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Abstract. The spontaneous formation of nitrites was examined in the medium of cultured 
rat hepatocytes and taken as a measure of nitric oxide generation. The rate of nitrite 
formation increased after 8-12 hr in culture which was blocked by the addition of 
dexamethasone, actinomycin D, or cycloheximide. Various glucocorticoids, mineralo- 
corticoids, and sex steroids also inhibited nitrite formation by varying degrees, without 
affecting arginase activity or urea production. The inhibition of nitric oxide formation 
appears, therefore, not to be due to changes in the availability of arginine. The results 
suggest that nitric-oxide synthase is induced in hepatocytes in culture and show that 
anti-inflammatory glucocorticoids are not the only steroids that inhibit nitric oxide 
formation. [P.S.E.B.M. 1993, Vol2021 

large number of cell types have the ability to 
synthesize nitric oxide (NO) from arginine, by A the enzyme nitric-oxide synthase (for review, 

see Ref. l), including liver parenchymal cells (2-5) and 
Kupffer cells (resident macrophages) (2, 6). Adminis- 
tration of endotoxin to rats induces nitric-oxide syn- 
thase in the liver (2, 4). Knowles et al. (4) reported this 
to occur in the parenchymal cells of the liver, whereas 
Billiar et al. (2, 6) have reported this to take place only 
in the nonparenchymal cells (Kupffer/endothelial). 
While NO production has been implicated in mediating 
the cytotoxic actions of activated macrophages (l), the 
role of liver parenchymal NO production is not clear. 

Anti-inflammatory glucocorticoids have been 
shown to inhibit lipopolysaccharide (LPS)-stimulated 
NO production in liver parenchymal cells (5) and other 
cells (1,  5, 7-9) that can be mimicked by protein 
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synthesis inhibitors, but not by progesterone (7-9). 
Little attention has been focused on the mechanism of 
action of glucocorticoids, or on the spontaneous pro- 
duction of nitric oxides in cultured parenchymal cells. 

Recently it has been shown that the availability of' 
arginine is highly regulated in endothelial cells and may 
be an important factor in the regulation of NO forma- 
tion (10- 12). Nitric-oxide synthase in the liver would. 
compete with arginase for available arginine. In view 
of the fact that glucocorticoids have been shown to 
increase the activity of arginase (1 3-1 5), with an in- 
crease in urea cycle activity and urea production, the 
availability of arginine may be decreased, which could 
account for the inhibition of observed NO formation. 

In this report, we examined the relationship be- 
tween NO formation, arginase activity, and urea pro- 
duction. We show that the glucocorticoids, mineralo- 
corticoids, and sex steroids can all inhibit spontaneous 
nitrite release to varying degrees without affecting art- 
ginase activity or urea production. 

Materials and Methods 
Preparation and Culture of Hepatocytes. Hepa- 

tocytes were prepared by collagenase digestion as de- 
scribed (16, 17) and parenchymal cells were attached 
to 23-mm, 12-well culture plates at a density of 5 x 1 O5 
cells/well in 0.75 ml of modified Liebowitz L15 me- 
dium containing 10% newborn calf serum (18, 19). 
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Additions constituted no more than 0.3% of the final 
volume of the medium. Steroid hormones were dis- 
solved in dimethyl sulfoxide, which was also added as 
a control. Cells were maintained for 20 hr before use in 
the presence or absence of steroid hormones. The ste- 
roid hormones did not affect the plating efficiency of 
the cells, or the viability of the hepatocytes as judged 
by retention of lactate dehydrogenase activity, cell pro- 
tein content, and trypan blue exclusion (results not 
shown). The contamination of steroid preparations was 
<0.3% for aldosterone and <O. 1 % for all the others. 

Assay for Nitrites. NO is rapidly converted to 
NO2- and N03- (in the presence of oxygen and water) 
which are relatively stable, inactive end products (1). 
The presence of nitrites is indicative of NO formation, 
The assay for nitrites was based on the Griess reaction 
(20). Protein was determined by the method of Bradford 
(21). Results are expressed as nmol nitrite released/mg 
cell protein. 

