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Abstract

We investigated the effects of the dietary addition of orotic acid on liver antioxidant enzymes, mRNA levels of these enzymes, and
peroxidative products by comparing casein with soy protein as the source of dietary protein. Rats fed the casein diet accumulated more liver
lipids than those fed the soy protein diet when orotic acid was added. The addition of orotic acid lowered both the activity of liver Cu,
Zn-superoxide dismutase and the level of Cu, Zn-superoxide dismutase mRNA. The addition of orotic acid led to a significant increase in
the contents of conjugated dienes and protein carbonyls in the liver. In addition, dietary soy protein protected the increase in the levels of
lipids and proteins peroxide induced by orotic acid. The addition of orotic acid to the casein diet increased the activities of both serum
ornithine carbamoyltransferase and alanine aminotransferase. Thus, liver damage might result from the increased superoxide anion due to
the decrease in the activity of hepatic superoxide dismutase, as well as increase in the production of hepatic peroxidative products in rats
fed the casein diet with orotic acid. © 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

The content of liver lipids is changed by certain dietary
conditions. For example, a severe fatty liver develops in rats
fed either a choline-deficient [1,2] or an orotic acid diet
[3,4]. Orotic acid, an intermediate in pyrimidine biosynthe-
sis, is normally present in bovine milk (80 mg/L) [5].
Standerfer and Handler first observed that the addition of
orotic acid resulted in lipid accumulation in rat liver [3].
One of the reasons responsible for lipid accumulation in the
liver induced by dietary orotic acid is the lower synthesis or
transport of VLDL from liver into serum [6]. Casein has
generally been used as a sole protein source in the formation
of fatty liver in rats fed orotic acid [3,4]. In our previous
reports, the addition of orotic acid to the casein, but not to
the egg protein, the soy protein, or the wheat gluten diets,
increased serum ornithine carbamoyltransferase activity
[7,8], indicating that orotic acid added to the casein diet may
induce liver damages.

Dietary proteins affect the response of lipid metabolism.

Many studies have indicated that soy protein is associated
with the reduction of cardiovascular risk since, compared
with casein and other animal proteins, soy protein reduces
plasma cholesterol in animal models [9–13]. The effect of
soy protein on blood cholesterol concentrations in the rabbit
was first reported in the 1940s [10]. Recent results have
suggested that soy protein significantly lowered total and
LDL cholesterol and maintained HDL cholesterol concen-
trations in mildly hypercholesterolemic men [13]. Indeed,
soy protein has been shown showed to reduce hepatic tri-
acylglycerol [14]. However, its role in the regulation of lipid
metabolism is not clearly defined.

Much attention is focused on the involvement of oxida-
tive stress in aging and disease. Because of their high
diffusibility and reactivity, reactive oxygen species, such as
superoxide anion, hydrogen peroxide, and OH radical, at-
tack and damage the key biological structure, including
lipid, protein, and DNA [15]. Reactive oxygen species have
been proposed as the attacking agents on polyunsaturated
fatty acids in cell membranes. Lipid peroxidation results in
reversible and irreversible cell and tissue damage, and is
suspected to be strongly associated with aging, cancer, ar-
teriosclerosis, and so on [16]. Reactive oxygen species are
also known to affect antioxidant enzyme activities [17].
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Therefore, the assessment of the activities of superoxide
dismutase, catalase, and glutathione peroxidase is of interest
because these enzymes are considered to be especially in-
volved in the defense of the cell against reactive oxygen
species.

Increased generation of reactive oxygen species has been
described in several animal models of fatty liver, including
models of alcohol administration [18], iron-free diets [19],
or choline-deficient diets [2]. There is no report about orotic
acid ingestion, which clearly causes the accumulation of
hepatic lipids. The aim of this study is to clarify the effect
of orotic acid on antioxidant enzyme mRNA levels and on
the peroxidative products in the liver by comparing casein
with soy protein as the source of dietary protein. Further-
more, we investigated the relation of liver damage and
peroxidative products induced by feeding orotic acid.

