessed both

for the purified enzyme and rat liver cytosolic fraction.
As shown in Fig. 1A, all 3 metal ions were effective
inhibitors of purified AST 1V, producing 50% inhibitions
over a relatively narrow, 0.025~2.5 uM, concentration
range. A similar pattern of sulfotransferase inhibition by
the metal cations was observed for rat liver cytosols, Fig.
1B, but required higher concentrations of metal ions for
50% inhibition, i.e., 0.25~25 uM. The order of magnitude
for higher metal ion range required for the inhibition of
cytosolic sulfotransferase activity probably reflects the
relative effect of ion loss through binding interaction
with other proteins in the cytosol. Although liver cytosols
contain a number of aryl sulfotransferase, it was possible
to distinguish AST IV by its activity as in Fig. 1B by
measuring its activity toward 2-naphthol at pH 5.5 (Sekura
[Jakoby). These conditions were used in subsequent
studies to monitor the cytosolic AST [V activity of livers
from rats exposed to the metal jons in their diets,
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Fig. 1 Inhibition of AST IV activity by the divalent cations of Zn,
Cu and Cd (A), Purified AST IV and (B), liver cytosol.

Purified AST I and rat liver cytosols were prepared as described in Materials
and Methods. PAPS-dependent sulfotrnasferase activity was determined by the
2-naphthol assay. The resulis are expressed relative to the control without addition
of the metal ions.

2. Effect of Zinc (1) and Copper (1I) Accummulation
in Liver on Rat Growth Rates and Serum GOT
Levels

Rats were fed S test diets of varying zinc (11), copper
(II) and cadmium (II) compositions (see Materials and
Methods) for 7 weeks. Whole liver tissue samples and
liver cytosolic fractions were obtained at the end of the
7 weeks from each animal, then zinc (II) and copper (11)
accumulations were determined by atomic absorption
spectroscopy, as shown in Table 1. As can be seen, the
only diet which significantly altered tissue or cytosol copper
(II) levels was the Cu-supplemented diet. In response
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to a 100-fold increase in dietary copper, liver tissue and
cytosols showed 40- and 30-fold increases in copper (11),
respectively. In contrast, zinc (II) accumulation in liver
tissue and cytosol was little affected by the administration
of a diet with 40-fold increase of zinc (II) or a zinc-deficient
diet containing <4% the zinc in the control diet. However,
zinc (II) levels in liver samples did significantly increase
over control levels when the diet was supplemented with
250 ng cadmium/g diet. Cadmium (1I) had no effect on
copper (II) accumulation in the same liver samples.

Remarkable changes in rat body and liver growth rates
were observed during the 7-week period of test diet
administration. The Zn-deficient, Zn-supplemented, and
Cd-supplemented diets caused 17~20% decreases in rat
body weights (Table 1) and 24~36% decrease in rat liver
weights (Table 1) while the Cu-supplemented diet had
no effect on rat growth rates. Among the rats fed the
diets causing reduced growth rates, only the decreases
for the rats fed the Zn-deficient diet appeared to be
proportionate and resulted in values for liver as % of
rat body weight that matched values for rats fed control
diet (Table 1). Both Zn-supplement and Cd-supplement
diets caused disproportionately greater decreases in liver
weights than body weights and produced 18~19% lower
values for liver as % of rat body weight.

The serum GOT levels for each group of rats were
also determined at the end of the 7 weeks. As shown
in Table 2, the diets caused little or no elevation in serum
GOT values, with only the Zn-deficient diet producing
a small but significant 2-fold increase. These results
indicated that while some of the test diets did affect rat
body and liver growth rates, there was little if any acute
toxicity caused by the diets.

