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■ Abstract The urea cycle is comprised of five enzymes but also requires other
enzymes and mitochondrial amino acid transporters to function fully. The complete
urea cycle is expressed in liver and to a small degree also in enterocytes. However,
highly regulated expression of several enzymes present in the urea cycle occurs also
in many other tissues, where these enzymes are involved in synthesis of nitric oxide,
polyamines, proline and glutamate. Glucagon, insulin, and glucocorticoids are major
regulators of the expression of urea cycle enzymes in liver. In contrast, the “urea cycle”
enzymes in nonhepatic cells are regulated by a wide range of pro- and antiinflammatory
cytokines and other agents. Regulation of these enzymes is largely transcriptional in
virtually all cell types. This review emphasizes recent information regarding roles and
regulation of urea cycle and arginine metabolic enzymes in liver and other cell types.
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INTRODUCTION

The urea cycle (58), an essential pathway for the disposal of ammonia in mammals
and many amphibian species, is comprised of five enzymes: carbamyl phosphate
synthetase-I (CPS-I), ornithine transcarbamylase, argininosuccinate synthetase
(ASS), argininosuccinate lyase (ASL), and arginase. In addition to these five
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enzymes, several other proteins are required for efficient functioning of the pathway
in vivo, including hepatic glutaminase (reviewed in 29, 122), N-acetylglutamate
synthetase, mitochondrial ornithine/citrulline transporter(s), and the mitochon-
drial aspartate/glutamate transporter (48, 57, 94). With the exception of the or-
nithine/citrulline transporter ORNT1, these other enzymes are not considered here.

The overview of mammalian arginine metabolic enzymes in Figure 1 shows that
the urea cycle is but one aspect of mammalian amino acid metabolism centered
around the amino acid L-arginine and that several other pathways involving argi-
nine synthesis or catabolism include enzymes also present within the urea cycle.
This simplified scheme does not indicate subcellular localization of the individual
enzymes or the roles of transport proteins. It should be emphasized that the or-
nithine produced by arginase within the urea cycle (Figure 1) is highly restricted to
recycling within the urea cycle and probably is not a significant source of substrate
for ornithine decarboxylase or ornithine aminotransferase. Although it is possible
that all of the metabolic activities depicted in Figure 1 may be found within a single
organ such as the liver, it is highly unlikely that all of them are simultaneously
expressed within any single cell type. With the exception of arginine decarboxy-
lase, all enzymes listed in Figure 1 [including agmatinase (66)] have been cloned,
thus facilitating studies to elucidate their physiologic roles. In addition to the urea

Figure 1 Overview of mammalian arginine metabolism. Not all enzymes shown are
expressed in all cells or tissues. Selected enzymes are indicated: NOS, nitric oxide
synthase; AT, L-arginine:glycine amidinotransferase; ADC, arginine decarboxylase;
AGMase, agmatinase; ODC, ornithine decarboxylase; OAT, ornithine aminotrans-
ferase. For the sake of simplicity, not all reactants or cofactors are shown. NG-OH-
arginine, an intermediate in NO synthesis, is a potent inhibitor of arginase activity
(29). Stoichiometry of nitrogen atoms and bicarbonate needed to regenerate arginine
in the two cycles is shown. The dashed line indicates that efficiency of the citrulline-NO
cycle is variable and not quantitative.
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cycle itself, this review briefly considers other arginine metabolic pathways that
involve urea cycle enzymes. More comprehensive reviews of mammalian arginine
metabolism have been presented elsewhere (30, 128). Developmental changes in
expression are not reviewed here.

THE UREA CYCLE

Ureagenesis and Urea Cycle Enzymes

The urea cycle is expressed within periportal hepatocytes of the liver, and there is
evidence for a low level of urea cycle activity in enterocytes also (125). CPS-I and
ornithine transcarbamylase are located within the mitochondrial matrix, whereas
the other urea cycle enzymes are cytosolic. Efficiency of the urea cycle is enhanced
by tight metabolic channeling of reaction products between successive enzymes
within this pathway (21, 25, 121).

