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Abstract—Thallium (TICl;) administration to rats produced a dose-dependent loss of hepatic
NADPH-cytochrome ¢ {P-450) reductase and microsomal mixed function oxidase activities within 2~
4 hr following treatment. These changes occurred independently of apparent effects on microsomal heme
or cytochrome P-450 content, both of which remained unchanged with respect to control levels despite
transient inhibition of 8-aminolevulinic acid {ALA) synthetase and induction of heme oxygenase. These
results are consistent with the recognized properties of thallium as both a flavoprotein antagonist and
sulfhydryl inhibitor and differ uniquely from the action of other metals which impair mixed function
oxidase activity through compromise of heme biosynthesis and heme depletion. The potential utility
of thallium compounds in further evaluating the functional characteristics of NADPH-cytochrome ¢
(P-450) reductase and its role in microsomal oxidative processes is suggested from these observations.

Previous studies from these and other laboratories
have demonstrated the development of a deficiency
in microsomal mixed function oxidase (MFO) activi-
ties in livers of animals following treatment with
various trace metals and metal-containing com-
pounds [1-10]. Although the precise mechanisms by
which this phenomenon occurs have not been elu-
cidated, these events appear to be closely related to
reduction of hepatocellular heme levels resulting
from inhibition of 6-aminolevulinic acid (ALA) syn-
thetase and/or induction of heme oxygenase, the
rate-limiting enzymes in heme biosynthesis [11] and
degradation [12] respectively. Cellular heme deple-
tion subsequently leads to reduction in cytochrome
P-450 content with concomitant compromise of P-
450-dependent oxygenation reactions. Impairment
of the mixed function oxidase system resulting from
inhibition of intermediate enzymes of the heme bio-
synthetic pathway by various metals has also been
demonstrated {1, 2, 4, 7, 13].

Typically, alterations of heme metabolism and
consequent effects on heme-dependent MFO activity
are not precisely correlated in time, the former event
usually preceding the latter by several hours or days
following metal treatment. Thus, a latency period
of 24 hr or more is often required for depletion of
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cellular heme to an extent sufficient to affect P-
450-dependent enzyme activities. Within the context
of these observations, therefore, it was interesting
to observe in recent studies from these laboratories
{5, 14-16] on the mechanisms of action of group III
trace metals, which includes aluminum, indium and
thallium, that several elements of this series produce
a rapid depression of MFO enzyme activities within
a time course following treatment which is substan-
tially less than that anticipated on the basis of the
usual latent period for this effect observed with other
metals. Moreover, this effect occurred at dose levels
which do not produce generalized inhibition of pro-
tein synthesis. Thallium is especially effective in this
regard, producing a pronounced depression of
microsomal aniline hydroxylase within 2-4 hr after
intraperitoneal administration, with no apparent sig-
nificant effect on cytochrome P-450 or microsomal
heme levels. This observation is particularly intri-
guing inasmuch as it suggests that thallium might
contribute to impairment of MFO activities through
mechanisms other than those involving direct effects
on heme metabolism and heme-dependent compo-
nents of the mixed function oxidase system. More-
over, the known properties of thallium as a flavo-
protein antagonist [17, 18] and as a potent sulfhdryl
group inhibitor [19, 20] suggest that interference with
microsomal oxidative metabolism might be mediated
via inhibition of the flavoprotein component of that
system, NADPH-cytochrome ¢ (P-450) reductase
(EC 1.6.2.4).
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The present studies were undertaken to investigate
the mechanisms through which thallium mediates
inhibition of microsomal MFO activities in rat liver.
The effects of thallium on heme biosynthetic and
degradative enzymes were evaluated relative to the
impact on microsomal heme and cytochrome P-450
levels. The dose-related effects of thallium on cyto-
chrome ¢ (P-450) reductase activity and the temporal
relationship of these effects on microsomal MFO
function were also investigated. The results suggest
that thallium-mediated inhibition of hepatic MFO
activity is closely correlated with inhibition of
NADPH-cytochrome ¢ (P-450) reductase in vivo.
This action occurs independently of metal-induced
effects on cellular heme metabolism and may rep-
resent an important component of metal-related
effects on hepatocellular mixed function oxidative
capacity.

