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synthesized from arginine by the iNOS reaction, citrul-
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Arginine is an intermediate of the urea cycle in the
iver. It is synthesized by the first four enzymes of
he cycle, carbamylphosphate synthetase I, ornithine
ranscarbamylase, argininosuccinate synthetase, and
rgininosuccinate lyase, and is hydrolyzed to urea and
rnithine by arginase I, forming the cycle. In endotox-
mia shock, inducible nitric oxide (NO) synthase
iNOS) is induced in hepatocytes and arginine is uti-
ized for NO production. Regulation of the genes for
NOS and the urea cycle enzymes was studied using
ipopolysaccharide (LPS)-treated rat livers. When rats
ere injected intraperitoneally with LPS, iNOS mRNA
as markedly induced. Cationic amino acid trans-
orter-2 and C/EBPb mRNAs were also highly in-
reased. In contrast, mRNAs for all the urea cycle en-
ymes except ornithine transcarbamylase were grad-
ally decreased and reached 16–28% of controls at
2 h. However, all these enzymes remained unchanged
t protein level up to 24 h. In light of these results, we
uggest that synthesis of urea cycle enzymes is down-
egulated and that the protein synthetic capacity is
irected to synthesis of proteins required for defense
gainst endotoxemia. © 2000 Academic Press

Arginine plays a central role in the biosynthesis of
rea, creatine phosphate, proline, polyamines and ni-
ric oxide (NO) (1). In the liver of ureotelic animals,
rginine is synthesized from NH3, CO2, ornithine and
spartate by the first four enzymes of the urea cycle,
arbamylphosphate synthetase I (CPS I), ornithine
ranscarbamylase (OTC), argininosuccinate synthe-
ase (AS) and argininosuccinate lyase (AL), and is hy-
rolyzed by arginase I to urea and ornithine, forming
he cycle (Fig. 1). Under conditions of endotoxin shock,
nducible NO synthase (iNOS) is induced in hepato-
ytes (2–7) and a large amount of NO which is impor-
ant in defense reactions, is produced (8). When NO is

1 The first two authors contributed equally to this work.
2 To whom correspondence should be addressed at Department of
olecular Genetics, Kumamoto University School of Medicine,
onjo 2-2-1, Kumamoto 860-0811, Japan. Fax: 81-96-373-5145.
-mail: masa@gpo.kumamoto-u.ac.jp.
221
ine, an intermediate of the urea cycle, is produced.
hus, the urea cycle is bypassed by the NOS reaction
nd a new cycle called “citrulline-NO cycle” is formed
Fig. 1). This citrulline-NO cycle is operative in several
ell types including endothelial cells (9), macrophages
10–12) and vascular smooth muscle cells (13). On the
ther hand, both iNOS and arginase utilize arginine as
common substrate. We found that arginase I is mark-

dly induced in activated macrophages, which sug-
ested that this enzyme downregulates NO production
y depleting intracellular arginine (14, 15). Arginase II
non-hepatic type) is also induced in activated macro-
hages (15–18), downregulates NO production (19, 20)
nd prevents NO-mediated apoptosis (20). Therefore,
e asked if genes for arginine metabolic enzymes in

he urea cycle are modulated under conditions of en-
otoxin shock where a large amount of NO is produced
rom arginine.

Here, we report that iNOS mRNA was indeed in-
uced in the rat liver after LPS administration,
hereas mRNAs for the urea cycle enzymes, except for
TC, were markedly decreased. On the other hand,
RNAs for cationic amino acid transporter-2 (CAT-2)

nd C/EBPb were increased. These results suggest
hat synthesis of the four urea cycle enzymes is down-
egulated for increased synthesis of proteins which are
ritical in endotoxin shock.

ATERIALS AND METHODS

Animals and LPS treatment. Specific pathogen-free male Wistar
ats (5–6 weeks of age) were injected intraperitoneally with Esche-
ichia coli LPS (serotype 0127:B8, Sigma) at 20 mg/kg body weight,
nd killed at indicated times following anesthetization with ether.

