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Abstract Numerous reports have indicated that the plasma
concentration of endogenously produced inhibitors of nitric
oxide synthase are elevated in human disease states. In this
review we discuss recent advances in our understanding of
the enzymes responsible for the synthesis and metabolism
of these inhibitors.
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Endogenous inhibitors of nitric oxide synthase

Free guanidino-methylated (N°) arginine residues occur
endogenously as a result of proteolysis of post-translation-
ally methylated tissue proteins [1]. The arginine analogues
identified to date include N®-monomethyl-L-arginine (L-
NMMA), N9 N°-dimethyl-L-arginine (asymmetric dimeth-
ylarginine; ADMA) and N° N'“-dimethyl-L-arginine
(symmetric dimethylarginine; SDMA) (Fig. 1). The asym-
metrically methylated arginine residues (L-NMMA and
ADMA), but not the symmetrically methylated arginine
(SDMA), are competitive inhibitors of the nitric oxide
synthase (NOS) enzymes.

Initially L-NMMA was developed as a pharmacological
tool and was not known to be a naturally occurring com-
pound. The inhibition of NO formation by L-NMMA in
cultured vascular endothelial cells was demonstrated by
Palmer et al. [2]. These workers also showed that L-
NMMA could elicit an endothelium-dependent increase in
the tone of rabbit aortic rings and inhibit the endothelium-
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dependent relaxation induced by acetylcholine. These
results were consistent with inhibition of vascular endo-
thelial NOS (eNOS) under basal and stimulated conditions.
In vivo, L-NMMA increased mean arterial blood pressure
in rabbit [3], rat [4] and guinea-pig [5]. In humans, local
infusion of L-NMMA in brachial arteries caused a fall in
basal blood flow and attenuated the dilator response to
acetylcholine [6]. NO was therefore identified as a major
determinant of blood pressure and vascular tone. Subse-
quently, ADMA was shown to have similar effects to L-
NMMA while SDMA was inactive [7]. In pre-contracted
endothelium-intact rat aortic rings, ADMA caused dose-
dependent increases in tone. ADMA was able to raise blood
pressure in guinea-pigs and reduce resting forearm blood
flow. Thus, it was postulated that ADMA, which was
identified as circulating in human plasma at a concentration
ten times greater than that of naturally occurring L-
NMMA, might act as an important endogenous regulator of
the L-arginine/NO pathway and/or arginine-handling en-
zymes in vivo [7].

Methylarginine synthesis

Protein methylation is a post-translational modification
involving addition of a methyl group to a polypeptide chain
by enzymes termed protein methyltransferases (reviewed
in [8, 9]). These enzymes utilise S-adenosylmethionine as
methyl donors and catalyse a large number of modifica-
tions that can be divided into two groups. The first group of
reactions modifies carboxyl groups to generate methyl
esters. These reactions are generally reversible by the
actions of protein methylesterases. They function to
regulate the activity of target proteins and can be seen as
analogous to protein phosphorylation and dephosphoryla-
tion. These reactions will not be discussed further here. The
second group of protein-methylation reactions results in
generally irreversible methyl transfer to sulphur or nitrogen
atoms of several amino acids. The function of these reac-
tions is less clear but possibly it provides a way of creating
proteins with new function without de novo protein
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Fig. 1 Structure of L-arginine
and endogenously produced
methylarginines. Only asym-
metrically methylated arginines
(L-NMMA and ADMA) are
nitric oxide synthase inhibitors.
L-NMMA NS-monomethyl-
L-arginine, ADMA (asymmetric
dimethylarginine) N9 N°-di-
methyl-L-arginine, SDMA
g\slgmmetric dimethylarginine)
,N'S-dimethyl-L-arginine
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synthesis. Methylation of the terminal nitrogen atom(s) of
arginine belongs to this group and is catalysed by a family
of enzymes termed protein-arginine methyltransferases
(PRMTs).