The capacity of the liver for ureagenesis is sufficiently in excess of usual rates
of urea production (e.g., 7) that it can immediately respond to acute increases
in waste nitrogen load. Substrate availability is probably the most important de-
terminant of short-term changes in rates of ureagenesis. CPS-I, which catalyzes
the initial, committed step in ureagenesis, has an absolute requirement for N-
acetyl-glutamate as an allosteric activator. This compound is synthesized within
the mitochondrion by N-acetyl-glutamate synthetase, and its levels within liver are
variable (7, 71, 87, 107). Whether N-acetyl-glutamate is merely a cofactor of CPS-I
or plays a major role as a short-term regulator of the rate of ureagenesis via its ef-
fect on CPS-I activity remains a point of some controversy (reviewed in 120). The
interrelationship between N-acetyl-glutamate concentration and substrate supply
in regulating rates of ureagenesis is still incompletely understood.

Longer-term changes in activities of the urea cycle enzymes occur in response
to alterations in amino acid nitrogen flux resulting from changes in dietary protein
intake or catabolism of endogenous protein. Glucagon, insulin, and glucocorti-
coids play major roles in mediating changes in activity of the urea cycle enzymes
under these conditions, and altered rates of transcription represent a major portion
of changes in expression of the urea cycle enzymes (72, 109). Nevertheless, mech-
anisms that operate to ensure that changes in levels of the urea cycle enzymes in
the liver are well-coordinated are still far from clear. For example, responses of
the individual urea cycle enzyme mRNAs to cyclic AMP and glucocorticoids in
vivo or in cultured hepatocytes are quite different (78, 84). As noted below, recent
investigations of certain disorders of fatty acid metabolism have revealed a link
with the urea cycle. The following discussions of individual urea cycle enzymes
and the mitochondrial ornithine/citrulline transporter emphasize results obtained
since previous reviews (72, 109).

Expression of the urea cycle enzymes, including CPS-I, is reduced in juvenile
visceral steatosis (JVS) mice, an animal model with a defect in carnitine transport
that results in fatty liver, hyperammonemia, hypoglycemia and growth retardation
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(reviewed in 100). Saheki’s group demonstrated that transcription of urea cycle
enzyme genes was reduced in JVS mice (112) and provided evidence that this
involved accumulation of long-chain fatty acids in liver (114), resulting in activa-
tion of AP-1 (113), which in turn inhibited activation of CPS-I transcription by
glucocorticoids. This was not a general effect on glucocorticoid-regulated genes
in liver because expression of the phosphoenolpyruvate carboxykinase (PEPCK)
gene was not significantly affected under these conditions (112). The effect on
CPS-I expression was further shown to involve an AP-1 site within the CPS-I en-
hancer region located at approximately 6.3 kb upstream of the transcription start
site (81) (see discussion of CPS-I enhancer below). The same mechanism pre-
sumably acts to reduce expression of the other urea cycle enzymes in JVS mice,
but the DNA regulatory elements involved in the effect on these genes have not
been identified. These studies not only elucidated a new link between fatty acid
metabolism and the urea cycle but also underscored the importance of glucocorti-
coids in maintaining urea cycle enzyme activity. Interestingly, acylation of CPS-I
has recently been found to inhibit its activity (27a), providing additional support
for a link between these metabolic pathways.

Another recent finding is that the expression of CPS-I and glutaminase in mouse
liver is elevated by caloric restriction (33, 34, 111), a dietary condition that delays
many age-related physiological changes. Increases in CPS-I enzyme levels re-
flected increased transcription of the CPS-I gene (111). The elevated expression is
consistent with the notion that calorically restricted mice have higher rates of pro-
tein catabolism than do control-fed mice. Although not measured in these studies,
it is likely that expression of the other urea cycle enzymes was similarly elevated.
The hormones or metabolites that signal the reductions in hepatic CPS-I expression
in calorically restricted mice have not been identified.

Apart from studies using the JVS mice, relatively little new information is
available regarding nutritional or hormonal regulation of hepatic ornithine trans-
carbamylase, ASS, and ASL expression since earlier reviews. Expression of ASL
was recently reported to be reduced by hypoxia, probably at the transcriptional
level (59). This may contribute to the zonation of ASL expression within the liver.