MATERIALS AND METHODS

Treatment of animals. Male Sprague-Dawley rats
(CD strain) (150-200 g) were obtained from Charles
River Laboratories, Boston, MA, and were main-
tained in individual wire-bottom cages in barrier
isolation rooms with free access to laboratory chow
and water. Prior to being killed, animals were divided
into five groups of five animals each and were treated
by intraperitoneal injection with aqueous solutions
of thallium chloride (TICl;-4H,0) (Alfa Products,
Danvers, MA) at the doses indicated. Controls
received vehicle only. All animals were fasted for
the duration of exposure to the experimental agent.

Preparation of tissues. Animals were killed by
decapitation. Livers were rapidly excised, washed,
weighed, and homogenized in 9 vol. of 0.25M
sucrose containing 0.05 M Tris~-HCI buffer, pH 7.5,
in a Potter-Elvehjem homogenizer fitted with a
Teflon pestle. Mitochondrial and microsomal frac-
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tions were prepared as previously described [21]. All
assays were performed on fresh tissues immediately
following sacrifice.

Assay of enzyme activities. ALA synthetase
activity in hepatic mitochondria was measured by a
modification of the method of Scholnick et al. [22],
as previously described [21]. Reaction mixtures
contained approximately 4mg of mitochondrial
protein/ml. ALA dehydratase activity was measured
in 9000 g supernatant fractions of liver homogenates
by a modification of the method of Gibson et al.
[23], as described by Baron and Tephly [24]. Uro-
porphyrinogen I synthetase activity in liver was
measured in the 9000 g supernatant fractions after
heating at 65° for 15 min, by the method of Levin
and Coleman [25], as previously described [1]. Mito-
chondrial heme synthetase activity was measured by
a modification of the method of Porra [26] as pre-
viously described [2]. Microsomal heme oxygenase
activity was measured by a modification of the
method of Correia and Schmid [27], as previously
described [2]. Microsomal hemes were quantitated
by the pyridine hemochromogen method as
described by Falk [28].

Cytochrome P-450 in rat liver microsomes was
determined by difference spectrophotometry using
the method of Omura and Sato [29]. Microsomal
aminopyrine demethylase was measured by a modi-
fication of the method of Orrenius [30], as described
by Lucier et al. [31]. Microsomal aniline hydroxylase
activity was measured by the method described by
Mazel [32]. NADPH-cytochrome ¢ (P-450) reduc-
tase was measured in microsomes by following the
reduction of cytochrome ¢ at 550 nm [33]. In studies
in vitro, enzyme activity was measured in previously
frozen microsomes prepared from pooled livers of
three rats pretreated for 3 days prior to sacrifice with
phenobarbital (80 mg/kg/day).

Protein determinations were performed by the
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Fig. 1. Effects of TICl; on hepatic heme biosynthetic pathway enzymes. Rats were treated by i.p.

injection with the dose of TICl; indicated in aqueous solution 12 hr prior to sacrifice. Values represent

means = S.E. expressed as a percentage of control enzyme activities as follows: ALA synthetase,

0.64 = 0.06 nmole ALA/mg protein/hr; ALA dehydratase, 5.26 + 0.42 nmoles PBG/mg protein/hr;

uroporphyrinogen I synthetase, 6.08 + 0.13 nmoles PBG/mg protein/hr; and heme synthetase, 2.43 +

0.28 nmoles mesohme/mg protein/hr. An asterisk (*) indicates significantly different from the control
value at P < 0.05.
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Fig. 2. Effect of TICl; on hepatic microsomal heme oxy-

genase. Rats were treated by i.p. injection with the dose

of TICl; indicated 12 hr prior to sacrifice. Values represent

mean * S.E. expressed as a percentage of control enzyme

activity, 2.50 = 0.28 pmoles bilirubin/mg protein/min. An

asterisk (*) indicates significantly different from the control
value at P < 0.05.

method of Lowry et al. [34], using bovine serum
albumin (Fraction V) as a standard.