2. Materials and methods

2.1. Animals

Male Wistar rats (Japan SLC, Inc., Hamamatsu, Shi-
zuoka, Japan), with an initial body weight of about 96 g
were used for this experiment. The rats were housed indi-
vidually in stainless-steel wire-bottomed cages in an air-
condition room, kept at a temperature of approximately
23°C, with a 12-hr light/dark cycle (lights on from 8:00 AM
to 8:00 PM). This study complied with the Animal Exper-
imental Guidelines of according to the Committee of Ex-
perimental Animal Care, Hokkaido University.

2.2. Diets

The composition of the diets is shown in Table 1. Casein
(80.2 g as crude protein per 100 g; New Zealand Dairy
Board, Wellington, New Zealand) and soy protein (80.1 g as
crude protein per 100 g; Fuji Oil Co., Ltd., Izumisano,
Osaka, Japan) were used as dietary protein sources and

supplemented with 20 g of protein (N � 6.25) per 100 g to
the diet [20]. Each of the two diets was then supplemented
with or without orotic acid (1 g/100 g of diet; Wako Pure
Industries, Ltd., Osaka, Japan). Dietary changes in the con-
tents of protein and orotic acid were compensated for by
adjusting the amount of sucrose in the diet. In this experi-
ment, we prepared the diets, which were lower in fat and
fiber, and higher in sucrose than the usual rodent diets, to be
formulated to facilitate liver lipid accumulation.

Rats were allowed free access to food and water for 14
days. They were sacrificed by guillotine between 9:30 and
10:30 AM. The blood was collected and allowed to clot at
room temperature. Serum was separated from whole blood
by centrifugation at 3,000 � g for 10 min at 4°C. The liver
was immediately removed, weighed, and used for RNA
isolation. Samples of the liver and serum were stored at
�80°C until analysis.

2.3. Measurement of serum and hepatic lipids

Liver total lipids, extracted and purified according to the
method of Folch et al. [21], were gravimetrically estimated
after removing the solvent. Liver triacylglycerol [22] and
cholesterol [23] were measured by enzymatic methods, and
the content of phospholipids in the liver was calculated by
subtracting triacylglycerol and cholesterol from total lipids.
Serum triacylglycerol and cholesterol were similarly deter-
mined. Serum phospholipids were measured by enzymatic
methods [24].

2.4. Preparation of tissues for measurement of hepatic
enzymes

An aliquot of frozen liver was homogenized with a
Potter-Elvehjem type teflon homogenizer in 0.25 M ice-cold
sucrose, 5 mM EDTA (pH 8.0), and 0.5% Triton X-100.
The homogenate was centrifuged at 3,000 � g for 20 min.
The supernatant was used for superoxide dismutase (EC
1.15.1.1) activity. For the assays of catalase (EC 1.11.1.6)
and glutathione peroxidase (EC 1.11.1.9) activities, liver
was homogenized in 0.32 M ice-cold sucrose, 10 mM Tris-
HCl (pH 7.4), and 1 mM EDTA � 2Na. The homogenate was
centrifuged at 13,600 � g for 30 min. The supernatant was
used for estimating catalase and glutathione peroxidase.
Protein content was determined using bicinchoninic acid
[25] with bovine serum albumin as a standard.

2.5. Liver enzyme analysis

The activity of superoxide dismutase was measured by
the inhibition of nitroblue tetrazolium reduction mediated
via the xanthine/xanthine oxidase-generated superoxide an-
ions and monitored spectrophotometically at 560 nm [26].
Cu, Zn-superoxide dismutase activity was inhibited by the
addition of 0.2 mM KCN to the tissue homogenates. Total
activity of superoxide dismutase was measured without

