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Abstract—Rats were injected daily for 8 weeks with 50 mg of thioacetamide per kg to produce liver
tumours. Some of these rats were given three doses of 50 mg of an antitumoural Rh(III) complex/kg at
14, 9 and 5 days before the end of the thioacetamide treatment. Thioacetamide decreased the rate of
weight gain of the rats and the Rh(IIT) complex partly restored it. The activities of ATP citrate lyase,
acetyl-CoA carboxylase and fatty acid synthetase in the livers were decreased by thioacetamide treatment
and the Rh(III) complex partly reversed this effect. By contrast the activity of malic enzyme was
increased by both thioacetamide and the Rh(III) complex and this effect probably relates to NADPH
production for detoxification rather than for lipogenesis. Treatment with thioacetamide increased the
rate of synthesis of di- and triacylglycerols from glycerol phosphate by liver homogenates, the activity
of phosphatidate phosphohydrolase and the incorporation of [*H]glycerol into liver triacylglycerol in
vivo. The Rh(IIT) complex did not produce a significant reversal of these effects of thioacetamide on
glycerolipid synthesis. The total uptake of intraportally injected [*H]glycerol by the livers of thioace-
tamide treated rats was decreased and this was associated with a lowered activity of glycerol kinase.
Thioacetamide increased the activity of hepatic ornithine decarboxylase by about 40-fold, but the Rh(III)
complex did not reverse this effect. However, the decrease in tyrosine aminotransferase activity that
was produced by thioacetamide was partly reversed by the Rh(IIl) complex. These results are discussed
in relation to the tumour-promoting effects of thioacetamide and the antitumoural action of the Rh(IIT)
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complex.

Thioacetamide is a well known hepatotoxic agent
that produces liver tumours [1, 2]. Rats were treated
with this compound and they were then used to
study the action of a Rh(III) complex which had the
formula [Rh(L),Cl,] CI~ in which L = sulpha-
quinoxaline. This is mild antitumoural agent [3] with
an LDs, of 300 mg/kg. It is related to a series of
platinum and rhodium complexes that exhibit anti-
bacterial and carcinostatic activities [3~7]. The pur-
pose of the present experiments was to see if the
Rh(III) complex could be used to alleviate some of
the consequences of the neoplastic changes induced
by thioacetamide.

This was assessed by determining the effects of the
treatments on some aspects of the function of the
liver. Furthermore, the activity of several enzymes
was determined to study the pattern of change that
is produced by thioacetamide and to see whether
its effects can be partially reversed by the Rh(III)
complex. These measurements concentrated on
enzymes involved in the synthesis of fatty acids and
glycerolipids in the liver. We were particularly inter-
ested to determine the effects of the hepato-
carcinogenicity of thioacetamide on the synthesis of
membrane lipids. In addition, the changes in activi-
ties of tyrosine aminotransferase, ornithine decar-

boxylase and phosphatidate phosphohydrolase were
compared since these activities are known to increase
in conditions including metabolic stress and toxicity.

MATERIALS AND METHODS

Animals and their treatment. Male albino Wistar
rats were maintained in a standard laboratory diet
(Sanders, H-28), with food and water ad libitum.
They were injected each day with a freshly prepared
solution of thioacetamide in 0.15 M NaCl (20 mg/ml
i.p.) at a dose of 50 mg/kg for an 8 week period.
Control rats received the equivalent volume of
0.15 M NaCl. At about 14 days before the end of the
treatment with thioacetamide, six rats of each group
(control and thioacetamide-treated) were injected
with a sonicated suspension of the Rh(III) complex
in 0.15M NaCl at a dose of 50 mg/kg (i.p.), which
was repeated 5 and 10 days later. Therefore each rat
received three doses of Rh(III) complex. The use of
this regimen and dose correspond to the low solu-
bility of the complex, with the dose administered an
interval of 5 days is necessary for the complex to be
gradually absorbed. At the end of the treatment four
rats of every experimental group were decapitated
and the livers were obtained.
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The livers were normally homogenized with five
strokes up and down in 4vol. of ice-cold 0.25M
sucrose, 20 mM HEPES, adjusted to pH 7.4 with
KOH, and containing 0.2 mM dithioerythritol when
enzymes of glycerolipid synthesis were determined.
Glycerol phosphate acyltransferase and the incor-
poration of glycerol phosphate into neutral lipids
were measured in whole homogenates. The hom-
ogenising medium used for the lipogenic enzymes
contained 20mM Tris-HCl, pH 7.4, instead of
HEPES. When ornithine decarboxylase and tyrosine
aminotransferase activities were determined, the lat-
ter medium was fortified with 5 mM dithioerythritol
and 0.2 mM pyridoxal phosphate. The homogenates
were then centrifuged at 4° for 10 min at 18,000 g
and the supernatant was collected. Microsomal and
cytosolic fractions were then prepared by cen-
trifuging at 105,000g for 45min at 4° (rp, =
8.14 cm). When required the microsomal fractions
were resuspended in 0.25M sucrose containing
0.2 mM dithioerythritol and 20 mM HEPES buffer
ph 7.4,