Statistical analyses. Analyses of significance of dif-
ferences between groups were performed by means
of Student’s r-test. The level of significance was
chosen as P < 0.05.

RESULTS

The action of thallium on heme biosynthetic capa-
bility in the liver was assessed by measuring the
effects of TICl; on several enzymes of the heme
biosynthetic pathway including ALA synthetase, the
rate-limiting enzyme in this process. As indicated in
Fig. 1, ALA synthetase was highly susceptible to
inhibition by thallium in vivo, a significant decrease
in activity occurring at all dose levels 12 hr following
treatment. A decline in enzyme activity to 85% of
control values occurred at 50 mg/kg, whereas a
decrease to 43% of control values was seen at
200 mg/kg. ALA synthetase was also inhibited by
thallium in vitro, with concentrations in the reaction
mixture of 0.05, 0.1 and 0.2 mg/ml inhibiting the
enzyme to 63, 47 and 22% of control values
respectively.
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Fig. 3. Effect of TICl; on hepatic microsomal NADPH-
cytochrome ¢ (P-450) reductase. Rats were eated by i.p.
injection with the dose of TICl; indicated 12 hr prior to
sacrifice. Values represent mean * S.E. as a percentage of
control enzyme activity, 140.6 = 9.9 nmoles/mg protein/
min. An asterisk (*) indicates significantly different from

the control value at P < 0.05.

Interestingly, thallium had no significant effects
in vivo on the activities of several intermediate heme
biosynthetic pathway enzymes (Fig. 1), except for
a slight increase in the activity of heme synthetase
(ferrochelatase), the last enzyme of the heme bio-
synthetic process. Neither ALA dehydratase, a
sulfhydryl enzyme which catalyzes porphobilinogen
(PBG) formation from ALA, nor uroporphyrinogen
I synthetase, which catalyzes the synthesis of uro-
porphyrinogen from PBG, was altered significantly
following thallium treatment at any dose level. ALA
dehydratase and heme synthetase, but not uro syn-
thetase, were, however, inhibited significantly by
thallium in vitro at the same concentrations sited for
ALA synthetase.

The action of thallium on heme degradation in the
liver was assessed by measuring the activity of micro-
somal heme oxygenase in thallium-treated rats. The
effects of enzyme activity are shown in Fig. 2. As
indicated, thallium treatment produced a significant
increase in heme oxygenase activity at each dose
level. A mean maximal 2-fold increase in enzyme
activity was observed at 12 hr following treatment,

The results of thallium-mediated alteration of
heme biosynthesis and degradation on hepatocellular

Table 1. Effects of TICl; treatment on cytochrome P-450, microsomal heme and aniline hydroxylase
in rat liver in vivo*

TICl, Cytochrome P-450 Microsomal heme Aniline hydroxylase
(mg/kg) (nmoles/mg protein) {nmoles/mg protein) (nmoles/mg protein/min)
0 0.89 = 0.15 1.99 £ 0.26 43,94 = 1,95
50 0.79 £ 0.16 1.63 +0.28 38.91 = 1.04+
100 0.83 = 0.07 1.80 = 0.42 34.28 + 0.94+
200 0.84 = 0.11 1.73+0.44 23.73 £ 1.62%

* Values represent the mean + S.E. of five experiments. Livers from five rats from each treatment
group were pooled for each experimental value. Assays were performed as described under Materials

and Methods.

+ Significantly different from tho control value at P < 0.05.