Table 2. General effects of test diets on rat growth rate

Liver Body Liver SGOT
weight weight /Body
(A) B weight (C) D)
Control 10.8+0.6 3150+ 152 0.034 6.72.0
Zn-deficient ~ 8.2+0.3 2580+ 24% 0032 15.844.2
Cu 1,000 10.1+0.1 3093+ 13.8°  0.033 9.0+2.7
Zn 2,000 6.9+0.3 251.0¢11.39”  0.027 13.0+89
Cd 250 72404 2613+ 577  0.028 5.9+1.9

(A), liver weight; (B), rat body weight; (C), liver as % of rat weight; (D),
SGOT activities of rats.

Rats were fed individual diets for 7 weeks as described in Methods and Materials.
Each bar represents the average of four rats. The SEM is indicated in the Fig.,
Zn-, zinc-deficient diet; Zn, zinc-supplement diet (2,000 mg Zn (I )/kg diet);
Cu, copper-supplement diet (1,000 mg Cu (11 )/kg diet); Cd, cadmium-supplement
diet (250 mg Cd ( 1t )/kg diet).

Data were analyzed statistically using the SPSS program.

The values with different small letters in the same column are significantly
different (p<0.05).

Table 1. General effects of test diets on rat growth, body weight, liver weight, metal accumulation

Average weight(g)

Metal accumulation

. amount at 7 weeks Liver Cytosol
Diet and supplement added .
Body Liver Cu Zn Cu Zn
(ng/diet) (ug/g fresh tissue) (ug/mL cytosol)
Control, zinc test 315.0+15.2° 10.8+0.6 2.6+ 027 29.1+15 1.1+ 027 3.220.1
Zn 50 '
cd 0
Zinc-deficient 258.0+ 247 8.2+0.3 3.8+ 0.4 20.8+0.8 1.0+ 02 2.6+0.2
n <2
cd 0
Zinc-supplement 251.0+11.3% 6.9+0.3 33+ 05 30.5+1.5 1.2+ 02 3.4+0.3
Zn 2,000
cd 0
Copper-supplement 309.3+13.8” 10.1+0.1 127.2+59.0” 29.6+0.8 28.1+ 9.7V 34202
Cu 1,000
Zn 50
cd 0
Cadmium-supplement 2613+ 5.7% 7.2+0.4 1.9+ 0.3 40.8+2.3 1.0= 0.1 5.810.4
Zn 50
cd 250

Rats were fed individual diets for 7 weeks as decribed in Methods and Materials.

Zn-, zinc-deficient diet; Zn, zinc-supplement diet (200 mg Zn (11 )/kg diet); Cu, copper-supplement diet (1,000 mg Cu { Il )/kg diet); Cd, cadmium-supplement diet

(250 mg Cd (Il )/kg diet).

Data were analyzed statistically using the SPSS program. The values with different small letters in the same column are significantly different (p<0.05).
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3. Sulfotransferase Activity of Liver Cytosols
from Rats Fed Diets with Differing Metal Ion
Contents

Cytosolic fractions were isolated from the livers of rats

following completion of 7 weeks on metal test diets and
evaluated for levels of sulfotransferase activity using
2-naphthol and N-OH-2AAF as substrates. As shown in
Fig. 2, relative to values for cytosols from rats fed control
diet, rats administered the diets supplemented with zinc
(), copper (II) or cadmium (II) caused a 40~50%
decrease in the activity towards 2-naphthol, while rats
received the Zn-deficient diet showed a 30% increase.
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Fig. 2 Liver cytosolic AST NV activity of the livers from rats fed
diet with differing metal ion contents. AST IV activity was
assayed using 2-naphthol as substrate. Each bar represents
the mean and S.E.M. for three to five determination for four
individual samples. The value with different small letters on
the bars are significantly different (p<0.05). AST IV activity
was assayed using N-OH-2AAF as substrate as described in
Materials and Methods. Each bar represents the average of
duplicate determinations performed on a cytosol pool containing
lmg each from 4 different cytosols.

