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Abstract. This study was designed to determine whether hepatocytes from hepatic 
nodules are resistant to the mitoinhibitory effects of orotic acid. Hepatic nodules were 
initiated in Fischer 344 male rats with 1,2-dimethylhydrazine.2HCI (100 mg/kg ip) given 
16 hr after two thirds partial hepatectomy and promoted by feeding a diet containing 
1% orotic acid. Eight to 9 months later, when persistent nodules had developed, the 
rats were taken off the orotic acid diet and maintained on a semisynthetic basal diet for 
2 to 5 weeks. The effect of orotic acid on the DNA synthesis in the hepatocytes isolated 
from hepatic nodules and from the surrounding nonnodular liver and from the age- and 
sex-matched control rats was studied. The results indicated that a dose of orotic acid 
(120 pM) that almost completely inhibited the transforming growth factor-a-induced DNA 
synthesis in hepatocytes from nonnodular surrounding liver and from age- and sex- 
matched control liver could not inhibit the DNA synthesis in hepatocytes from hepatic 
nodules. These results are consistent with the postulate that orotic acid may promote 
liver carcinogenesis by a differential mitoinhibition of normal hepatocytes while permit- 
ting the initiated hepatocytes to respond to growth stimuli and form hepatic nodules. 
However, it needs to be determined whether differential mitoinhibition of normal hepa- 
tocytes is the mechanism by which orotic acid promotes liver carcinogenesis. 
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0 rotic acid is a precursor of pyrimidine nucleotide 
biosynthesis. However, when given in excess, 
it results in an imbalance in nucleotide pools 

characterized by an increase in uridine nucleotides and 
a decrease in adenosine nucleotides (1-3). Since nu- 
cleotides are precursors of nucleic acids, an imbalance 
in nucleotide pools can cause perturbations in DNA 
repair and replication. Similarly, since most of the 
sugars are transferred as nucleotide sugars, an imbal- 
ance in nucleotide pools can also influence the glyco- 
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sylation of lipids and proteins, including that of mem- 
branes (4). Not too surprisingly, the influence of orotic 
acid on tumorigenesis has attracted attention (5-7). 

Using the recently developed initiation and pro- 
motion protocols, the effect of orotic acid on multistage 
hepatocarcinogenesis in the rat was studied (8-12). It 
appears that orotic acid is not an initiator of liver 
carcinogenesis, i.e., it did not induce initiated hepato- 
cytes that can be promoted to form foci or nodules of 
enzyme-altered hepatocytes by a resistant hepatocyte 
model, by phenobarbital, or by a diet deficient in 
choline ( 13). Orotic acid is also not a hepatocarcinogen, 
as exposure of noninitiated rats to orotic acid for 1 year 
did not result in hepatocellular carcinomas (10). How- 
ever, orotic acid promoted liver carcinogenesis in rats 
initiated with a number of liver carcinogens (8-12). 

Promotion may be defined operationally as clonal 
expansion of initiated cells to form foci/nodules, pol- 
yps, or papillomas, one or more of which form precur- 
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sor lesions for the development of cancers (14). Any 
hypothesis on tumor promotion, therefore, should ac- 
count for the differential growth of initiated cells. The 
differential can be at the level of initiated cell (Fig. I) ,  
at the level of the promoting regimen (Fig. 2), or both. 
At the initiated cell level, initiated hepatocytes may 
exhibit a low threshold to growth stimuli or they may 
escape from the negative regulation. This would allow 
a selective expansion of initiated hepatocytes. As shown 
in the Figure 2, at the level of the promoter, the 
promoter can selectively act on initiated cells and am- 
plify the initiated cell population (Mode A). In this 
instance, the promoter is a mitogen. Alternatively, the 
promoter can differentially mitoinhibit the noninitiated 
surrounding cells while permitting the initiated cells to 
respond to the growth stimuli and form foci/nodules 
(Mode B). In this instance, the promoter is a mitoinhib- 
itor and the initiated cells should be relatively resistant 
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Figure 1. Schematic representation of how an initiated hepatocyte 
may be selectively amplified to form a focus/nodule. Initiated hepa- 
tocytes may have a low threshold for growth stimuli and/or a de- 
creased response to negative growth regulators, i.e., growth arres- 
tors. If initiated hepatocytes have these properties, they are at an 
advantage over noninitiated hepatocytes for their growth. 

PROMOTER 

PROMOTER 
Figure 2. Schematic representation of how an initiated hepatocyte 
(I) may be selectively amplified to form a focus/nodule. In Mode A, 
the promoter is a selective mitogen and differentially amplifies the 
initiated hepatocyte to form a focus/nodule. In Mode B, the promoter 
is a selective mitoinhibitor to the noninitiated hepatocytes. Initiated 
hepatocytes, being relatively resistant to the mitoinhibitory effects of 
the promoter, have the advantage in responding to growth stimuli 
and in forming foci/nodules. 

to the mitoinhibitory effects of the promoter (1 5) .  Or- 
otic acid is not a mitogen to the liver (9). On the other 
hand, it inhibits DNA synthesis in hepatocytes both in 
vivo ( 16) and in vitro (1 7-2 1). These results suggest that 
orotic acid may promote liver carcinogenesis by the 
differential mitoinhibitory mode. One of the prerequi- 
sites for this postulate is that the initiated hepatocytes 
be relatively resistant to the mitoinhibitory effects of 
orotic acid. The results presented in this communica- 
tion indicate that hepatocytes isolated from the hepatic 
nodules are indeed resistant to the mitoinhibitory ef- 
fects of orotic acid. 