RNA blot analysis. Total RNA was prepared from the rat liver by
he guanidium thiocyanate-phenol-chloroform extraction procedure
21). After electrophoresis in formaldehyde-containing agarose gels,
NAs were transferred to nylon membranes. Digoxigenin-labeled
ntisense RNA probes were synthesized from cDNAs under the
ontrol of T7 or SP6 promoter, using a transcription kit (Boehringer
annheim). cDNAs for the following rat proteins were used for

ynthesis of probes: iNOS (12), CPS I (22), OTC (22), AS (23), AL (23),
rginase I (14), CAT-2 (15), C/EBPa (24) and C/EBPb (14). Chemi-
uminescence signals derived from hybridized probes were detected
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.
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n X-ray films, using a DIG luminescence detection kit (Boehringer
annheim), then quantified using the MacBas bioimage analyzer

Fuji Photo Film Co., Tokyo, Japan).

Immunoblot analysis. Rat livers were homogenized in 9 volumes
f 20 mM potassium HEPES buffer, pH 7.4, containing 0.5% Triton
-100, 1 mM dithiothreitol, 50 mM antipain, 50 mM leupeptin, 50 mM
hymostatin and 50 mM pepstatin. The homogenates were centri-
uged at 25,000g for 30 min at 4°C, and the supernatants served as
iver extracts. The extracts (20 mg of protein) were subjected to

FIG. 1. The urea cycle and NO synthesis. Arginine is utilized
oth by nitric oxide synthase (NOS) for NO synthesis and by argi-
ase I for urea synthesis. CPS I, carbamylphosphate synthetase I;
TC, ornithine transcarbamylase; AS, argininosuccinate synthe-

ase; AL, argininosuccinate lyase.

FIG. 2. RNA blot analysis of mRNAs for iNOS, urea cycle enzy
solated from rat livers at the indicated times after LPS treatment. R
b) and 18 S (1.9 kb) rRNAs are shown on the right. The bottom pane
. (B) The results in A were quantified using a bioimaging analyzer a
re set at 100%, except that the maximal value is set at 100% for iN
222
embranes. For immunodetection we used an ECL kit (Amersham
harmacia Biotech), according to the protocol provided by the man-
facturer. Antibodies against rat CPS I (25), human OTC (26), rat AS
23), rat AL (23) and human arginase I (14) were used. Protein was
etermined using a protein assay reagent (Bio-Rad) with bovine
erum albumin as a standard.

ESULTS

hanges in mRNA Levels for iNOS and Urea Cycle
Enzymes in LPS-Treated Rat Liver

Rats were injected intraperitoneally with LPS and
RNAs for iNOS and the five urea cycle enzymes in

he liver were measured using RNA blot analysis (Fig.
). The amount of LPS was first titrated and the min-
mal dose (20 mg/g body weight) that gave nearly max-
mal induction of iNOS mRNA was used (data not
hown). iNOS mRNA which was not detectable prior to
PS treatment, began to increase 2 h after the treat-
ent, increased markedly at 6 h and decreased to

ndetectable levels within 12 h. In contrast, CPS I
RNA decreased with time up to 12 h, reached 23% of

s and C/EBPa in the liver of LPS-treated rats. (A) Total RNA was
s (2.0 mg) were subjected to blot analysis. The positions of 28 S (5.1

ows ethidium bromide staining of 28 S and 18 S rRNAs. AI, arginase
re represented by means 6 ranges (n 5 2). Control values at 0 time
mRNA.
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ontrol, and reverted to a level similar to or even
igher than control within 24 h. mRNAs for AS, AL
nd arginase I also decreased up to 12 h, reaching 28%,
2% and 16% of controls, respectively, and increased
omewhat at 24 h. On the other hand, OTC mRNA
emained little changed for up to 24 h.

We earlier reported that expression of urea cycle
nzymes, except for OTC, was strongly to moderately
ffected in mice deficient in transcription factor
/EBPa and showed that C/EBPa is important for

iver-selected and coordinated expression of urea cycle
nzymes (22). Thus, it seemed important to measure
/EBPa mRNA. However, mRNA was little changed
fter LPS treatment. Such being the case, the de-
reases in mRNAs for urea cycle enzymes may be due
o a change(s) in other transcription factor(s) or to an
ccelerated degradation of mRNAs.

rotein Levels for the Urea Cycle Enzymes
in LPS-Treated Rat Liver

Urea cycle enzyme proteins in livers of LPS-treated
ats were analyzed by immunoblot analysis (Fig. 3). In
ontrast to mRNAs, all the urea cycle enzymes remained
ittle changed at the protein level after LPS treatment.