574 J. S. Woops, B. A. FowLER and D. L. EATON

00,

80 —
—

Enzyme Activity or Heme Level (% Control )

601
401
20
1 L I 1 1 / )
0 4 8 12 16 20 24 48

Time After Treatment(Hrs)

Fig. 4. Time course of TICl; effects on AL A synthetase

(A), microsomal heme (M), aniline hydroxylase (O) and

NADPH-cytochrome ¢ (P-450) reductase ([J). Rats were

treated by i.p. injection with 100 mg/kg TICl; and killed at

the times indicated. Control (zero time) levels for

parameters measured are indicated in other figures and
tables.

heme levels and heme-dependent mixed function
oxidase activity were assessed by measuring micro-
somal heme and cytochrome P-450 content as well
as aniline hydroxylase activity in rat liver at 12-16 hr
following thallium treatment. As indicated in Table
1, neither cytochrome P-450 nor microsomal heme
content was altered significantly by thallium treat-
ment at any dose level. In contrast, aniline hydroxyl-
ase activity was decreased significantly at all dose
levels. A similar though less dramatic reduction in
activity was observed with respect to aminopyrine
demethylase (6.22 0.3 vs 4.14 + 0.4 nmoles
HCOH/mg protein/min at 200 mg/kg).

The observed reduction in mixed function oxidase
activity described in Table 1 was accompanied by a
pronounced depression of NADPH-cytochrome ¢
(P-450) reductase activity. As indicated in Fig. 3,
thallium significantly inhibited cytochrome ¢ (P-450)
reductase at all dose levels tested. Moreover, sig-
nificant inhibition was observed at doses as low as
10 mg/kg, a dose substantially less than those at
which effects on heme enzymes or other measured
parameters were observed.

Thallium was also an effective inhibitor of
NADPH-cytochrome ¢ (P-450) reductase in vitro.

As shown in Table 2, thallium produced a dose-
related inhibition of the reductase, with a complete
loss of activity observed at a concentration of
0.2mg/ml (0.1 mM TI*") in the reaction mixture.
Interestingly, inhibition was prevented completely
by addition of the sulfhydryl reagent dithiothreitol
'(DTT) (3 mM) to the sample cuvette 5 min prior to
the addition of thallium (0.1 mM). However, enzyme
activity was only partially restored when DTT was
introduced 5 min subsequent to the addition of thal-
lium at either 0.1 or 0.2 mg/ml. In other studies in
vitro, NADPH-cytochrome ¢ (P-450) reductase was
inhibited to the same extent by thallium regardless
of whether thallium was preincubated with the
enzyme prior to initiation of the reaction with cyto-
chrome ¢ or added concomitantly with cytochrome
¢ to the reaction mixture. Moreover, the inhibition
of reductase by thallium was not reversed or pre-
vented by eithei excess cytochrome ¢ or NADPH
added either subsequently or prior to the addition
of the thallium salt.

To more fully characterize the relationship
between heme synthesis, NADPH-cytochrome ¢
(P-450) reductase, and other components of the
mixed function oxidase system, time—course studies
in vivo were performed wherein the levels of ALA
synthetase, microsomal heme, cytochrome ¢ (P-450)
reductase and aniline hydroxylase were measured
over a 48-hr period following thallium treatment
(100 mg/kg). The results of these studies are shown
in Fig. 4. A decline in ALA synthetase activity
occurred within the first 4-8 hr following thallium
administration, but activity returned to control levels
within the subsequent 8- to 12-hr period. The decline
in ALA synthetase activity was followed by a slight
but statistically non-significant decrease in micro-
somal heme content, which remained slightly below
control levels throughout the remainder of the
observation period. Cytochrome P-450 levels were
not altered during the course of observation, values
ranging from 0.88 = 0.15 nmole/mg protein at zero
time to 0.79 + 0.16 nmole/mg protein at 48 hr after
treatment. In contrast, a significant decrease (P <
0.05) in the activities of both NADPH-cytochrome
¢ (P-450) reductase and aniline hydroxylase occurred

Table 2. Effects of TICl; on NADPH-cytochrome ¢ (P-450) reductase activity in vitro*