Materials and Methods 
Development of Hepatic Nodules. Hepatic nod- 

ules were generated by initiating male Fischer 344 rats, 
1 10-120 g (fed a semisynthetic diet, No. 101; Dyets 
Inc., Bethlehem, PA) with 1,2-dimethylhydrazine.2HCl 
given intraperitoneally (100 mg/kg) 16 hr after a two 
thirds partial hepatectomy. Three weeks later, they were 
started on a basal diet containing 1 % orotic acid (10). 
Eight to 9 months later, when persistent nodules had 
developed, the rats were taken off the orotic acid diet 
and maintained on the basal diet for 2 to 5 weeks before 
use in the experiment. 

In Vitro Cell Culture Studies. Hepatocytes (from 
hepatic nodules and nonnodular surrounding liver and 
age- and sex-matched control rat liver) were isolated by 
a collagenase perfusion technique as described previ- 
ously (21). Briefly, 2 x lo5 viable hepatocytes were 
cultured on 35-mm dishes coated with collagen (Vitro- 
gen, 60 pgldish; Collagen Corp., Palo Alto, CA) in 
modified William’s E medium containing fetal bovine 
serum ( 10% v:v), insulin (20 units/liter), L-glutamine 
(2 mM), Hepes (10 W), penicillin ( 1  00 units/ml), 
and streptomycin ( 100 pg/ml). After an attachment 
period of 3 hr at 37°C in air-C02 ( 9 5 3 ,  the medium 
and nonattached cells were removed. At this time, 
medium was changed to serum-free modified William’s 
E medium supplemented with L-proline (2 mM) and 
sodium pyruvate (10 mM). Appropriate dishes also 
contained epidermal growth factor or transforming 
growth factor (TGF)-a, orotic acid as orotic acid methyl 
ester (Sigma Chemical Co., St. Louis, MO), and [3H] 
thymidine (5 pCi/dish). After 48 hr of incubation, the 
cells were washed in cold phosphate-buffered saline and 
then processed for DNA synthesis either by determining 
the labeling index or by determining acid-precipitable 
radioactivity (2 1). Eighty percent to 90% viability was 
observed in hepatocytes isolated from both hepatic 
nodules and from the surrounding nonnodular liver 
tissue. 

Results and Discussion 
Initial experiments were carried out to determine 

the optimum dose of TGF-a that induces DNA synthe- 
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sis in hepatocytes from nodules and surrounding non- 
nodular liver tissue. The results presented in Figure 3 
demonstrate that increasing the dose of TGF-a resulted 
in an increase in DNA synthesis. Hepatocytes from 
nodules exhibited a higher basal labeling index com- 
pared with those from the surrounding liver. However, 
not all hepatocytes from the nodules responded to TGF- 
a, even at higher doses. It is intriguing that a significant 
fraction of nodule-hepatocytes do not respond to TGF- 
a. Similar patterns of results were obtained whether the 
DNA synthesis was monitored as labeling index or as 
acid-precipitable radioactivity. 

The addition of orotic acid inhibited the DNA 
synthesis in the hepatocytes from the surrounding non- 
nodular liver (Fig. 4). The pattern of results is very 
similar to that obtained with hepatocytes from age- and 
sex-matched control rats that were not exposed to di- 
methylhydrazine or orotic acid diet (Fig. 4). However, 
hepatocytes from nodules did not exhibit any mito- 
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Figure 3. Effect of different concentrations of TGF-CI on DNA syn- 
thesis in hepatocytes isolated from hepatic nodules and nonnodular 
surrounding liver tissue. Details concerning the generation of hepatic 
nodules, isolation of hepatocytes, and measurement of their prolifer- 
ative response to TGF-CI are given in the text. In most of the 
experiments, hepatocytes from a single nodule of 1 cm or larger were 
used. The values are the mean +_ SD of three dishes. The experiment 
was repeated two or three times with similar patterns of results. 

8o 3 Basal Medium 
El TGF-a (4Onglrnl) 

TGF-a + OA (120~M) 

" 
Surrounding Nodule Control Hepatocytes 
Hepatocytes Hepatocytes (agelsex matched) 

Figure 4. Effect of orotic acid on DNA synthesis induced by TGF-a 
in hepatocytes from nocules, nonnodular surrounding hepatocytes, 
and from age- and sex-matched control rats. For experimental details, 
see legend to Figure 3. Additional details are given in the text. The 
experiment was repeated three times with similar patterns of results. 

inhibition in response to orotic acid. Essentially similar 
pattern of results were obtained when epidermal growth 
factor was used instead of TGF-a. Thus, orotic acid at 
a concentration that inhibited DNA synthesis in hepa- 
tocytes isolated from normal rat liver or from surround- 
ing nonnodular liver tissue did not inhibit the DNA 
synthesis in hepatocytes from hepatic nodules. These 
results clearly demonstrate that orotic acid is a differ- 
ential mitoinhibitor in normal hepatocytes and that the 
hepatocytes from nodules some how escape the mito- 
inhibitory effects of orotic acid. This observation is 
consistent with the postulate that orotic acid may pro- 
mote liver carcinogenesis by a differential mitoinhibi- 
tory mode. However, it needs to be demonstrated that 
the differential mitoinhibitory effects of orotic acid in 
fact contribute to its promoting effects. 