Arginase is the only urea cycle enzyme that exists as two distinct isozymes. The
isozymes, designated type I (liver-type) and type II (kidney-type), are encoded by
different genes (52). Arginase I is highly expressed in liver as a component of the
urea cycle. Metabolic studies using perfused liver suggest that some arginase II may
also be coexpressed with ornithine aminotransferase in perivenous hepatocytes to
facilitate synthesis of glutamine by these cells (93). Whereas arginase I in healthy
adult mammals is expressed almost exclusively in liver, it has recently been found
to be highly induced in many tissues and cell types following exposure to a variety
of cytokines and other agents (69, 74) (see “Arginine Catabolism,” below).

Ornithine and citrulline must be able to readily traverse the mitochondrial
membrane for the urea cycle to function efficiently. This occurs to a considerable
extent via the ornithine/citrulline transporter (ORNT1), as deduced from the
hyperornithinemia-hyperammonenia-homocitrullinemia (HHH) syndrome that
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occurs in individuals with defects in this transporter (16, 115). The properties
of ORNT1, which was cloned in 1999 (16), indicate that it corresponds to an or-
nithine/citrulline carrier purified from rat liver mitochondria (49). However, it has
not been established that ORNT1 represents the sole transporter of ornithine and
citrulline across the mitochondrial membrane. Although ORNT1 is not listed as a
component of the urea cycle in many texts, its properties and strong expression in
liver indicate that it should be included in descriptions of this pathway.

Consistent with its role in the urea cycle, ORNT1 expression as estimated by
Northern blotting is highest in liver of both mice and humans (16). Levels of
ORNT1 mRNA became elevated in livers of mice fed a high-protein diet (16),
similar to the dietary regulation of urea cycle enzyme mRNAs (78). In addition,
ORNT1 mRNA is strongly induced by cAMP and dexamethasone in cultured rat
hepatocytes (D. Kepka-Lenhart & S. Morris, unpublished results), a response pat-
tern very similar to that of urea cycle enzyme mRNAs (84). Although these results
indicate that it is likely that changes in ornithine/citrulline transporter activity are
coordinated with changes in activity of the urea cycle enzymes, this remains to be
determined.

In addition to liver, ORNT1 is highly expressed in several other tissues such as
kidney and brain of mouse and pancreas of humans, and lower levels of expression
were detected in almost all other tissues surveyed. Thus, ORNT1 may play a role
in other aspects of arginine metabolism in nonhepatic tissues (see Figure 2). Deter-
minations of ORNT1 protein levels in liver and other tissues await the development
of specific antibodies.

Figure 2 Metabolic roles of the arginases. Abbreviations: NOS, nitric oxide syn-
thase; ODC, ornithine decarboxylase; OAT, ornithine aminotransferase; P5C, ??11-
pyrroline-5-carboxylate; P5CRd, P5C reductase; P5CDH, P5C dehydrogenase;αKG,
α-ketoglutarate; Glu, glutamate. Not all reactants or cofactors are shown. Dashed lines
indicate transport. Modified from Figure 5 of Ref. (70) and reprinted by permission of
Academic Press.
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Transcriptional Regulation

Despite the fact that many questions remain regarding the molecular bases for
transcriptional regulation of the urea cycle enzyme genes, research in this area
has been slow over the past several years. Consequently, relatively little new in-
formation on this topic has emerged since it was last reviewed in 1995 (109). For
example, DNA regulatory elements involved in hormonal regulation of ornithine
transcarbamylase, ASS, and ASL gene expression in liver remain to be identified.
Research on regulation of CPS-I transcription has continued. Prior to 1995 func-
tional analysis of the CPS-I promoter had been confined to the region within a few
hundred bp of the transcription start site (reviewed in 109). In 1995 a far upstream
enhancer required for liver-specific expression and hormonal induction of the rat
CPS-I gene was reported to be located at either−6.3 kb (116) or−10 kb (40).
Our group has independently localized the region responsive to glucocorticoid
and cyclic AMP to−6.3 kb (D. Kepka-Lenhart & S. Morris, unpublished results),
corresponding to a DNase I hypersensitive site in rat liver chromatin (H. Huang &
S. Morris, unpublished results). Taken together, the results are consistent with the
interpretation that the reported location of the enhancer at−10 kb resulted from
incorrect orientation of a HindIII fragment in the CPS-I promoter.