NADPH-cytochrome ¢

TICl, (P-450) reductase Inhibition
(mg/kg) (nmoles/mg protein/min) (% of control)
0 69.11 = 4.53 100
0.05 42.47 * 2.23% 61
0.1 18.84 + 1.56% 27
0.2 0t 0
0.1 after DTT 71.10 £ 2.76 103
0.1 followed by DTT 31.71 = 4.06% 46
0.2 followed by DTT 31.71 = 3.76% 46

* Values represent the mean = S.E. of three experiments. Activity was measured
in previously frozen microsomes prepared from pooled livers of three rats pretreated
for 3 days prior to sacrifice with phenobarbital (80 mg/kg/day). Assays were performed
as described under Materials and Methods. Dithiothreitol (DTT) (3 mM) was added
either 5 min before or after TICl;, as indicated.

t Significantly different from the control value at P < 0.05.



Thallium inhibition of NADPH-cytochrome ¢ (P-450) reductase

within the first 2—4 hr following thallium treatment,
and parallel changes in the enzyme activities were
observed throughout the remainder of the time
course.

DISCUSSION

The results of the present studies demonstrate a
newly defined property of thallium to significantly
impair the microsomal mixed function oxidase sys-
tem in rat liver in vivo. This effect appears to be
mediated primarily through inhibition of NADPH-
cytochrome ¢ (P-450) reductase, an integral com-
ponent of the microsomal electron transfer system.
Although compromise of MFO activity by specific
inhibitors of cytochrome ¢ (P-450) reductase has
been described previously [35-37], we believe this
study to be the first report of impairment of hepatic
MFO activity through inhibition of the reductase by
a specific metal. This effect is unique inasmuch as
compromise of MFO function heretofore reported
in association with metal exposure has been largely
attributed to alteration of heme biosynthetic capacity
and depletion of cellular heme levels.

The precise mechanisms by which thallium inhibits
cytochrome c (P-450) reductase have not as yet been
determined, but such activity is consistent with the
known properties of thallium as both a flavoprotein
antagonist [18] as well as a sulfhydryl group inhibitor
[19, 20]. While little is known of the former mech-
anism, support for the latter process is derived from
recent studies on the structural properties of cyto-
chrome ¢ (P-450) reductase [38, 39], which provide
evidence that the catalytic activity of the enzyme is
largely dependent on functional cysteinyl residue(s)
[35,40]. As a “soft” Lewis acid [41] with a d'° elec-
tronic configuration, thallium is particularly amen-
able to coordinate covalent bond formation with
sulfhydryl groups, themselves among the most chem-
ically reactive functional groups found in cells [42].
This fact, together with the observation that all cys-
teine residues of the reductase are present as free
sulfhydryl forms, i.e. with no disulfite bridges [39],
supports the exceptional sensitivity of this enzyme
to inhibition resulting from metal-mercaptide for-
mation with thallium.

The interesting observation from the present stud-
ies in vitro, that DTT only partially reversed
thallium-inhibited cytochrome ¢ (P-450) reductase,
further supports the idea that several mechanisms
may be involved in the interaction of thallium with
this enzyme. Thus, DTT treatment restored reduc-
tase activity to approximately 50% of control levels
regardless of the initial extent of inhibition in the
presence of thallium alone. This observation may
represent the extent to which metal-mercaptide for-
mation is responsible for enzyme inhibition by thal-
lium or, alternatively, may reflect the inability of the
sulfhydryl reagent to overcome the metal-mercaptide
bond formation which has already formed between
thallium and sulfhydryl groups of the enzyme. On
the other hand, an entirely different interaction
between thallium and the enzyme, such as metal
binding to the flavin portion of the protein, as pre-
viously suggested, may account for the sustained
inhibition of reductase activity which is observed in
the presence of DTT.
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The failure of thallium to have a significantly pro-
nounced effect on microsomal heme content or P-
450 levels is curious in light of the substantial inhi-
bition of ALA synthetase and induction of heme
oxygenase observed following thallium treatment.
One explanation for this observation is the transitory
nature of the effects of thallium on ALA synthetase
as observed in the time—course studies. Inasmuch as
ALA synthetase activity returned to control levels
within less than 24 hr after thallium administration,
it is possible that impairment of heme biosynthesis
was insufficient to have a significant impact on overall
microsomal heme content. Moreover, an increase
in heme oxygenase activity of only 2-fold was
observed following thallium treatment. This effect
is substantially less than that produced by many
metals whose induction of heme oxygenase is associ-
ated with subsequent reduction of hepatocellular
heme and P-450 levels. Alternatively, numerous
forms of cytochrome P-450 which mediate specific
MFO reactions are considered to exist in the liver,
and it is possible that differential inhibition of one
or more of those forms by thallium may have gone
undetected in these studies where overall P-450 con-
tent was assessed. This prospect seems unlikely in
light of the observed inhibition of aniline hydroxyl-
ase, an enzyme associated with the major pheno-
barbital-inducible form of P-450 in the liver. Never-
theless, further studies are required to evaluate this
possibility.