The incomplete recovery of the endoplasmic retic-
ulum in the microsomal fraction was compensated
for by determining the activity of arylesterase in this
fraction relative to the total homogenate. The latter
enzyme was used as a marker for the endoplasmic
reticulum.

In order to estimate the rate of glycerolipid syn-
thesis in the liver in vive, anaesthetized rats were
injected in the portal vein with 0.188 mM [1.3-°H]}-
glycerol (1.8 Ci/mol) and 0.212 mM potassium pal-
mitate in 0.16 M NaCl containing 1.8 mg of fatty acid
poor bovine serum albumin per ml. The method and
those of the extraction and analysis are based on the
methods described by Brindley er al. [8].

Analytical methods. Protein concentrations were
determined either by the method of Lowry et al. [9]
or Bradford [10] except that Brilliant Blue G was
employed in the latter case. DNA was determined
by the method of Burton [11]. The techniques used
for measuring enzyme activities were essentially
described as follows: malic enzyme [12], ATP-citrate
lyase [13]. acetyl-CoA carboxylase [14], fatty acid
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synthetase [15], glycerol phosphate acyltransferase
and the incorporation of glycerol phosphate into
neutral lipid [16], phosphatidate phosphoydrolase
with a final concentration of 5 mM MgCl, [17], gly-
cerol kinase [18], tyrosine aminotransferase [19],
lactate dehydrogenase [20] and arylesterase [21]. The
activity of ornithine decarboxylase in the cytosol was
determined by monitoring the release of *CO, from
DL-[1-1C] ornithine {22, 23]. Each assay contained
in a final volume of 0.1 ml: 100 mM Tris, adjusted
to pH 7.4 with HCI, 5 mM dithioerythritol, 0.2 mM
pyridoxal phosphate, and 0.2 mM pL-{1-'*C] orni-
thine (10 Ci/mol). The incubations were for 1 hr at
37° and they were stopped by injecting 0.5ml of
4.65 M HCIO, through a Subaseal which closed the
flasks. Hyamine hydroxide (0.4 ml, diluted 1:1 with
water) was injected into an Eppendorf tube sus-
pended in the flasks and *CO, was collected by
shaking for 1hr at 37°. A sample of the hyamine
hydroxide was removed and *C was determined.
Materials. Radiochemicals were purchased from
Amersham International and the sources of the
reagents have been described previously [3, 16, 17].

RESULTS

Body and liver weights

At the beginning of the experiment the rats
weighed 180-220g. Injection of thicacetamide
decreased the body weight gain as observed pre-
viously {24]. The administration of the Rh(III) com-
plex towards the end of the treatment period sig-
nificantly improved the weight gain (Table 1). On its
own the Rh(III) complex had no significant effect of
weight gain.

The livers of the rats treated with thioacetamide
were heavier than those of the controls as expected
from previous work [25, 26]. The Rh(III) complex
did not significantly alter the liver weight either in
the presence or absence of thioacetamide. The
amount of protein per g of liver was decreased in
rats treated with thioacetamide whereas that of DNA
was increased (Table 1).