PRMT activity was initially identified by Paik and Kim
[10] and denoted protein methylase I activity. Two types of
activity were thereafter discovered: myelin basic protein-
specific and histone-specific [11]. Although the existence
of protein-arginine methylation has been known for over
30 years, the genes encoding PRMTs have only been
cloned in the last decade and their cellular functions are
only beginning to be understood. PRMTs are now clas-
sified into two types according to substrate and reaction
product specificity (Fig. 2). Six PRMT genes have been
cloned to date and labelled PRMT1 to PRMT6. Methyl-
transferase activity has been demonstrated for all PRMT
gene products except PRMT2. Type I and II enzymes both
form L-NMMA (possibly as an intermediary species to the

ADMA

+ L-NMMA

Fig. 2 Methylation of arginine residues in proteins by protein-
arginine methyltransferases. Arginine residues in proteins that lie
within appropriate consensus sequences can be post-translationally
methylated by the action of Protein Arginine MethylTransferase
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formation of the dimethylated species) but differ in that
type 1 enzymes produce ADMA while type II enzymes
produce SDMA. In vivo substrates for type I PRMTs
include histones and RNA-binding proteins including het-
erogeneous nuclear ribonuclear protein (hnRNP) Al,
fibrillarin, nucleolin. Methylation of RNA-binding proteins
occurs in all cells. hnRNPs are a group of proteins that
regulate mRNA maturation, stability and export to the
cytoplasm and their activity is regulated by methylation.
Approximately 65% of total cellular ADMA is contained in
hnRNPs [12]. To date, the only known in vivo substrates
for type I PRMTs are myelin basic protein (MBP) and
spliceosomal D1 and D3 proteins [13]. Type | PRMTs have
no activity towards MBP. MBP is a major component of the
myelin sheath of nerve axons and a role for arginine
methylation in the maintenance and functional integrity of
the myelin sheath has been suggested [14].

enzymes (PRMT’s). S-Adenosyl methionine (SAM) is the methyl
donor in these reactions and S-adenosyl homocysteine (SAH) is
produced. ADMA asymmetric dimethylarginine, SDMA symmetric
dimethylarginine, L-NMMA N°-monomethyl-L-arginine



Although the overall physiological role of PRMTs is not
clear, one of their functions appears to be regulation of
mRNA processing and maturation by modulating the
activity of RNA-binding proteins. These nuclear substrates
of type I PRMTs are ubiquitous and highly abundant
proteins that contain clusters of asymmetrically methylated
arginine residues. There is no evidence to date to suggest
that methylated arginine residues in proteins can be de-
methylated in an enzyme-catalysed reaction. Indeed, syn-
thesis and degradation of methylated proteins has been
shown to be closely coupled with protein synthesis and
degradation [15]. Thus, it is assumed that upon proteolysis
of these type I substrates, significant amounts of free
ADMA are released into the cytoplasm. Intracellular
ADMA levels may therefore be governed by PRMT activity
and protein turnover.

Release of free methylarginine residues

An essential component of cell survival is protein degra-
dation and this is a major source of intracellular and plasma
arginine and methylarginines. In the adult liver, for
example, constitutive proteins are turned over at a rate of
40% per day [16]. In such tissues with high turnover rates,
levels of free methylarginines liberated upon protein
degradation (which are not re-incorporated into proteins)
might be sufficiently high to inhibit NOS. In contrast,
endothelial cells turn over very slowly and have lifetimes
of months or years. However, the proportion of proliferat-
ing endothelial cells is especially high at branch points in
arteries, where it is presumed that turbulence stimulates cell
turnover [17], and in these cells ADMA levels may be
significantly higher than in non-dividing cells.

Several conditions are associated with enhanced protein
catabolism. Muscular dystrophy is a disease characterized
by muscular wasting and rapid degradation of all classes of
muscle protein. In patients with this disease, increased
urinary ADMA levels have been reported with no change
in SDMA levels compared to healthy controls [18]. A
primitive function of protein turnover is to secure cells an
endogenous source of amino acids. An essential adaptation
to stress, fasting or infection in mammals is the mobiliza-
tion of amino acids from tissue proteins. Accelerated
protein breakdown of skeletal muscle during fasting was
first indicated by Millward [19]. Increased protein degra-
dation has also been reported in ischaemic heart [20] and
diabetes [21]. In these conditions, it is possible that free
methylarginine levels are raised.