Table 1
Composition of the experimental diets

Ingredients Casein
g/100 g

Soy protein
g/100 g

Caseina 24.92
Soy proteinb 24.97
Vitamin mixture (AIN-93)c 1.0 1.0
Choline bitartrated 0.25 0.25
Mineral mixture (AIN-93G)c 3.5 3.5
Soybean oild 1.0 1.0
Sucrosee 69.33 69.28

a New Zealand Dairy Board (Wellington, New Zealand).
b Fuji Oil Co., Ltd. (Izumisano, Osaka, Japan).
c P.H. Reeves, F. H. Nielsen, G. C. Fahey, J Nutr 123 (1993) 1939–1951.
d Wako Pure Chemical Industries, Ltd. (Osaka, Japan).
e Nipppon Beet Sugar MFG., Co., Ltd. (Obihiro, Hokkaido, Japan).
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KCN solution. Cu, Zn-superoxide dismutase activity was
calculated by subtracting Mn-SOD activity from total ac-
tivities. One unit of superoxide dismutase activity was de-
fined as the amount of enzyme required to inhibit the rate of
nitroblue tetrazolium reduction by 50%.

Catalase activity was assayed according to the method of
Aebi, following the decomposition of hydrogen peroxide at
240 nm [27]. One unit of catalase activity was defined as the
amount of the enzyme required to decrease in 1 �mol of
hydrogen peroxide per min.

Glutathione peroxidase activity was determined by
NADPH oxidation using a coupled reaction system consist-
ing of glutathione, glutathione reductase and t-butyl hy-
droperoxide [28]. One unit of glutathione peroxidase activ-
ity was defined as the amount of enzyme needed to oxidize
1 �mol of NADPH per min.

2.6. Isolation of total RNA

Total RNA was isolated from the liver by the Chomc-
zynki and Sacchi method [29]. The liver (approximately
0.1 g) was homogenized with 1 ml of Isogen solution
(Nippon Gene Co., Ltd., Tokyo, Japan) in a homogenizer,
and 0.2 ml of chloroform was then added to the homoge-
nate. The suspension of samples was centrifuged at
20,000 � g for 15 min at 4°C. The aqueous phase was
transferred to a fresh tube, mixed with 0.5 ml isopropanol,
and centrifuged at 20,000 � g for 10 min at 4°C. The RNA
pellet was then dissolved in 1 ml of 75% ethanol, allowed to
stand for 30 min at �80°C and reprecipitated at 20,000 �
g for 30 min at 4°C. The RNA pellet was dried, and then
dissolved in 50 �l of milliQ water. The concentration of
RNA was measured from the absorbance at 260 nm (the
ratio at 260/280 was between 1.6 and 1.9).

2.7. Extraction of mRNA

150 �g of total RNA was dissolved in 50 �l of milli Q
water, and then 50 �l of 2 � E solution [20 mM Tris buffer
(pH 7.5) containing 2 mM EDTA and 0.2% SDS] and 100
�l of Oligotex were added, and subsequently allowed to
stand for 5 min at 65°C before 20 �l of 5 M NaCl solution
was added. The solution was thoroughly mixed, incubated
for 10 min at 37°C and then centrifuged at 20,000 � g for
3 min at 4°C. The resulting precipitation was dissolved in
100 �l of washing buffer, and then centrifuged at 20,000 x
g for 3 min at 4°C. 100 �l of milliQ water was added to the
precipitation and suspended. The solution was incubated for
5 min at 65°C and centrifuged at 20,000 � g for 3 min at
4°C. The resulting upper solution was mixed with 40 �l of
2.5 M sodium acetate solution and 260 �l of 99.5% ethanol,
and allowed to stand for 30 min at �80°C. Then the mixture
was centrifuged at 20,000 � g for 15 min at 4°C, and 500
�l of ice cold 70% ethanol was added to the resulting
precipitation and mixed. After centrifugation at 20,000 � g
for 15 min at 4°C, the precipitation was dried for 15 min.

Poly (A) RNA solution was obtained by adding 10 �l of
milliQ water.