Arginase Activity and Urea Production. Urea was 
determined as described (22), where urea is hydrolyzed 
by urease to ammonia and converted to indophenol. 
Medium (25 pl) was added to 250 pl of urease buffer 
containing: 15 units/ml urease in 100 m M  sodium 
acetate (pH 5) and incubated for 15 min at 37°C. Phenol 
reagent (0.5 ml) (50 g of phenol and 0.5 g of sodium 
nitroprusside/liter) and 0.5 ml of hypochlorite reagent 
(25 g of NaOH and 42 ml of sodium hypochlorite, 4- 
6%/liter) were added. Samples were mixed and left for 
2 hr and the absorbance was measured at 645 nm. The 
assay was linear up to 100 nmol. Results are expressed 
as pmol urea produced/mg cell protein. 

The assay for arginase was based on that of Gar- 
ganta and Bond (22). Briefly, cells were scraped in 1 ml 
of 50 m M  KPi (pH 7.4) containing 150 m M  KCl. 
Samples were sonicated for 6 X 1 sec and were diluted 
1/20 with the same buffer. Arginase activity was meas- 
ured in the presence or absence of manganese, a known 
activator of arginase (22,23). Sample (40 pl) was prein- 
cubated for 30 min at 37°C with either 10 pl of H 2 0  or 
5 m M  MnC12 (1 m M  final). Reagent buffer was then 
added containing: 12.5 m M  NaHC03 (pH 9.5) and 
12.5 m M  arginine in a final volume of 250 p1 and 
incubated for up to 30 min at 37°C. Urease buffer (250 
pl) (described above) was then added and tubes were 
further incubated for 15 min. The acidic pH of the 
urease buffer inhibits arginase activity, which is deter- 
mined by the presence of urea. Reaction was terminated 
by the addition of 1 ml of both phenol and hypochlorite 
reagents. Standard curves for urea were performed in 
KPi buffer containing arginine and sodium acetate. 
Activity is expressed as nmol/min/mg cell protein. The 
assay was linear for at least 1 hr (results not shown) and 
manganese stimulated arginase activity 2.4-fold, in 
close agreement with reported values (23). 

Materials. Tissue culture plates were from Costar. 

Collagenase, NaN02, tissue culture reagents, and ste- 
roids were from Sigma. 

Results and Discussion 
Incubation of parenchymal cells for up to 28 hr in 

primary culture led to an increase in the accumulation 
of nitrites in the medium. Between 0-8 hr, there was 
little appearance of nitrite in the medium. At 3 hr, 
nitrite was barely detectable with this assay (0.025- 
0.030 OD units). Typical readings at 8 hr of culture 
ranged between 0.075 and 0.100 OD units and greatly 
increased thereafter, resulting in OD units between 0.25 
and 0.58 at 20 hr. Dexamethasone (3 nM), when added 
between 0-4 hr in culture, virtually abolished the in- 
crease in nitrite formation (82 f 7% for n = 5; Fig. l), 
as expected (1, 5, 7-9). However, when added after 8- 
12 hr in culture, dexamethasone had only a limited 
effect (21 _+ 5% for n = 5; Fig. 1). Very similar results 
were obtained with actinomycin D and cycloheximide, 
as shown in an earlier publication (24). This suggests 
that dexamethasone blocks the synthesis of nitric-oxide 
synthase, or some other factor involved in the regula- 
tion of the enzyme, which occurs with a lag time of 8- 
12 hr, and that once induced, dexamethasone (or the 
protein synthesis inhibitors) showed little effect. 

The following experiments were performed to de- 
termine whether steroids other than glucocorticoids 
could inhibit nitric-oxide synthase. For these studies, 
all agents were added at the time of cell plating and 
nitrite formation was measured after 20 hr in culture. 