When cytosols were also evaluated for sulfotransferase
activity utilizing N-OH-2AAF as a substrate, the pattern
of activity was essentially identical to that seen with 2-
naphthol. Sulfotransferase activity in liver cytosols toward
N-OH-2AAF has been reported to be primarily an activity
of AST IV*” and further supports the 2-naphthol results
indicating that the losses in cytosolic sulfotransferase
activity reflects a loss in AST IV activity.

4. Effect of a Single Acute Dose of Zinc (II) on
Liver Sulfotransferase Activity

In order to determine whether AST [V activity was

sensitive to inhibition by a rapid increase in zinc levels,

a single ip. dose of 20 pg Zn (II)/g B.-W. was administered

to rats fed either control diet or the Zn-deficient diet.

As shown in Fig. 3 and 4, during the following 6 hrs
post-injection, there was large and rapid accumulation
of zinc (II) in the liver tissues and cytosolic fractions of
rats from both dietary protocols. Interestingly, accumulations
of zinc (II) in the rats fed Zn-deficient diet lagged
somewhat behind those fed control diet. Measurement of
liver sulfotransferase activities toward 2-naphthol and N-OH-
2AAF, as in Fig. 5, showed that the activity was decreased
as zinc was accumulated in the liver. Determination of
serum GOT values, as shown in Table 2, for the rats
in these experiments indicated that at 6 hrs post-injection
of zinc, rats fed control diet went from 8 to 110 LU./mL
while rats fed the Zn-deficient diet went from 19 to 62 LU,/
mL (data not shown). These results suggest considerably
more cytotoxicity occurred with the i.p. injection of zinc
than occurred during the chronic administration of the
Zn-supplement diet (see Fig. 2 and Fig. 5), and raise the
possibility that lost activity may not simply resulted from
the elevated levels of zinc (II) in the liver.
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Fig. 3 Zinc accumulation in the liver fresh tissue in i.p. injected
rats (Zn 20 ng/g. B.W))

A; Control diet, B; Zinc-deficient diet
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5. Comparison of the Relative AST IV and Albumin
Content in the Liver Cytosols of Rats Administered
Diets with Varying Metal Ion Contents

To gain further insight into mechanisms responsible for
the loss of AST IV activity, pooled liver cytosols from
each test diet group were immunochemically evaluated
for relative AST IV content. As shown in Fig. 6a, Westermn-
blot immunochemical analysis indicated that a qualitative
pattern of altered AST IV content was existed which
paralleled the previous pattern of altered AST IV activity
caused by the test diets (see Fig. 5).

On a quantitative basis, the immunochemical data suggested
that only a portion of the metal ion-mediated losses in
AST IV activity could be attributed to a lowering of AST
IV cytosolic content. When liver albumin levels were
similarly determined for the same cytosolic pools, as in
Fig. 6b, no differences in albumin levels were observed
for any of the metal ion test diets, suggesting a selectivity

b
2 hours

N W s e N o ©

Sulfotransferase activity*
(nMoles p-Nitrophenol/min/mg)

Control Zn 20ug Zn 20ug Control Zn 20ug Zn 20ug

Control diet Zinc—deficient diet
Fig. 5 Liver cytosolic AST IV activity of rats following i.p. injection
of 20 ug Zn( I1)/g B.W.

A; Control diet, B; Zinc-deficient diet

AST IV activity was assayed using 2-naphthol as substrate. Liver cytosol were
prepared from the rats injected with water (control) or with zinc (20 ug/g B.W.).
Each bar is the average of two or three determinations for four individual samples.
Values with different small letters are significantly different at 5% level.
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Fig. 6 Immunochemical analysis (Western Blot) of relative AST IV
and albumin contents of liver cytosolic fractions from rats
on diets with varied amounts of metal ions.

Western-blot immunodetections of AST IV (A) and albumin (B) levels were

performed as described in Materials and Methods on liver cytosols from rats

fed control diet (Control), Zn-deficient diet (Zn-), Zn-supplemented diet (Zn 2,000),

Cu-supplemented diet (Cu 1,000), or Cd-supplemented diet (Cd 250).