Transient changes in the rate of protein degradation may
also occur. Exposure of cultured hepatoma cells to a 43°C
heat shock transiently accelerates the degradation of the
long-lived fraction of cellular proteins [22]. It is con-
ceivable that under conditions of cellular stress, e.g.
ischaemic or reperfusion injury, endotoxaemia, activity of
this pathway may be upregulated to remove abnormal
proteins. Cellular concentrations of free methylarginines
may therefore rise in response to these insults.
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Methylarginine handling in vive: identification
of dimethylarginine dimethylaminohydrolase (DDAH)

The isolation of appreciable quantities of ADMA and
SDMA in human urine [1] led to the assumption that renal
excretion was the only route for removal of free methyl-
arginines. Indeed, on the assumption that neither re-in-
corporation nor catabolism occurred, ADMA and SDMA
were used as markers of in vivo protein metabolism.
However, investigation into the route of elimination of
these amino acids showed that urinary excretion of SDMA
was 30 times greater than that of either L-NMMA or
ADMA in rabbits [23]. This observation led McDermott
[24] to propose the existence of a catabolic pathway for L-
NMMA and ADMA. A detailed study of the metabolic
fates of '*C-labelled ADMA and SDMA in rats confirmed
this early notion. The excretion of analogous metabolites of
ADMA and SDMA indicated a common catabolic pathway
for both dimethylarginines (catalysed by dimethylarginine:
pyruvate aminotransferase). However, there appeared to be
an additional pathway that specifically metabolised
ADMA. This was demonstrated by the identification of
metabolites, mainly citrulline, in the tissue samples and
plasma of "*C-ADMA- but not '*C-SDMA-injected rats.
The enzyme responsible for this specific pathway was
subsequently purified from rat kidney and called N°,N°-
dimethylarginine dimethylaminohydrolase (DDAH) [25].
Subsequent studies have shown that >90% of ADMA is
metabolised by DDAH.

DDAH was shown to specifically hydrolyse ADMA and
L-NMMA to yield citrulline and dimethylamine or
monomethylamine, respectively. It had no activity towards
SDMA. Ky values of DDAH for ADMA and L-NMMA
were 0.18 mmol/l and 0.36 mmol/l, respectively. Activity
was found in kidney, pancreas, liver and brain, and this was
consistent with high protein expression as revealed by im-
munoblotting analyses using a monoclonal antibody in rat
tissues [26]. In addition, high concentrations were also
found in aorta and immunoexpression clearly existed in
neutrophils and macrophages. A study of DDAH expres-
sion in rat kidney also revealed co-localisation of DDAH
with NOS at several anatomical sites [27]. Thus, the
substrate specificity of DDAH and its distribution in NO-
generating systems supported the idea that regulation of
intracellular ADMA levels by DDAH might in turn
regulate NOS activity (Fig. 3).

The functional role of DDAH

Pharmacological studies using a DDAH inhibitor S-2-
amino-4(3-methylguanidino)butanoic acid (4124 W; which
had no effect on NOS), gave functional significance to this
hypothesis [28]. It was shown that 4124W caused the
accumulation of endogenously-generated ADMA (but not
SDMA) in the supernatant of cultured human endothelial
cells. This suggested that ADMA was continuously
generated by these cells, and that DDAH acted to prevent
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Fig. 3 Proposed mechanism for regulation by DDAH of nitric
oxide production. DDAH dimethylarginine dimethylaminohydro-
lase, NO nitric oxide, NOS nitric oxide synthase, PRMT protein
arginine methyltransferase, —ve means negative

its accumulation. In functional studies, 4124W caused
endothelium-dependent contraction of rat aortic ring that
was reversible by L-arginine. Bradykinin-induced relax-
ation of human saphenous vein (which is mediated by NO)
was also reversed by DDAH inhibition. Further observa-
tions showed that 4124W only increased tone in vessels
that contained both DDAH and NOS. The vascular effects
of 4124W were, therefore, best explained by indirect inhi-
bition of NOS by accumulation of endogenous ADMA,
due to inhibition of DDAH.