Table 1. Effects of thioacetamide and the Rh(III) complex on the body weight, liver weight and liver composition of rats

Body weight Liver weight Liverwt x 100  Liver protein Liver DNA
Treatment (& ® “Bodywi (mg/g) (mg/e)
1 Control 352+ 27 12.0 £ 0.87 3.42x0.17 108.66 = 15.2 9.98 = 1.50
II Rh(IIT) complex 358 + 54 125x2.2 3.55x0.22 109.30 = 11.8 11.00 = 1.45
1T Thicacetamide 246 = 31 13421 5.44 = 0.60 94.00 = 14.8 14.70 = 1.54

T vs HII*** Ivs II* I vs IIT*** Ivs HI* I s HI**
IV Thiocacetamide + 275 £30 142x1.8 5.15*+0.58 100.90 = 18.1 1340+ 1.93

Rh(I1I) complex Ivs TV ** T vs JV*** I vs TV***
IT vs TV*** I vs TV* I1 vs TV***
IIT vs TV

Rats were treated with thioacetamide or the Rh(IIl) complex as described in the Material and Methods section. The
results are from 15 rats per group except for the DNA values where there are 9 rats per group. The significance of the
differences between the groups is shown by: *P < 0.05, **P < 0.01, ***P < 0.001.
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Table 2. Effects of thicacetamide and the Rh(III) complex on the hepatic activities of enzymes connected with fatty acid
biosynthesis

Activities (umol. min~!.g of liver™!)

Malic enzyme

ATP citrate lyase

Acetyl:CoA carboxylase  Fatty acid synthetase

Treatment ) 3 @ 3
I Control 1.06 = 0.092 0.895 = 0.083 0.153 = 0.011 0.344 = 0.021
IT Rh(IIT) complex 2.02 = 0.046 1.20x0.14 0.232 = 0.002 0.361 = 0.012
1 vg JI*** I vs I1* [ vs II***
111 Thioacetamide 2.58 +0.023 0.762 + 0.01 0.078 = 0.010 0.226 = 0.005
I s ITI*** I vs [IT¥** I vs [T
IV Thioacetamide + 3.06 + 0.60 0.936 = 0.046 0.104 = 0.015 0.234 = 0.009
Rh(III) complex Ivs IVF Ivs IV** Ivs IV**
I vs IV* I vs IV* II vs [V*** I vs TV***
IIT vs TV** ITI vs IV*

The number of rats indicated in parenthesis was treated as described in the Materials and Methods section and the
significance of the differences between the groups is given by: *P < 0.05; **P < 0.01; ***P < 0.001.

Enzymes associated with fatty acid biosynthesis

Treatment of the rats with thioacetamide and the
Rh(III) complex increased the activity of malic
enzyme (Table 2). The activities of acetyl-CoA car-
boxylase and fatty acid synthetase per g of liver were
decreased in rats treated with thioacetamide. This
decrease, was not compensated for by the increase
in liver weight. The Rh(III) complex increased the
activities of ATP: citrate lyase in the presence or
absence of thiocacetamide. The activity of malic
enzyme was also increased in rats treated with the
Rh(III) complex and thioacetamide either alone, or
in combination.

Ratio of glycerolipid synthesis and the activities of
glycerol phosphate acyltransferase and phosphatidate
phosphohydrolase

Treatment of the rats with thioacetamide or the
Rh(III) complex had no significant effect on the total

activity of glycerol phosphate acyltransferase in the
liver homogenates (Table 3). However, there was an
increased incorporation of glycerol phosphate into
neutral lipids (diacylglycerol and triacylglycerol)}, in
both groups of rats treated with thioacetamide, This
indicates an increase in the activity of phosphatidate
phosphohydrolase, which was confirmed when this
activity was determined directly. These increases
were seen in the total phosphohydrolase activity and
that found in the microsomal fraction.

Estimates were made of the rates of triacylglycerol
synthesis in the livers of the rats in vivo by following
the incorporation of [*H]glycerol (Table 4). These
results also demonstrate a relative increase in the
synthesis of triacylglycerol in rats treated with
thioacetamide, irrespective of whether the Rh(III)
complex was administered. There were no significant
changes in the relative rates of incorporation of [’H}-
glycercl into phosphatidylcholine and phospha-
tidylethanolamine.

Table 3. Effects of thioacetamide and the Rh{III) complex on the hepatic activities of glycerol phosphate acyltransferase
and phosphatidate phospholydrolase

Activities (nmol.min™". g of liver!)