The −6.3 kb enhancer region is necessary and largely sufficient for liver-
specific, developmental and hormonal regulation of CPS-I expression (23, 24).
Detailed analyses have revealed that this enhancer region is complex, containing
DNA elements that bind the transcription factors CCAAT/enhancer binding pro-
tein (C/EBP), hepatocyte nuclear factor 3 (HNF3), the glucocorticoid receptor, and
AP-1 within a 714-bp region (22, 81). Both C/EBPα andβ have been implicated
in regulating hepatic CPS-I expression (55, 56). The AP-1 element appears to be
dispensable for the normal tissue-specific, developmental and hormonal pattern
of CPS-I expression, as a 496-bp fragment lacking this element confers the nor-
mal pattern of CPS-I expression when fused to a minimal CPS-I promoter (23).
A cAMP response element (CRE) is present within the CPS-I enhancer region
(22) but the transcription factor(s) that interact with this element have not been
identified. Glucorticoid response is conferred by a glucocorticoid response unit
consisting of a glucocorticoid response element, HNF3 and C/EBP elements (22).
This is consistent with our earlier observation that glucocorticoid induction of
CPS-I mRNA in cultured rat hepatocytes exhibited the characteristics of an indi-
rect response to glucocorticoids (84); that is, the lag in response probably reflected
the glucocorticoid-dependent induction of C/EBP and/or HNF3.

ARGININE SYNTHESIS

Intestinal-Renal Axis

Arginine is not an essential amino acid for healthy adult humans and rodents
because it is synthesized in a collaboration between epithelial cells of the small
intestine and the proximal tubular cells of the kidney (reviewed in 72, 95, 97, 128).
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This pathway is known as the intestinal-renal axis. Briefly, citrulline is generated
in the small intestine as one of the products of glutamine metabolism and released
into the blood. Little or no citrulline is extracted from the blood as it passes through
the liver, but citrulline is efficiently taken up by the proximal renal tubules, where
it is converted to arginine which is released into the blood. Arginine is classified
as a conditionally essential or semi-essential amino acid owing to conditions in
which endogenous synthesis is inadequate to meet the requirements for arginine
(4). Such conditions may include reduced function of the small bowel or kidney as
a consequence of disease, trauma, or surgery (118), as well as conditions involving
heightened protein and amino acid catabolism, such as inflammation, sepsis, or
during recovery from severe trauma.

The intestinal-renal axis of arginine synthesis becomes established postnatally.
The small intestine plays the predominant role in arginine synthesis in the peri-
natal period but gradually shifts to citrulline production and arginine degradation
(11, 32, 35, 72, 126, 129). Glucocorticoids appear to play a major role in this tran-
sition around the time of weaning (39, 127).

Citrulline-NO Cycle

Interest in the metabolic fate of citrulline increased greatly following the discovery
of the mammalian nitric oxide synthase (NOS) enzymes and recognition of the
fact that any mechanism affecting availability of arginine represented a potential
control point for regulating NO synthesis (76). The ability of many nonhepatic
cell types to convert citrulline to arginine had already been known for many years
(e.g., 36); indeed, virtually all cells tested have detectable levels of ASS and
ASL activity (50, 96). However, the physiologic significance of this capability was
unclear. It is now appreciated that many NO-producing cells recycle citrulline, one
of the products of the NOS-catalyzed reaction, to arginine in a pathway termed
the arginine-citrulline cycle or the citrulline-NO cycle (Figure 3). We use the
latter terminology by analogy with the ornithine-urea cycle. John Vane’s group
demonstrated conversion of citrulline to arginine in NO-producing endothelial
cells (46), and our group was the first to demonstrate that this recycling pathway
was co-induced with iNOS (89). We and others have demonstrated co-induction
of iNOS and the arginine biosynthetic pathway for a wide range of cell types in
humans and other mammals (reviewed in 69, 73, 74). In cultured cells this co-
induction appears to be restricted to ASS, as ASL expression is not induced. In the
whole animal, however, both ASS and ASL are induced in parallel with iNOS (83).
The basis for this difference is unknown. The induction only of ASS in cultured
cells is consistent with the notion that ASS represents the rate-limiting step in the
conversion of citrulline to arginine; however, the validity of this assumption has
not been tested for most of the cells used in these studies. Studies of neural tissue
revealed that NOS enzymes and ASS or ASL are not expressed within the same
cells (2, 14, 101, 124), raising the possibility of an intercellular citrulline-NO cycle.