That thallium did not appear to inhibit in vivo
enzymes of the heme biosynthetic pathway other
than ALA synthetase is an interesting observation
in light of the properties of thallium as a potent
sulfhydryl group inhibitor. One possible explanation
for this phenomenon, applicable especially to the
soluble enzymes such as ALA dehydratase, is that
thallium concentrations were diluted below levels
sufficient for enzyme inhibition during cell fraction-
ation in preparation for enzyme assays. This possi-
bility is unlikely, however, in light of the strength
of the coordinate covalent bond which characterizes
thallium-mercaptide formation. A more likely expla-
nation of the lack of effects of thallium on the soluble
enzymes evaluated may be found in the results from
previous studies from these laboratories [14, 16]
which demonstrate the property of group IHI and
other metals to be preferentially localized within
specific compartments of the cell, wherein their
effects are predominantly expressed. Thus, thallium
is known to be preferentially sequestered by mito-
chondria and other membranous sub-cellular organ-
elles {19, 43], suggesting that effects of thallium in
vivo are restricted predominantly to membrane
bound enzyme systems associated with those organ-
elles. In this respect, the sensitivity of ALA synthe-
tase to thallium may be explained on the basis of
metal-mercaptide formation which disrupts the jux-
taposition of the loosely bound enzyme to the mito-
chondrial inner membrane [44], as is required for
optimal activity. The tight or integral binding of
heme synthetase to the inner membrane [45], on the
other hand, may account for the lack of sensitivity
of this enzyme to inhibition by thallium in vivo, as
observed in these studies. Inasmuch as the function
of NADPH-cytochrome ¢ (P-450) reductase in elec-
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tron transfer between NADPH and cytochrome P-
450 is highly dependent on the integrity of its binding
domain for attachment to the microsomal membrane
[46,47], metal-mercaptide formation at that site
could most likely preclude appropriate orientation
for optimal electron transfer and, in effect, account
for the exquisite sensitivity of this enzyme to thallium
inhibition.

Several investigators have proposed that various
site-specific inhibitors of NADPH-cytochrome ¢
(P-450) reductase might serve as appropriate tools
for further investigation of the nature of the enzyme
and its role in cellular oxidative processes [35-37].
The results of the present study suggest that thallium
may be of particular utility in this respect, owing to
the sensitivity of the interaction between this metal
and the reductase as observed here. Such utility
might include further elucidation of the nature of
the interaction between the reductase and NADPH
with respect to the sulfhydryl residue at the binding
site [39], or investigation of the requirement for
sulfhydryl binding in the interaction between the
reductase and cytochrome P-450 in the microsomal
membrane. Additional studies in vitro involving pur-
ified or reconstituted preparations of the enzyme
would be of particular interest in further defining the
nature of the interaction of thallium with both flavin
and sulfhydryl components of the enzyme and
for assessing the overall contribution of these com-
ponents to enzyme function.
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