Glycerol phosphate

Neutral lipid from

Phosphatidate phosphohydrolase

Treatment acyltransferase (3)  glycerol phosphate (3) Soluble (6) Microsomal (6)  Total (6)
I Control 105 £7.0 103x135 58312 112244 69.5 =15
IT (Rh(I1I) complex 104 53 9.60=2.5 64.7 = 18 10.8+5.7 75.5+23
III Thioacetamide 90.2=+75 20.5+3.0 84.4 24 23.0x6.7 107.0 = 31
I vs III** 1 vs IIT* I vs 1IT** 1 vs IT1*
IV Thioacetamide + 91.1 +12.5 22.7+43 105.0 222 20947 126.0 = 25
RWIIT) complex I vs TV** Ivs IV** I vs IV** T g [V***
I vs IV* 11 vs IV** I vs TV*™ I vs TV**

The number of rats indicated in parenthesis was treated as described in the Material and Methods section and the
significance of the differences between groups is given by: "P < 0.05; **P < 0.01; ***P < 0.001. The activity of glycerol
phosphate acyltransferase was determined by measuring the total incorporation of [*H]glycerol 3-phosphate into lipids

in the presence of a palmitoyl-CoA generating system [16].
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Glycerol kinase, ornithine decarboxylase, tyrosine

aminotransferase,  lactate  dehydrogenase and
arylesterase
Treatment of the rats with thioacetamide

decreased the activity of glycerol kinase in the liver
(Table 5). and this was paralleled by a decrease in
the uptake of [*H]glycerol by the liver when this was
injected intraportally (Table 4).

The most dramatic change in enzyme activities
was the increase of about 40-fold in the activity of
ornithine decarboxylase after treating the rats with
thioacetamide (Table 5). This effect was not reversed
by the Rh(III) complex. Tyrosine aminotransferase
activity was decreased in rats treated with thioace-
tamide alone, but this effect was reversed by the
Rh({III) complex.

Lactate dehydrogenase and arylesterase were used
as markers for the cytosolic and endoplasmic retic-
ulum fractions respectively. Neither thioacetamide,
nor the Rh(III) complex altered the activities of
lactate dehydrogenase. Thioacetamide did decrease
the activity of arylesterase (Table 5).

DISCUSSION

Treatment of the rats with thioacetamide
decreased the activities of ATP citrate lyase, acetyl-
CoA carboxylase and fatty acid synthetase (Table
2). This result is compatible with the decreased incor-
poration of *H,0 into fatty acids that is observed in
rats after long-term administration of thioacetamide
[24]. By contrast, the activity of malic enzyme
increased after thioacetamide treatment (Table 2).
This may be related to the increased activity of
glucose-6-phosphate dehydrogenase and 6-phos-
phogluconate dehydrogenase and the generally
increased capacity for NADPH production which is
probably used in detoxification reactions rather than
for fatty acid synthesis [25].

The uptake by the liver of [*H]glycerol that was
injected intraportally appeared to be decreased by
thicacetamide (Table 4), and this could have resulted
in part from the decreased activity of glycerol kinase
(Table 5) or a defect in the vascular supply to the
liver caused by the tumour. The total (mitochondrial
plus microsomal) glycerol phosphate acyltransferase,
which is responsible for diverting glycerol phosphate
into glycerolipid synthesis, was not significantly
altered by thicacetamide treatment (Table 3). How-
ever, the activity of phosphatidate phosphohydrolase
which helps to control the rate of neutral lipid syn-
thesis was increased by thioacetamide (Table 3) as
was the proportion of [*H]glycerol incorporated in
triacylglycerol in vivo (Table 4).

It is not certain whether this increased capacity of
phosphatidate phosphohydrolase was expressed and
responsible for the relative increased synthesis of
triacylglycerol, since there was no marked change in
the relative accumulation of [*H]glycerol in phos-
phatidate (Table 4). The relative increase in tri-
acylglycerol synthesis could have resulted from an
increased availability of fatty acids and an increased
activity of diacylglycerol acyltransferase. The short-
term administration of thioacetamide is known to
increase the accumulation of triacylglycerols in the
liver, and this could be a combination of an increased
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synthesis caused by fatty acid mobilization, and a
decrease in the secretion of very low density lipo-
proteins [27].

The total activity of phosphatidate phospho-
hydrolase in the liver is thought to be controlled by
the balance between the actions of insulin, glucagon
and glucocorticoids [28]. Glucagon (through cyclic
AMP) and glucocorticoids increase the activity of
the phosphohydrolase, probably by stimulating
its synthesis, and insulin antagonizes these actions
[29, 30].