Dexamethasone potently inhibited the sponta- 
neous release of nitrite with an estimated median effec- 
tive concentration (ECSo) of 0.5 n M  (Fig. 2A and Table 
I). Other natural anti-inflammatory glucocorticoids, 
corticosterone, cortisone, and hydrocortisone, also in- 
hibited nitrite formation with ECso values in the 0.1 - 1 
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Figure 1. Time course for the accumulation of nitrites in the medium 
of cultured hepatocytes. Hepatocytes were cultured for the times 
indicated and the nitrite concentration was determined in the medium. 
Dexamethasone (3 nM) was added to the medium at the times 
indicated. Results are expressed as the percentage of nitrite in the 
medium of control incubations relative to that seen after 20 hr and 
are means & SE from five paired independent experiments. 
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Table 1. Relative Potencies of Various Steroids on 
Inhibition of Nitrite Formation 
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Figure 2. Effects of steroids and NG-monomethyl-L-arginine (NMMA) 
on nitrite formation. Hepatocytes were incubated for 20 hr in the 
presence of agents as indicated. Results are means k SE from three 
to seven independent experiments as indicated in Table I and are 
expressed as percentage of inhibition of basal release of nitrite, which 
was 33.7 & 5.8 nmol released/mg protein. 

Independent 
Additions experiments ECS0 values" 

(n) 
~~ 

Dexamethasone 
Hydrocortisone 
Corticosterone 
Aldosterone 
Cortisone 
P-Estradiol 
Deox ycorticosterone 
Progesterone 
NMMA 

0 . 5 1  +: 0.04 nM 
0.11 f 0.01 pM 
0.25 rfr 0.04 pM 
0.67 f 0.17 pM 
0.97 f 0.19 pM 
1.53 f 0.50 yM 

10.71 f 1.44 pM 
11.87 rfr 2.33 pM 
18.76 f 1.82 pM 

"The ECSo values for the inhibition of nitrite formation were calculated 
from data shown in Figure 2 using the Enzfitter computer program. 
The correlation of the best curve fit in cultured rat hepatocytes was 
>0.95 for all additions. 

pA4 range (Fig. 2B). Deoxycorticosterone, which is de- 
rived from progesterone and is a precursor of corticos- 
terone and aldosterone, was 10- to 1 00-fold less effective 
then the anti-inflammatory glucocorticoids (Fig. 2B). 
Deoxycorticosterone has no glucocorticoid potency, 
but has approximately 5 % of the potency of aldosterone 
as a mineralocorticoid. Aldosterone was found to be a 
potent inhibitor of nitrite accumulation, with an ECso 
of less than 1 pA4 (Fig. 2C and Table I), which is less 
than that of cortisone. The potency of aldosterone was 
approximately 20-fold higher than that of deoxycorti- 
costerone, which agrees with the relative potencies of 
these two steroids with regard to mineralocorticoid 
activity. These results suggest that glucocorticoids and 
mineralocorticoids are both equally effective at inhib- 
iting spontaneous nitrite production. 

The sex steroids progesterone and P-estradiol also 
inhibited nitrite formation (Fig. 2C). Progesterone was 
fairly weak (ECso of 12 p M ) ,  having a similar potency 
to that of deoxycorticosterone. However, Di Rosa et al. 
(7), Radomski et al. (8), and Pfeilschifter (9) saw no 
effects of progesterone at 5-10 pM in macrophages, 
endothelial cells, or renal mesangial cells on inhibiting 
the induction of nitric oxide synthase by LPS, inter- 
feron-7 or interleukin- 10. In cultured rat hepatocytes, 
10 pM progesterone inhibited spontaneous nitrite for- 
mation by 44 k 5 %  ( n  = 7; Fig. 2C). P-Estradiol, on 
the other hand, was quite potent at inhibiting nitrite 
formation (Fig. 2C), with an EC50 value similar to that 
of cortisone. 