2.8. Northern blot analysis of Cu, Zn-SOD, catalase, and
glutathione peroxidase mRNA

Cu, Zn-SOD, catalase, and glutathione peroxidase
mRNA levels were assessed by Northern blot analysis using
3.5 �l of a poly (A) RNA solution extracted from the liver.
mRNA was denatured for 5 min at 65°C in a solution
containing 5 �l of formamide, 1.5 �l of a 10 � MOPS
buffer (pH 7.0), and 2 �l of formaldehyde, positioned in
separate lanes of 1% agarose gel that had been prepared in
a 1 � MOPS buffer (pH 7.0), and electrophoresed for 90
min to 50 V, essentially according to the Thomas method
[30]. After electrophoresis, the RNA was transferred to a
Gene Screen filter sheet and then hybridized overnight at
68°C with digoxygenin (DIG) RNA probes, as described in
the next section. After washing the blots, hybridization was
visualized by exposing Fuji X-Ray film, and the bands were
quantified by densitometry. After detecting �-actin mRNA,
we reprobed and detected Cu, Zn-SOD, catalase, and glu-
tathione peroxidase mRNA expression.

2.9. Synthesis of Cu, Zn-SOD, catalase, and glutathione
peroxidase probes

Cu, Zn-SOD, catalase, and glutathione peroxidase cDNA
fragments were obtained by RT-PCR with synthetic gene-
specific primers for rat Cu, Zn-SOD (forward 20-mer,
5�-TCT CGT CTC CTT GCT TTT TG-3�; reverse 20-mer,
5�-TTT CTT CAT TTC CAC CTT TTG -3�), catalase (for-
ward 20-mer, 5�-GGA ACC CAA TAG GAG ATA AA-3�;
reverse 20-mer, 5�-CGC TGA ACA AGA AAG TAA CC
3�), and glutathione peroxidase (forward 20-mer, 5�-ACA
GAA CTG ACA GCG GAT TT -3�; reverse 20-mer,
5�-GAA TGC CTT AGG GGT TGC TA-3�), respectively.
Cu, Zn-SOD cDNA was inserted into pGEM-T Easy Vector
(Promega). The pGEM-T Easy was linearized with Sty I and
used as a template for Digoxigenin-labeled RNA (DIG-
RNA) probes. DIG-RNA probes were made by using a DIG
RNA Labeling Kit (Roche Molecular Biochemicals,
France). Catalase and glutathione peroxidase probes were
labeled with DIG-PCR from the RT-PCR Products [31].
The DIG-RNA probe for Cu, Zn-SOD and the DIG-DNA
probes for catalase, glutathione peroxidase, and �-actin
were used for the Northern blot hybridization.

2.10. Determinations of conjugated dienes and protein
carbonyls

Conjugated dienes were assessed spectrophotometically
at 234 nm [32]. The contents of protein carbonyls were
determined spectrophotometrically by measuring the optical
density between 300 and 400 nm by the 2,4-dinitrophenyl-
hydrazine methods [33].
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2.11. Serum enzymes activities

Activities of serum ornithine carbamoyltransferase (EC
2.1.3.3) [34] and alanine aminotransferase (EC 2.6.1.2) [35]
were measured as described previously [7].

2.12. Statistics

Data were subjected to two-way ANOVA [36] and Dun-
can’s multiple range test [37]. Differences between groups
were considered to be statistically significant at P � 0.05.

3. Results

3.1. Food intake and body weight gain

The amount of food consumed was almost the same
between rats fed the casein and those fed the soy protein
diets. The addition of orotic acid to the casein diet decreased
food intake, but that added to the soy protein diet had no
effect (Table 2).

The body weight gain of rats fed the casein diet was not
significantly different from that of rats fed the soy protein
diet. The addition of orotic acid to the casein diet lowered
body weight gain, but that added to the soy protein diet had
no effect (Table 2).

3.2. Liver weight

Whether rats were fed or not fed orotic acid, the liver
weight of the soy protein group was significantly lighter
than that of the casein group. The addition of orotic acid to
each diet markedly enlarged the liver (Table 2).

3.3. Liver lipids

The contents of triacylglycerol, cholesterol, and phos-
pholipids were significantly higher in rats fed the casein diet
as compared with those fed the soy protein diet when orotic
acid was not added. The addition of orotic acid to each diet
increased the contents of liver triacylglycerol, cholesterol,
and phospholipids (Table 3).