Inhibition of transamination by (aminooxy)acetate abolished the ability of cit-
rulline to substitute for arginine in supporting NO synthesis in astrocytes (101),
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Figure 3 The citrulline-NO cycle. ASS, argininosuccinate synthetase; ASL, argini-
nosuccinate lyase; NOS, nitric oxide synthase. The dashed line indicates that recycling
of citrulline is variable and not quantitative. Modified from Figure 3 of Ref. (70) and
reprinted by permission of Academic Press.

consistent with the notion that aspartate, the source of the nitrogen atom in the
recycling pathway, is continuously generated by transamination. Although the im-
plicit assumption that aspartate normally is not limiting is likely correct, there is
little experimental data relevant to this assumption. In vascular smooth muscle
cells, overexpression of ASS resulted in increased capacity for NO production
(130), indicating that ASS activity rather than aspartate availability is limiting
for arginine synthesis in these cells. Varying extracellular aspartate levels did not
alter L-citrulline-dependent NO production in the chicken HD11 line (108), but
this result may not be particularly relevant to most NO-producing cells because
L-citrulline could support only very low levels of NO synthesis in the HD11
cells.

In contrast to the tight channeling and resultant high efficiency of the urea
cycle, recycling of arginine to citrulline in nonhepatic cells is inefficient. This is
clearly apparent from the fact that NO production by cultured cells is accompanied
by accumulation of citrulline in the medium. Whether this inefficiency reflects
a lack of channeling of citrulline from NOS to ASS or simply limiting levels
of ASS activity, compared with NOS activity, or some combination of both, is
unknown. Little information exists regarding the precise efficiency of citrulline-
to-arginine recycling in different cells, which can be estimated by comparing the
molar ratio of citrulline accumulated to stable end-products of NO (nitrate+ nitrite
+ nitrosothiols) accumulated. For example, this ratio in the human AKN-1 cell line
stimulated to express iNOS is 0.47 (65). Variable efficiency of the citrulline-NO
cycle in different cell types has been inferred from differences in basal levels of ASS
and ASL mRNAs, as well as differences in fold induction of these mRNAs among
different cell types, but this has not been systematically investigated. However,
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the fact that overexpression of ASS enhanced induced NO production in vascular
smooth muscle cells (130) is consistent with this notion. A further implication
of this study was that the rate of arginine uptake by stimulated vascular smooth
muscle cells was insufficient to support maximal rates of NO synthesis. The ability
of citrulline to replace arginine in supporting cellular NO synthesis has been used
as a functional test for the existence of the recycling pathway (e.g., 5, 38, 88–90,
101, 131, 132) but is not necessarily indicative of the efficiency of this pathway
because of potential differences in the availability of extracellular and intracellular
citrulline pools for recycling. According to this test, it appears that L-citrulline has
little or no ability to support NO synthesis in some iNOS-expressing cells (44, 108).

The contribution of the recycling pathway to induced NO synthesis is difficult
to estimate, especially for cells in vivo, but it is likely that extracellular arginine
provides the majority of the substrate for induced NO synthesis in many cell types.
For example, induced NO synthesis is greatly reduced when cellular arginine
uptake is inhibited (103, 106) or genetically ablated (86).

It is likely that induction of ASS and ASL expression in nonhepatic cells by
cytokines and other inflammatory stimuli is primarily at the level of transcrip-
tion. However, the transcription factors and DNA regulatory elements involved in
induction of either of these genes by inflammatory stimuli have not been identified.

ARGININE CATABOLISM

One of the most exciting developments of the past several years has been the
discovery of widespread and highly regulated expression of arginase activity in
nonhepatic cells. The consequences of this expression have not been fully eluci-
dated, but possible metabolic roles of the arginases include regulation of arginine
availability for NO synthesis (reviewed in 12, 69, 70, 73) and production of or-
nithine for synthesis of polyamines, proline, and glutamate (reviewed in 74, 128)
(see Figure 2). Recent results also indicate that elevated arginase activity may
activate the GCN2 response in mammalian cells, probably by reducing intracellu-
lar arginine concentration (R. Ratan, personal communication). Thus, interest in
arginase beyond a role in the urea cycle is growing significantly.