The appearance of nitrite in the medium was in- 
hibited by the nitric oxide synthase inhibitor NG-mon- 
omethylarginine (NMMA), with an ECso of approxi- 
mately 20 pA4 (Fig. 2A). The high ECsO is probably a 
reflection of the fact that the Ll 5 medium contains 2.4 
m M  arginine. However, the results show that nitrite 
formation in the medium is dependent upon nitric 
oxide synthase activity. 
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A certain degree of cell-type selective inhibition of 
nitric oxide synthesis can be demonstrated by using 
different arginine analogs. The arginine analog NG- 
monomethylarginine (NMMA) inhibits nitric oxide 
synthesis by both the inducible, tetrahydrobiopterin- 
and flavin-dependent activity exemplified by the mac- 
rophage enzyme and a constitutive, Ca’+-dependent 
activity exemplified by the endothelial cell enzyme. In 
contrast, NG-nitro-L-arginine is much less potent with 
macrophages and more effectively inhibits constitutive 
nitric-oxide synthase (25). In our hands, NMMA and 
NG-nitro-L-arginine methyl ester used at a 30-pM con- 
centration were equipotent in inhibiting nitrite accu- 
mulation by cultured rat hepatocytes. The respective 
values expressed as percentage of basal nitrite release 
were as follows: NMMA, 30 pM in hepatocytes of 30- 
and 3-hr saline-infused rats: 10 k 1 % ( n  = 5 )  and 26 2 
15% ( n  = 3), respectively (24); NAME, 30 pM in 
hepatocytes of 30-hr saline-infused rats: 15.8 k 0.7% 
(mean +_ range from two independent experiments). In 
two experiments, NG-nitro-L-arginine inhibition of ni- 
tric oxide synthesis was contrasted with that of NMMA 
in rat hepatocytes, and it was clear that more nitroar- 
ginine is needed than NMMA to see the same inhibi- 
tion. The values were 10.4 -t- 1 .O% of basal release with 
0.1 m M  NMMA versus 15.0 k 6.5% with 0.25 m M  
nitroarginine. These results are consistent with the pres- 
ence of an inducible, or primarily inducible enzyme, 
with minimal contribution of constitutive nitric oxide 
synthase activity. 

The bile acids cholate and deoxycholate, which like 
steroids are derived from cholesterol, did not inhibit 
nitrite formation at concentrations up to 10 pM, nor 
did they affect hepatocyte viability as determined by 
trypan blue exclusion and protein content of the cells. 
Similarly indomethacin, a cyclooxygenase inhibitor, 
had no significant effect. 

The activity of arginase was also measured in cell 
homogenates from the same cultures. Trace metal ac- 
cumulation, including Mn2+, has been reported in the 
livers of diabetic rats (23, 26). As arginase activity is 
dependent upon Mn2+, changes in arginase activity may 
be due to increased arginase protein or increased Mn2+ 
concentration/availability in the cytosol (23, 26). To 
overcome this problem, arginase activity was measured 
in the presence or absence of added Mn2+. Changes in 
arginase activity in the presence of Mn2+ would be 
coincident with an increase in the amount of arginase 
protein. As described in Materials and Methods, prein- 
cubation of cell extracts with 1 m M  MnC12 increased 
arginase activity by 2.4-fold, in close agreement with 
the 2.6-fold increase reported in liver cytosol (23). As 
shown in Table 11, none of the steroid hormones tested 
had any significant effect on arginase activity either in 
the presence or absence of Mn2+. 