Table 2
Food intake, body weight gain and liver weight

Initial body
weight g

Food intake
g/14 days

Body weight gain
g/14 days

Liver weight
g/100 g body weight

Casein 96.2 � 1.5 239 � 7a 101.8 � 2.4a 6.75 � 0.32c

Casein � orotic acid 96.1 � 1.4 213 � 6b 77.5 � 1.7c 8.37 � 0.21a

Soy protein 96.2 � 1.7 235 � 8ab 91.3 � 5.3ab 5.01 � 0.11d

Soy protein � orotic acid 96.1 � 1.8 218 � 10ab 81.5 � 5.5ac 7.59 � 0.16b

ANOVA
Protein NS NS �0.001
Orotic acid �0.05 �0.001 �0.001
Protein � orotic acid NS NS �0.05

Data represent means � SEM for six rats.
a,b,c,d Means within the same vertical column that do not share a common superscript letter were significantly different: P � 0.05.
NS: not significant.

Table 3
Liver and serum lipids

Liver Serum

Triacylglycerol
� mol/g liver

Cholesterol Phospholipids Triacylglycerol
mmol/L

Cholesterol Phospholipids

Casein 50.5 � 2.6c 10.3 � 0.6c 113 � 10c 1.98 � 0.16a 3.14 � 0.10a 3.00 � 0.15a

Casein � orotic acid 105 � 6a 17.0 � 0.8a 274 � 14a 0.320 � 0.051c 0.803 � 0.054d 0.836 � 0.088d

Soy protein 10.2 � 0.8d 5.48 � 0.10d 46.8 � 1.8d 1.81 � 0.17a 2.03 � 0.05b 2.09 � 0.05b

Soy protein � orotic acid 82.0 � 4.5b 13.9 � 0.4b 234 � 32b 0.613 � 0.106b 1.34 � 0.14c 1.04 � 0.12c

ANOVA
Protein �0.001 �0.001 �0.001 NS �0.001 �0.001
Orotic acid �0.001 �0.001 �0.001 �0.001 �0.001 �0.001
Protein � orotic acid NS NS NS NS �0.001 �0.001

Data represent means � SEM for six rats.
a,b,c,d Means within the same vertical column that do not share a common superscript letter were significantly different: P � 0.05.
NS: not significant.
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3.4. Serum lipids

In rats not fed orotic acid, the levels of cholesterol and
phospholipids were higher in the casein group than in the
soy protein group, while triacylglycerol was similar. Addi-
tion of orotic acid to either the casein or the soy protein diet
significantly lowered the levels of triacylglycerol, choles-
terol, and phospholipids (Table 3).

3.5. Liver antioxidant enzyme activities

Cu, Zn-superoxide dismutase activity was higher in the
soy protein group than in the casein group. The addition of
orotic acid to either the casein or the soy protein diet
significantly decreased the Cu, Zn-superoxide dismutase
activity. Mn-superoxide dismutase activity was not affected
by the diets (data not shown).

The addition of orotic acid to either the casein or the soy
protein diet increased the activity of glutathione peroxidase,
whereas when it was added to the soy protein diet but not to
the casein diet, the catalase activity decreased (Table 4).

3.6. mRNA levels of Cu, Zn-superoxide dismutase,
catalase and glutathione peroxidase in liver

The addition of orotic acid to either the casein or the soy
protein diet significantly decreased the level of Cu, Zn-
superoxide dismutase mRNA. The patterns of catalase
mRNA levels were similar to those of Cu, Zn-superoxide
dismutase mRNA, but not significant. The level of glutathi-
one peroxidase mRNA was not influenced by adding the
orotic acid (Table 4).

3.7. The contents of conjugated dienes and protein
carbonyls

In rats fed the diet without orotic acid, the content of
conjugated dienes was higher in the casein group than in the

soy protein group. The addition of orotic acid to either the
casein or the soy protein diet led to a significant increase in
the level of conjugated dienes. When orotic acid was not
added, feeding of the soy protein diet caused a significant
decrease in the content of protein carbonyls as compared
with the casein diet. Feeding orotic acid caused a marked
increase in the content of protein carbonyls. However, the
content of the protein carbonyls in the casein group was not
different from that of the soy protein group when orotic acid
was added to the diets (Table 5).