hanges in mRNA Levels for CAT-2 and C/EBPb
in LPS-Treated Rat Liver

Based on these findings, we speculated that synthe-
is of urea cycle enzymes is downregulated in order to
irect the protein synthetic capacity for synthesis of

FIG. 3. Immunoblot analysis of the urea cycle enzymes in the
iver of LPS-treated rats. Liver extracts were prepared at the indi-
ated times after LPS treatment. The extracts (20 mg of protein) were
pplied to SDS–7% (CPS I) or 10% (OTC, AS, AL, and arginase I)
olyacrylamide gel electrophoresis, and subjected to immunoblot
nalysis using rabbit antisera (diluted 1:10,000) against rat CPS I,
uman OTC, rat AS, rat AL or human arginase I. Molecular mass
arkers (Rainbow protein molecular size markers, Amersham
orp.) are myosin (220 kDa), phosphorylase b (97 kDa), ovalbumin

46 kDa) and carbonic anhydrase (30 kDa). AI, arginase I.
223
er conditions of endotoxin shock. We next measured
RNAs for proteins which are expected to be induced

nder these conditions (Fig. 4). mRNA for CAT-2 which
s thought to supply arginine for iNOS reaction, was

arkedly induced at 2 h, decreased much at 6 h and to
level lower than control at 12 h, and returned to

ontrol level at 24 h. mRNA for C/EBPb which acti-
ates genes for acute phase proteins in hepatocytes (27,
8), also increased at 6 h, then decreased.

ISCUSSION

In hepatocytes, activities of arginine synthetic en-
ymes of the urea cycle are high and a large amount of
rginine is synthesized. However, the synthesized ar-
inine is completely degraded by the high activity of
rginase I, the last enzyme of the urea cycle, and there
s no net synthesis of this amino acid in the liver. In
ndotoxin shock, iNOS is highly induced in hepato-
ytes and arginine is utilized for a high output produc-
ion of NO. Thus arginine is utilized both by iNOS for
O synthesis and by arginase I for urea synthesis.

FIG. 4. RNA blot analysis of mRNAs for CAT-2 and C/EBPb in the
iver of LPS-treated rats. (A) Total RNAs (2.0 mg) were subjected to blot
nalysis. (B) The results in A were quantified and are represented by
eans 6 ranges (n 5 2). Control values at 0 time are set at 100%.
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rea cycle enzymes, except OTC, are markedly decreased
n the rat liver subjected to LPS treatment. This means
hat synthesis of these enzyme proteins is likely to be
educed under these conditions. Urea cycle enzymes are
bundant in the liver and especially CPS I constitutes
–5% of the total liver protein. Therefore, decreased syn-

hesis of the urea cycle enzymes may lead to an altered
rofile of hepatic protein synthesis. The genes for all five
rea cycle enzymes are generally regulated in a coordi-
ated manner, but the OTC gene sometimes behaves
ifferently from the other genes (29). We reported that
/EBPa is a key factor responsible for coordinated regu-

ation of the urea cycle enzyme genes except OTC (22).
owever, C/EBPa mRNA changed little with LPS treat-
ent. Thus, mechanisms governing decreases in mRNAs

emain to be determined. In contrast, protein levels for
hese urea cycle enzymes remained unchanged after LPS
reatment, apparently due to the slow turnover of the
rea cycle enzymes. The half life of CPS I (30), OTC (31),
S (32) and arginase I (33) in adult rat livers was re-
orted to be 7.7 days, 6–9 days, 4.4–4.6 days and 4 days,
espectively.

Under conditions of endotoxin shock, proteins involved
n defense functions are synthesized in the liver; expres-
ion of acute phase proteins is highly increased in the
iver (34). We found that mRNAs for CAT-2 and C/EBPb
s well as iNOS are also induced. Buetler (34) found that
xpressions of Mn-superoxide dismutase and thioredoxin
ere elevated in the rat liver subjected to LPS treatment,
hereas expression of glutathione S-transferase isozymes
as markedly decreased; these proteins he referred to as
egative acute phase proteins. The four urea cycle en-
ymes can be included as new members of negative acute
hase proteins. All these results suggest that, in endo-
oxic shock, expression of genes for a group of hepatic
roteins is transiently shut off and the protein synthetic
apacity is directed to synthesis of a group of proteins
nvolved in defence functions, including iNOS, CAT-2,
/EBPb and acute phase proteins.
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