Arginase activity has been reported to be induced 

by glucocorticoids in fetal (1 3) and adult (14) rat he- 
patocytes in culture as well as in rat hepatoma cell lines 
(1  5) .  With H4 hepatomas, an increase in arginase was 
detected after 24 hr and continued to rise for 72 hr 
(15). In fetal hepatocytes, arginase activity was in- 
creased only after 72 hr of treatment with glucocorti- 
coids (1 3). In adult hepatocytes, slight increases were 
seen after 48 hr, which were greatly potentiated by the 
simultaneous addition of glucagon (14). The lack of 
effect of steroid hormones on arginase activity after 20 
hr would, therefore, not be inconsistent with the re- 
ported effects. We have shown, however, that steroid 
hormones can inhibit nitrite formation as early as 8- 
12 hr (Fig. 1). Increased flow of arginine through argi- 
nase and the urea cycle may occur without large 
changes in arginase activity and would lower cytosolic 
arginine concentrations, thereby inhibiting nitrite for- 
mation. The production of urea may be a more sensitive 
indicator of increased arginase activity or urea cycle 
activity. Therefore, urea formation in the medium of 
cultured hepatocytes was also measured along with 
nitrites. Again, we found that none of the steroid hor- 
mones has any significant effect on the accumulation 
of urea in the medium after 20 hr. This, again, is 
presumably due to the length of time required for the 
induction of urea cycle enzymes. Recently it has been 
reported that the synthesis of arginine from citrulline 
has an important role in the maintenance of the avail- 
ability of arginine for the production of nitric oxide in 
cultured endothelial cells ( 10- 12). Although we cannot 
rule out that such mechanisms exist in the liver, the 
results presented here suggest that removal of intracel- 
lular arginine through increased arginase activity or 
urea cycle activity is not a factor in steroid-mediated 
inhibition of nitric oxide formation. 

The function of NO production by the parenchy- 
mal cells of the liver remains unclear. Billiar et al. (27) 
reported that inhibition of nitric oxide synthase en- 
hanced sepsis-induced liver damage in vivo, whereas in 
vitro, NO production had a cytotoxic effect on paren- 
chymal cells, by inhibiting protein synthesis (3, 28). 

The results presented here show that nitric oxide 
synthase is probably induced in parenchymal cells in 
culture with a lag time of 8-12 hr. A potential mecha- 
nism for the induction of NO synthase in hepatocytes 
may involve the membrane receptors on rat hepatocytes 
for the inner core region of LPS (29). The binding of 
LPS to these membrane receptors may then be followed 
by induction of gene transcription and protein transla- 
tion resulting in the expression of an isoform of nitric- 
oxide synthase. 

The production of nitrites in the medium is inhib- 
ited not only by the anti-inflammatory glucocorticoids 
but also by mineralocorticoids and sex steroids. The 
results also suggest that once induced, steroid hormones 
show limited effect on nitric oxide synthase activity. 
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Table II. Effects of Various Steroids on Formation of Nitrites and Urea and Arainase Activity" 

Additions 

Basal 

Nitrite formation 

(33.7 f 5.8 
nmol/mg pro- 

tein) 

~~ 

Arginase 

-Mn2+ +Mn2+ 
Urea formation 

(2.43 f 0.31 (0.51 f 0.09 (1.22 f 0.27 
pmol/mg pro- nmol/min/mg nmol/min/mg 

tein) protein) protein) 

Dexamethasone 
Corticosterone 
Cortisone 
Hydrocortisone 
Aldosterone 
P-E s t rad iol 
Progesterone 
Deox ycorticos t erone 

31 rt 6' 
28 f 2' 
41 f 5' 
26 f 9' 
37 f 6' 
53 f 6' 
60 k 1' 
63 f 6' 

o/o of basal values 
97 f 10 
95 f 7 
88 f 3 
97 rt 7 

93 f 9 90f 10 
86 rt 7 
95 f 9 97k 10 

98 rt 6 
112 f 9 
99 f 5 
97 k 6 

102 f 4 91 k 2  

90 f 4 

97 f 2 
98 k 1 1  
101 f 3  
85 f 6 
93 f 8 
98 k 4 
95 f 4 
97 f 5 

"Hepatocytes were incubated for 20 hr in the presence of steroids. Nitrite and urea formation in the medium and arginase activity in cell 
extracts were determined as described in Materials and Methods. Results are means f SE from three to seven independent experiments and 
are expressed as percentage of basal values which are shown. 
* The significance of difference between the groups was determined by paired t test, P < 0.001. 

The steroid hormones probably inhibit the de novo 
synthesis of nitric oxide synthase, since the effects were 
mimicked by protein synthesis inhibitors. 

This work was supported by NIH Grant GM32654. The use of 
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for helpful discussion and Curtis vande Stouwe for the preparation 
of hepatocytes. 
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