3.8. Serum enzyme activities

The activities of both ornithine carbamoyltransferase and
alanine aminotransferase in serum were similar between rats
fed the casein and the soy protein diets when orotic acid was
not added. The addition of orotic acid to the casein diet but
not to the soy protein diet markedly increased the activities
of both ornithine carbamoyltransferase and alanine amino-
transferase (Table 6).

Table 4
Liver antioxidant enzyme activities and mRNA levels

Cu, Zn-superoxide dismutase Catalase Glutathione peroxidase

Activity
U/mg protein

mRNA
arbitrary unit

Activity
U/mg protein

mRNA
arbitrary unit

Activity
mU/mg protein

mRNA
arbitrary unit

Casein 4.97 � 0.36b 100 � 15a 521 � 9ab 100 � 5ab 327 � 17b 100 � 11
Casein � orotic acid 3.40 � 0.30c 64 � 6bc 469 � 15b 77 � 8b 402 � 30a 108 � 9
Soy protein 6.51 � 0.30a 91 � 14ab 534 � 28a 119 � 16a 317 � 14a 119 � 13
Soy protein � orotic acid 4.24 � 0.23bc 54 � 5c 487 � 13b 89 � 2ab 396 � 18a 103 � 10
ANOVA
Protein �0.001 NS NS NS NS NS
Orotic acid �0.001 �0.001 �0.01 �0.01 �0.01 NS
Protein � orotic acid NS NS NS NS NS NS

Data represent means � SEM for six rats.
a,b,c Means within the same vertical column that do not share a common superscript letter were significantly different: P � 0.05.
The ratio of the Cu, Zn-superoxide dismutase, catalase, and glutathione peroxidase mRNA/�-actin mRNA intensities were used to evaluate the relative

levels and are shown as a percentage of the level in the casein group.
NS: not significant.

Table 5
Liver conjugated dienes and protein carbonyls

Conjugated dienes
arbitrary unit

Protein carbonyls
nmol/mg protein

Casein 100 � 2c 1.39 � 0.14b

Casein � orotic acid 206 � 6a 2.01 � 0.23a

Soy protein 71 � 3d 0.838 � 0.031c

Soy protein � orotic acid 126 � 9b 1.73 � 0.13ab

ANOVA
Protein �0.001 �0.05
Orotic acid �0.001 �0.001
Protein � orotic acid �0.001 NS

Data represent means � SEM for six rats.
a,b,c Means within the same vertical column that do not share a common

superscript letter were significantly different: P � 0.05.
NS: not significant.

407M. Morifuji, Y. Aoyama / Journal of Nutritional Biochemistry 13 (2002) 403–410



4. Discussion

The aim of this study is to clarify the effects of orotic
acid on hepatic antioxidant enzyme activities, their mRNA
levels, and the contents of conjugated dienes and protein
carbonyls by comparing casein with soy protein as the
source of dietary protein.

In this study, we reconfirmed that the contents of liver
triacylglycerol, cholesterol and phospholipids increased in
rats fed orotic acid (Table 3), as previously reported [7,8].
Orotic acid diets decreased the levels of serum lipids. Upon
feeding casein and soy protein diets supplemented with
orotic acid the serum triacylglycerol level was significantly
decreased by 84% and 66%, respectively. Orotic acid se-
lectively blocks the secretion by the liver of the very low
density lipoprotein (VLDL) containing apo lipoprotein B
[6]. This is not due to the inhibition of apo lipoprotein B
synthesis, but to a modification to the packing of apo li-
poprotein B with lipids at the trans-golgi compartment.
Moreover, in an early report, an orotic acid diet inhibited the
glycation of apo lipoprotein B [38]. However, this mecha-
nism was completely unclear. Thus, an orotic acid diet
blocks the transportation of VLDL from the liver to the
serum, leading to the accumulation of lipids in the liver.