Data represent the pattern observed for duplicate determination on the pooled

cytosolic samples described in Fig. 2.

Western Biot (AST V)

CNTL CNTL CNTL Zn- Zn-
20 Hz0 20 H20
2hr 2hr 6hr 6hr

Acute effect

Fig. 7 Immunochemical analysis (Western-blot) of relative AST IV
of liver cytosolic fractions in i. p. injected rats (Zn 20 ug/g.
B.W.) fed control and zinc-deficient diet.

Western-blot immunodetections of AST IV were performed as described in
Materials and Methods.

for metal ion action on AST IV. Also, as shown in Fig.
7, the acute Zinc i.p. injection did not alter the contents
of AST IV contents of cytosolic fractions

DISCUSSION

AST 1V is a liver phenol sulfotransferase known to
have broad substrate specificity’” and to be involved in
the bioactivation of various chemical carcinogens.z’s)
Previous reports have shown that AST IV activity can
be down modulated by xenobiotics and genotoxics in the
liver."® The identification of compounds which alter
the activity of detoxication enzymes, such as AST IV,
and understanding the mechanisms involved are important
components in the process of assessing the overall
biological response to toxic chemicals and designing ways
to overcome or prevent toxic damages. Results reported
here demonstrate for the first time that chronic administration
of diets to rats which contain elevated levels of zinc,
copper or cadmium divalent cations cause a loss of liver
AST 1V activity. Furthermore, results are presented which
suggest that mechanisms involving (a) inhibition of AST
IV activity by metal ions, and (b) a metal ion-mediated
decrease in AST IV abundance are responsible for the
loss in activity.

Wu and Straub™ demonstrated that zinc (II) and copper
(II) were strongly inhibitory at very low concentrations
to a partially purified liver sulfotransferase with activity
for N-OH-2AAF. In this study, similar inhibitions by zinc
() and copper (I ) were observed for purified AST IV,
and liver sulfotransferase suggested to be the principal
liver N-OH-2AAF sulfotransferase activity. Although the
sensitivity to metal ion inhibition for AST IV (Fig. 1)
appeared to be approximately 10-fold greater than reported
by Wu and Straub," it is not known whether these 2
enzymes are one in the same or isoenzymes. The inhibition
of AST IV to cadmium is the first report of sulfotransferase
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sensitivity to cadmium (II). Cadmium (II) is a non-biological
transition metal with physicochemical properties similar to
zinc(Il) and copper(ll) allowing it to interfere with
normal biological roles of zinc (II) and copper (II). Zinc
(1), copper (I) and cadmium (II) were also shown to
inhibit AST IV activity when added to rat liver cytosolic
fractions (Fig. 1). This provided a basis for the monitoring of
changes in AST IV activity following in vivo accumulations
of the metals in rat liver. When rats were administered
diets supplemented with copper (II) (1,000 mg/kg diet),
liver cytosolic fractions showed a marked increase in
coppet ion concentrations and a corresponding 50% decrease
in AST IV activity (Table 1 and Fig. 2). The levels of
copper (II) in the cytosol corresponded to concentration
in excess of 400 uM and were well above the levels needed
for direct inhibition of AST IV activity in vitro (see Fig.
1). Furthermore, the copper supplemented diet neither
caused a change in rat body or liver growth rates, nor
in rat serum GOT levels. Taken together, these suggest
that copper (II) ion lowering of liver AST IV activity
in rats fed the copper supplemented diet probably reflects
direct inhibition of activity by nearly 30-fold elevation
of copper (II) ion in liver cytosols.