The effects of metabolic stress (i.e. an increase in
the effects of stress hormones relative to insulin)
probably account for the increased activity of phos-
phatidate phosphohydrolase that can accompany a
variety of toxic fatty livers [28]. The expression of
the increased phosphohydrolase activity is thought
to depend upon its translocation from an inactive
reservoir in the cytosol, to the membranes of the
endoplasmic reticulum where its substrate, phos-
phatidate is generated [28]. This is promoted by fatty
acids [31, 32] which would be released in stress by
lipolysis in adipose tissue. It is significant to note that
the increase in phosphohydrolase activity found in
the liver of the thioacetamide-treated rats is
accompanied by an increase in the membrane bound
activity (Table 3).

The control of the activities of tyrosine amino-
transferase {28] and ornithine decarboxylase [33] are
probably coordinated in some respects with that of
phosphatidate  phosphohydrolase, since gluco-
corticoids and increases in the concentration of
intracellular cyclic AMP stimulate their synthesis.
Both the activities of ornithine decarboxylase [34]
and phosphatidate phosphohydrolase [35] are
increased in the liver remnant after partial
hepatectomy.

The acute [36, 37] and chronic (Table 5) adminis-
tration of thioacetamide produced dramatic
increases in the order of 50- and 40-fold respectively
in the activities of ornithine decarboxylase. These
are much higher than those for the phosphohydro-
lase. The tyrosine aminotransferase activity, in fact,
fell when thioacetamide was administered alone
(Table 5). Ornithine decarboxylase is known to have
very rapid rates of synthesis and degradation com-
pared with other enzymes and this enables fairly
rapid changes in the intracellular concentrations of
polyamines to occur. Its synthesis [38], like that of
tyrosine aminotransferase [39] and phosphatidate
phosphohydrolase [40] is inhibited by spermine. In
the case of ornithine decarboxylase, this appears to
be a feed-back mechanism of control.

Increases in ornithine decarboxylase activity are
often associated with the stimulation of cell growth
and tumour formation [41, 42] which also requires
an increased synthesis of membrane lipids. Poly-
amines in vitro can stimulate the activities of glycerol
phosphate acyltransferase [43-45]. It also increases
the microsomal phosphatidate phosphohydrolase
[46, 47], probably by facilitating the effects of long-
chain fatty acid in promoting the translocation of
the cytosolic enzyme to the endoplasmic reticulum
[48, 49].

It is not yet certain whether these effects of poly-
amines occur in vivo, but the present work does
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demonstrate that an increased activity of ornithine
decarboxylase is also accompanied by a higher
activity of membrane-associated phosphatidate
phosphohydrolase (Tables 3 and 5). There was, how-
ever, no evidence of an increased synthesis of
phospholipids in the liver of thioacetamide-treated
rats although triacylglycerol synthesis was raised
(Table 4). In other work [50], the long-term adminis-
tration of thioacetamide decreased the incorporation
of %P in the phosphatidylcholine fraction of liver in
vivo.

A further objective in this work was to investigate
whether the Rh(III) complex could ameliorate some
of the biochemical changes that were produced by
thioacetamide. Indications that the Rh(IIT) complex
could reverse some of the biochemical changes were
obtained for body weight (Table 1), tyrosine amino-
transferase (Table 5), ATP citrate lyase, acetyl-CoA
carboxylase, and fatty acid synthetase (Table 2). By
contrast to the latter three lipogenic enzymes, there
was a further increase in the activity of malic enzyme
when the thioacetamide-treated rats were also given
the Rh(III) complex. This probably related to a
further demand for NADPH for detoxification reac-
tions and microsomal electron transport. In further
unpublished work we have also demonstrated that
the Rh(III) complex can partly reverse the thioace-
tamide-induced changes in the content of alkaline
phosphatase, aspartate aminotransferase, glutamate
dehydrogenase, y-glutamyltransferase, uric acid and
bilirubin in the blood and that of uric acid, bilirubin
and creatinine in the urine of rats.

The mechanisms by which the antitumoural
Rh(III) complex might counteract the metabolic
effects of thioacetamide are not yet established.
Thioacetamide is thought to induce the formation
of humoral growth factors and to stimulate DNA
synthesis and mitosis in the rat [51]. Conversely,
the antitumoural complexes of Rh and Pt have an
antimitotic effect; they inhibit cell growth but they
do not appear to alter essential metabolic activity
[4]. A primary lesion of nuclear DNA function that
seems to appear in the case of Rh(III) complexes
[52] could halt further DNA synthesis and cell pro-
liferation. It is hoped that the present work may
provide further insight into the mechanisms of
tumour formation that is provoked by thioacetamide,
and the antitumoural effect of Rh(III) complexes.
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