Furthermore, the dietary protein type affected the lipid
metabolism response. This study also showed soy protein
was more effective in decreasing the levels of cholesterol
and phospholipids in serum, and that it lowered the contents
of liver lipids (Table 3). In general, the intake of plant
protein compared with animal protein showed the hypocho-
lesterolmic effects in various animal species, including hu-
mans [7–13]. Two explanations for the different effects of
plant and animal protein have been offered. One is based on
a difference in the physicochemical properties of dietary
proteins and luminal digestion products. Plant proteins sup-
press the intestinal absorption or reabsorption of cholesterol
and bile acids, and thereby decrease the pool size of cho-
lesterol within the body. Another is based on the differences
in the amino acid composition of dietary proteins. The

cystine, arginine, and glycine levels are markedly lower,
and the lysine level is higher in the casein than in the soy
protein, suggesting that the difference in the amino acid
components might account for the lipid accumulation in the
liver. However, the manner in which amino acid composi-
tion exerts its effects is not fully understood.

We confirmed for the first time that the addition of orotic
acid decreased the hepatic Cu, Zn-superoxide dismutase
activity (Table 4) as previously described [8]. Superoxide
dismutase catalyzes the dismutation of superoxide anion
into hydrogen peroxide. Therefore, it is possible that dietary
orotic acid caused the increase in superoxide anion in the
liver. One possible pathway by which dietary orotic acid
induced the superoxide anion might exist. In previous re-
ports, orotic acid ingestion decreased the hepatic ATP levels
and increased the urinary output of uric acid [39]. In addi-
tion, fatty liver caused by orotic acid can be overcome by
feeding alloprinol, which is an inhibitor of xanthine oxidase
[40]. Xanthine oxidase contributes to the main generation
source of superoxide anion [41]. In several reports, a dose of
allopurinol improves the xanthine oxidase-derived oxidative
stress in the liver [42,43]. Thus, orotic acid feeding might
multiply superoxide production in the liver through exhaust-
ing the adenine nucleotide and activating the xanthine oxi-
dase pathway.

Furthermore, catalase and glutathione peroxidase imme-
diately detoxify hydrogen peroxide and convert lipid hy-
droperoxides to nontoxic alcohol. The addition of orotic
acid significantly decreased hepatic catalase activity (Table
4). On the other hand, glutathione peroxidase showed higher
activity (Table 4), and it seemed to be induced in orotic
acid-fed rats without stimulation by hydrogen peroxide,
which is produced by superoxide dismutase.

The addition of orotic acid to either the casein or the soy
protein diet decreased both Cu, Zn-superoxide dismutase
and catalase mRNA levels (Table 4). There were parallel
changes between their activities and mRNA levels in the
liver, respectively (Cu, Zn-superoxide dismutase: n � 24,
r � 0.60, p � 0.01, catalase: n � 24, r � 0.75, p � 0.001).
Such close parallelism strongly suggests that the expression
of these enzymes is regulated by transcriptional control.
Indeed, previous reports have also identified transcriptional
control over antioxidant enzyme expression [44,45], and
genetic regulatory elements and promoter sequences for
antioxidant enzyme genes have been recognized [46,47].
However, the mechanism by which this control could op-
erate is not known.

The addition of orotic acid had no significant effect on
the glutathione peroxidase mRNA level (Table 4). There
was no correlation between the enzyme activity and the
mRNA level (n � 24, r � 0.34, p � 0.10). No increase in
the glutathione peroxidase mRNA level could be explained
by the instability of mRNA during storage. Furthermore, the
evidence of post-transcriptional controls has previously
been presented for antioxidant enzymes [48,49]. Therefore,
it is possible that post-transcriptional controls, which cause

Table 6
Serum ornithine carbamoyltransferase (OCT) and alanine
aminotransferase (ALT) activities

OCT IU/L ALT Kermen
unit

Casein 3.83 � 0.25b 30.03 � 1.3b

Casein � orotic acid 13.2 � 2.6a 52.8 � 5.8a

Soy protein 3.30 � 0.12b 3.32 � 5.2b

Soy protein � orotic acid 4.98 � 0.67b 33.8 � 1.9b

ANOVA
Protein �0.01 �0.05
Orotic acid �0.001 �0.01
Protein � orotic acid �0.01 �0.01

Data represent means � SEM for six rats.
a,b Means within the same vertical column that do not share a common

superscript letter were significantly different: P � 0.05.
NS: not significant.
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the enzyme activity change to be different from the mRNA
level change, might be operating.