In contrast, rats fed the zinc-supplemented diet (2,000
mgf/kg diet) showed essentially no change in liver
cytosolic zinc (II) ion concentration, yet also caused a
>50% loss of cytosolic AST IV activity. Also in contrast
to copper (1), the zinc-supplemented diet caused a small
but significant reduction in rat body and liver growth
rates (Table 1). While this suggested a retarding of rat
growth and development by elevated zinc (II), the
observations showing that liver 0.027% of rat body
weight values and serum GOT values were normal
(Table 2), indicated that the liver was not a specific target
for zinc (II) toxicity. Moreover, when a zinc-deficient
diet (<2 mg Zn (Il )/kg diet) was similarly administered
to rats, rat growth rates were again retarded, serum GOT
levels slightly (2-fold) elevated, but no significant changes
were observed in liver cytosolic AST IV activity nor in
zinc (II) accumulation. This supports the above conclusion
suggesting that zinc-related changes in rat growth rate
do not correlate with subsequent changes in AST IV
activity. Of further interest, the 7 week administration of
the zinc-deficient and zinc-supplemented diets caused
essentially no change relative to control diet in liver
accumulation of zinc (II) (Table 1), indicating that the
liver maintained tight regulation on dietary uptake of
zinc. However, zinc (II) levels in the liver could be
rapidly elevated 2-4 fold upon i.p. injection of 20 mg
Zn (II)/kg B.W. in rats previously maintained on control

or zinc-deficient diets (Fig. 4), causing a 50% drop in
cytosolic fraction AST IV activity by 6 hours post i.p.
injection. While this suggests that elevated levels of zinc
(II) in the liver can result in a lowering of AST IV
activity, caution is required since the i.p. injection of zinc
(II) also resulted in 10-fold elevation of rat serum GOT
levels (data not shown).

When rats were administered diets supplemented with
cadmium (1) (250 mg/kg diet), liver AST IV activities
were again lowered to approximately 50% of control liver
levels. The cadmium-supplemented diet also appeared to
cause a decrease in rat body and liver growth rates, but
unlike the zinc diets, to have a proportionately greater
effect on liver growth rates (Table 1). Interestingly, the
cadmium-supplemented diet also caused a 2-fold increase
in liver zinc (1) accumulation while not changing liver
copper levels. Cadmium (II) has previously been reported
to cause a slight increase in liver zinc accumulations
although the mechanism is not known.”” While it is
possible that the cadmium-mediated elevation of liver zinc
(II) levels may account for the loss in AST IV activity,
levels of cadmium (II) in the liver, not determined in
this study, must also be considered as a possible cause.

Among other mechanisms by which the metal ion-
supplemented diets can cause lowering of liver AST IV
activity is the metal-mediated decrease in liver AST IV
content. Immunochemical evaluation of the relative levels
of AST 1V in liver cytosolic fractions revealed that while
the copper-supplemented, cadmium-supplemented and zinc-
deficient diets did not cause significant lowerings of AST
IV, both zinc-supplemented diets produced a relative
lowering of cytosolic AST IV (Fig. 6). The fact that the
decreased enzyme amount did not quantitatively parallel the
activity losses may reflect technical differences between
measurements of AST IV activity and amount, or may
indicate that lowering of AST IV activity results from
a combination of inhibited AST IV activity and decrease
in enzyme amount. Immunochemical determination of

- albumin levels in the same samples showed no metal

diet-mediated changes in albumin content, suggesting an
absence of general translational problems in the tissues
and supporting a selective effect on AST IV.

These results showed that losses in liver AST [V activity
result from either in vitro or in vive exposure to zinc
(1), copper (11), and cadmium (II). While the in vitro
results and copper-supplemented diet results indicate that
the metal ions can act directly to cause the inhibition
of AST 1V activity, the diets supplemented with zinc (I1)
and cadmium (II) suggest other mechanisms, such as
those that able to cause a decrease in AST IV amount
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in the liver, must also be involved. Elucidation of these
mechanisms and assessments of the effect of metal ions
on AST IV function as xenobiotic detoxifying pathway
will require further research.
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