As noted above, arginase exists as two distinct isozymes. Unlike the primarily
liver-specific pattern of arginase I expression, arginase II expression in healthy
adults is nearly ubiquitous, albeit at relatively low levels (42, 75, 117). The eleva-
tion of plasma arginine levels in adult, nonstressed arginase II knockout mice (102)
indicates that this enzyme contributes significantly to maintaining arginine home-
ostasis, consistent with tracer studies indicating that arginine degradation plays a
major role in this process (17, 18). Although it has been speculated that arginase
II expression in kidney might play a role in renal function, initial analyses have
not revealed any apparent changes in urinary content or volume in the arginase II
knockout mice (O. Shi, S. Morris, & W. O’Brien, unpublished results).

Recent studies of nonhepatic arginase expression have focused primarily on
macrophages. Arginase expression in primary macrophages and macrophage cell
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lines is regulated by a wide range of individual pro- and antiinflammatory cytokines
and other agents—as well as by combinations thereof—and is highly complex (see,
e.g., Table II in Ref. 74). This includes responses to bacterial lipopolysaccharide
(LPS), IL-4, IL-10, IL-13, TGF, glucocorticoids, catecholamines, and cAMP ana-
logues, as well as to hypoxia and trauma (1, 9, 10, 13, 20, 26, 27, 42, 43, 47, 60, 63,
64, 67, 77, 79, 80, 85, 91, 92, 99, 105, 119). cAMP strongly synergizes with LPS
and cytokines in induction of the arginases. By analogy with the inducible and con-
stitutive NOS isozymes, arginase I expression has sometimes been characterized
as inducible and arginase II expression as constitutive, but this is an oversimpli-
fication. Although early studies did not identify the arginase isoform(s) that were
induced, it is now known that, depending on the stimulus, cell type and animal
species, increased arginase activity can reflect increased expression of arginase I,
arginase II, or both isozymes. In all cases studied to date increased arginase activ-
ities and expression reflect increases in levels of the corresponding mRNAs, most
likely owing to increased transcription of the arginase genes.

Consequences of high arginase activity in macrophages can include reduc-
tions in NO production (19, 41, 98, 110), potentially limiting host defenses against
NO-sensitive pathogens. Based merely on the Km’s of the enzymes for arginine
(2-20 mM for arginase, 2-20µM for the NOS enzymes), it might not be expected
that arginase would have a significant impact on cellular NO production. How-
ever, the Vmax of arginase at physiologic pH is more than 1000 times that of the
NOS enzymes, resulting in similar rates of arginine usage at physiologic arginine
concentrations (128). It should be borne in mind that not all levels of arginase
expression in macrophages result in inhibition of NO production (53) and that
some stimuli that induce arginase expression may independently inhibit iNOS ex-
pression. In addition, NG-hydroxy-arginine, an intermediate in NO synthesis, can
accumulate to sufficient levels to inhibit arginase activity (15). These considera-
tions make it difficult to predict with precision the consequences of co-expressing
arginases and NOS enzymes.

It should be emphasized that arginase also can modulate NO synthesis in non-
inflammatory conditions. The best examples of this are the inhibitory effects of
arginase on NO synthesis in smooth muscle, as revealed by the use of newly devel-
oped arginase inhibitors. Thus, arginase inhibitors enhance relaxation of smooth
muscle in sphincter muscle (3) and in penile tissue (28, 54). The latter results re-
veal a new physiologic role for arginase in erectile function and indicate that it
may be a useful target for development of drugs to treat erectile dysfunction. As
these effects of arginase presumably reflect reduced availability of substrate for
cNOS, nutritional supplementation with arginine may improve erectile function,
particularly in aging individuals (68, 133).