The marked increase in both conjugated dienes and pro-
tein carbonyls was observed by orotic acid-feeding (Table
5). A significant negative correlation was found between
liver superoxide dismutase and conjugated dienes (n � 24,
r � �0.75, p � 0.001), and the liver superoxide dismutase
mRNA level and conjugated dienes (n � 24, r � �0.48,
p � 0.05). Therefore, the decrease in liver superoxide dis-
mutase activity and the mRNA level induced by the orotic
acid might relate to the accumulation of lipid peroxide.

Indeed, dietary soy protein had a significant positive
effect on Cu, Zn-superoxide dismutase activity, which
might also have contributed to the lower levels of conju-
gated dienes and protein carbonyls in rats fed soy protein
(Tables 4 and 5). The presence of variable amounts of
biologically active components in soy protein, such as
isoflavones, has the antioxidant effect of scavenging free
radicals in vitro [50]. Soy protein used in this study contains
143 mg isoflavones/100 g soy protein, composed (in weight
%) of 15.2% genistein, 52.1% genistin, 8.1% daizein,
24.5% daizin [51]. Wei et al. reported that isoflavones
decreased xanthine oxidase-induced superoxide production
in an HL-60 cell line [52]. Tasai and Huang also showed
that the soy protein diet, compared with the ethanol-ex-
tracted soy protein diet (low in isoflavones), significantly
decreased hepatic thiobarbituric acid-reactive substances in
hamsters [53]. Therefore, the content of isoflavones in soy
protein might have a beneficial effect on the antioxidant
system in this study.

An increase in the activity of serum alanine aminotrans-
ferase is one of the signs of liver damage [35]. However,
this enzyme is widely distributed not only in the liver, but
also in the extrahepatic organs. On the other hand, ornithine
carbamoyltransferase is specifically localized to the liver
[54]. Therefore, estimating the activity of the latter enzyme
in serum is considered to be more appropriate in demon-
strating liver damage. Orotic acid added to the casein diet
but not to the soy protein diet increased the activities of
ornithine carbamoyltransferase and alanine aminotransfer-
ase in serum (Table 6). Thus, the addition of orotic acid to
the casein diet but not to the soy protein diet might cause
liver damage. In addition, hepatic superoxide dismutase
activity was negatively correlated with serum ornithine car-
bamoyltransferase activity (n � 24, r � �0.67, p � 0.001),
and a positive correlation was found between conjugated
dienes and serum ornithine carbamoyltransferase activity
(n � 24, r � 0.75, p � 0.001). Thus, these results clearly
showed that a significant increase in serum ornithine car-
bamoyltransferase activity might result from the increased
superoxide anion due to the diminished activity of hepatic
superoxide dismutase and to the increased production of
hepatic peroxidative products in rats fed the casein diet with
orotic acid. Thus, a significant increase in peroxidative
products might cause the liver damage.

Overall results indicated that the addition of dietary

orotic acid to the diet containing casein as the protein source
induced not only marked lipid accumulation in the liver, but
also the decreased activity of liver superoxide dismutase,
i.e., a possible increase in superoxide anion. Reactive oxy-
gen species attack hepatic lipids, and induce the production
of lipid peroxide. It was thought that lipid peroxide, either
directly or indirectly, is responsible for much of the oxida-
tive stress that damages living cells. Therefore, when the
diet contained orotic acid, feeding the casein diet caused a
massive increase in the contents of peroxidation products.
Thus, the oxidative damage to lipids and protein might
contribute to liver damage.
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