The concept of differential mitoinhibition as a 
mechanism to selectively amplify the resistant (initi- 
ated) hepatocytes to form foci/nodules of enzyme-al- 
tered hepatocytes was utilized in the resistant-hepato- 
cyte model of liver tumor promotion (22, 23). 2-Ace- 
tylaminofluorene, used in the resistant hepatocyte 
model, exhibits differential mitoinhibition on normal 
hepatocytes, whereas the initiated ones are relatively 
resistant to its mitoinhibitory effects. In this model, 2- 
acetylaminofluorene coupled with a compensatory liver 
cell-proliferative stimulus selectively amplifies the car- 
cinogen-induced resistant hepatocytes. Phenobarbital, 
another liver tumor promoter, also inhibits DNA syn- 
thesis in hepatocytes in vitro (24, 25) and in vivo upon 
chronic exposure (26; E. Laconi and E. Farber, unpub- 
lished observations). Interestingly, phenobarbital inhib- 
its the DNA synthesis also in hepatocytes of the hepatic 
nodules in vitro in response to TGF-a (data to be 
published elsewhere). Thus, differential mitoinhibition, 
if it exists at all, is minimal, and one wonders whether 
it contributes to a significant extent to the promoting 
effects of phenobarbital (Table I). It is also conceivable 
that the lack of a strong differential may be one reason 

Table I. Comparison of Orotic Acid, Phenobarbital, 
and the Resistant Hepatocyte Models in Terms of 

Their Ability to Promote by a Differential 
Mitoinhibitory Mode" 

Models of rat liver tumor 
promotion 

2-AAF OA PB 
Parameter considered 

(RH model) 

Mitoinhibition + + +  
Differential mitoinhibition + + +  
Selection by differential mi- + ? ? 

toinhibition 

a Abbreviations used in tables: 2-AAF, 2-acetylaminofluorene; RH, 
resistant hepatocyte; OA, orotic acid; PB, phenobarbital. 
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why phenobarbital takes several months to achieve 
tumor promotion. 

Recently, orotic acid was also shown to promote 
duodenal carcinogenesis induced by azoxymethane (27) 
and mammary carcinogenesis induced by dimethyl- 
benzo( a)anthracene (28) and to enhance N-nitroso-( 2- 
hydroxypropyl)( 2-oxypropy1)amine-induced renal mes- 
enchymal tumors and lung adenomas (29). It is not 
known whether orotic acid exerts a differential mito- 
inhibition in these organs similar to that seen in the 
liver. 

The discussion so far has been focused on orotic 
acid as a promoter. One question that needs to be 
explored is whether orotic acid also has the potential to 
be a progressor. In this context, progression is defined 
as a process whereby the nodules undergo cellular ev- 
olution to malignant neoplasms (14). This question 
stems from two observations: (i) It takes 10- 15 weeks 
of exposure for diets containing 1% orotic acid to 
induce foci of enzyme-altered hepatocytes in rats initi- 
ated with diethylnitrosamine or 1,2-dimethylhdrazine 
(10). The foci formed are fewer and smaller compared 
to those seen with the resistant hepatocyte model of 
liver tumor promotion. (ii) However, by the end of 1 
year, nearly 100% of the initiated rats exposed to orotic 
acid develop hepatocellular carcinomas, with about 
50% of them metastasizing to the lungs (35-70% de- 
pending on the initiating protocol) (1 3). In many of the 
existing models of rat liver tumor promotion, it is 
difficult to draw a clear cut demarcation between where 
the tumor promotion ends and tumor progression 
starts. Thus, there is an urgency to develop models with 
good synchrony of the lesions and with clearly identi- 
fiable boundaries between tumor promotion and pro- 
gression, and to determine biological, biochemical, or 
molecular markers that have functional significance to 
tumor progression. In recent years, the need to develop 
such models to study tumor progression has been in- 
creasingly recognized. 

Thus, in summary, the results obtained so far in- 
dicate that orotic acid is not a carcinogen or an initiator 
to the liver, but a promoter of carcinogenesis in the 
liver. It exerts a differential mitoinhibition in hepato- 
cytes from normal and nonnodular surrounding liver 
tissue, while the hepatocytes from nodules are resistant 
to the mitoinhibitory effects of orotic acid. Whether 
this differential plays any role in orotic acid-induced 
liver tumor promotion needs to be established. 

This study was supported by funds from NIH CA 37077. We 
thank Lori Cutler for her secretarial assistance. 
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