It is important to recognize that the impact of changes in arginase expression
is not limited to effects on NO synthesis. We and others have shown recently that
arginase activity can be a limiting factor for synthesis of polyamines and prolif-
eration in some cells (53, 61, 62, 104, 123). These observations have significant
implications for tumorigenesis, atherogenesis, and wound healing.
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Elucidation of the transcriptional mechanisms involved in these complex pat-
terns of arginase expression in macrophages and other nonhepatic cell types is just
beginning. The 5′ flanking region of the murine arginase I gene contains elements
involved in transcriptional responses to IL-4, cAMP, TGFβ, dexamethasone, and
LPS (M. Gray & S. M. Morris, unpublished results). The IL-4 response is conferred
by a STAT6 element located approximately 3.0 kb upstream of the transcription
start site; identification of other elements is currently in progress. Elements in-
volved in transcriptional responses to LPS and cAMP are located in the 5′ flanking
region of the murine arginase II gene (M. Gray & S. M. Morris, unpublished
results). Among these are an Sp1 site at approximately−50 bp that is required
for the response to LPS but not to cAMP. Unlike many LPS-inducible genes, the
LPS-responsive region of the arginase II promoter contains no NFκB elements.

PERSPECTIVES AND FUTURE DIRECTIONS

Although we have clearly learned a great deal about the function and regulation of
the urea cycle since it was first described 70 years ago (58), gaps not only remain in
our understanding of this pathway but new information on the constituent enzymes
of this pathway continues to emerge, particularly as regards their regulation and
metabolic roles in nonhepatic cells. As examples of gaps in our knowledge, two
striking yet incompletely understood features of the urea cycle enzymes are their
high level expression in adult liver and the remarkable coordination of changes in
levels of the individual enzymes in vivo. Although transcription is a major com-
ponent of the changes in expression of these enzymes, analyses of the promoter
regions of their genes to date have failed to reveal a common basis for their high-
level expression in liver or for their coordinate responses to changes in dietary
protein intake. The element that comes closest to being a common regulatory el-
ement is the C/EBP binding site, which is present in at least one copy in three of
the five urea cycle enzyme genes (109). As the efficient channeling of reactants
between successive enzymes of this pathway implies some close physical inter-
action between these enzymes in a metabolon (121), it is tempting to speculate
that this association may play some role in coordinating their expression at the
protein level; for example, enzymes that are in excess of the amount required for
the metabolon may be rapidly degraded.

The paucity of quantitative information regarding fluxes through many of the
arginine metabolic pathways indicated in Figure 1 remains a major obstacle to un-
derstanding the physiologic or pathophysiologic roles of the arginine metabolic en-
zymes in individual cell types and organs. When evaluating the results of metabolic
studies using cultured cells, it should be borne in mind that arginine levels in stan-
dard tissue culture media are supraphysiologic. For example, arginine concentra-
tions in DMEM and RPMI media are approximately 0.4 and 1.2 mM, respectively,
whereas plasma arginine concentrations in adult humans and mice are approxi-
mately 0.1 mM and in adult rats are approximately 0.25 mM.
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With the exception of the urea cycle and NO synthesis, we know relatively little
about how activities of these pathways vary in individuals with age, variations
in diet, or in response to injury or disease. For example, it has been known for
nearly 40 years that changes in levels of individual amino acids such as arginine,
citrulline, and leucine result in altered expression of arginine metabolic enzymes
(reviewed in 72), but the basis for this remains unknown. Results of recent work
on regulation of mammalian gene expression by individual amino acids (e.g.,
37, 45, 51) may shed light on this phenomenon. Moreover, identification of which
of the various enzymes involved in arginine metabolism are expressed in different
organs and cell types is incomplete and thus remains an active area of investigation.
For example, strong expression of type I arginase in nonhepatic cells in response
to inflammatory stimuli and even the existence of arginine decarboxylase and
agmatinase in mammalian cells was discovered less than 8 years ago, indicating
that we still have much to learn in this area. However, the increasing application of
DNA microarray analysis should allow us to begin addressing this problem. Even
so, microarray data represents only a starting point because it does not provide
information about protein levels or activities of the enzymes, nor does it identify
which cell types in specific organs express the enzymes.

Many questions raised about the roles and regulation of the urea cycle enzymes
in this forum in 1992 (72) have yet to be fully addressed. Moreover, a wealth of new
information about expression of some of these enzymes has raised new questions.
This is indeed a time of “new and exciting developments” in arginine metabolism
(6). Thus, the future continues to hold great promise for exciting new advances in
nutrition, physiology, biochemistry, immunology, and oncology for investigators
who choose to enter into this rich area of investigation.
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