highly expressed in brain and kidney. In these tissues,
neuronal NOS (nNOS) expression was apparent in the
brain but eNOS was only expressed at a very low level.
DDAH II was found to be most highly expressed in heart,
placenta and kidney. In heart and placenta, eNOS was also
highly expressed while nNOS was not detected. These data
raised the possibility of isoform-specific regulation of NOS
via modulation of methylarginine concentration [30].
Elucidation of the crystal structure of Pseudomonas
aeruginosa DDAH, previously identified by Santa Maria et
al. [32], revealed structural similarity with arginine:glycine
amidinotransferase [33]. Conservation of a Cys-His-Glu
catalytic triad within these enzymes defined a superfamily
of arginine-modifying enzymes. The presence of a reactive
cysteine residue in the active site also suggested that
DDAH activity might be regulated by S-nitrosation of this
residue and this was found to be the case. DDAH activity
was reversibly inhibited by S-nitrosation of Cys-249 of the
enzyme catalytic triad by exogenous and inducible NOS
(INOS)-derived NO [34]. Thus, under conditions where NO
production is increased, diminished DDAH activity would
be expected to lead to accumulation of ADMA and inhi-
bition of NOS, thus preventing further production of NO.
The DDAH structure will also enable the design of selective
inhibitors with which to probe the functions of DDAH in
vivo. Furthermore, these inhibitors may be of potential clin-
ical use in modulating NOS activity in certain conditions.

Cloning of human DDAH isoforms

These observations suggested that DDAH activity was
present to ensure that local concentrations of ADMA did
not accumulate to inhibit NO generation. The significance
of these findings led to the cDNA cloning of human DDAH
[29, 30] following the cloning of rat DDAH cDNA [31].
The human cDNA clone contained an 855 bp open reading
frame encoding a 285-amino acid protein. The derived
amino acid sequence was 93% identical with that of rat
[29]. However, prompted by the observation that DDAH
activity and DDAH protein expression did not always
correlate, we identified a novel human DDAH isoform,
named DDAH 1II [30]. Recombinant expression of this
protein confirmed that it was a functional homologue of
DDAH (now DDAH I). The open reading frame of the
cloned DDAH II cDNA was 63% identical to that of human
DDAH 1, and the derived amino acid sequence was 62%
similar to that of human DDAH I. Recombinantly expressed
DDAH II had a Ky for L-NMMA of 0.51 mmol/l,
comparable to the 0.36 mmol/l obtained for rat DDAH 1
by Ogawa et al. [25]. These apparently high Ky, values
might suggest that higher intracellular concentrations of
methylarginines than those reported (~5 pmol/l) may be
reached under certain conditions. However, these in vitro
determinations may not reflect the true in vivo Ky, values of
these enzymes.

Comparison of the mRNA distribution of the human
DDAH isoforms with that of the constitutive NOS isoforms
in eight adult tissues indicated that DDAH I was most

ADMA and cardiovascular disease

ADMA is eliminated from the body by a combination of
renal excretion and metabolism by DDAH. An increase in
plasma ADMA levels was first reported in patients with
renal failure [7], a condition in which cardiovascular
disease is a major cause of death. In this disease, methyl-
arginine excretion is diminished, and both ADMA and
SDMA accumulate in plasma. SDMA levels rise more than
ADMA, probably because ADMA levels are reduced by
DDAH activity. The rise in ADMA and subsequent in-
hibition of NO generation has been proposed to be the
cause of the hypertension, enhanced atherogenesis and
immune dysfunction associated with renal disease. Short-
term studies using L-arginine to reverse the competitive
inhibition exerted by ADMA on NOS have given con-
flicting results [35, 36]. However, Zoccali et al. [37] have
placed plasma ADMA concentration second only to age as
a predictor of mortality and cardiovascular events in
patients with chronic renal failure. While impaired renal
function may result in raised circulating ADMA levels in
chronic renal disease, elevated concentrations of ADMA
have been reported in various other cardiovascular and
non-cardiovascular conditions [7, 18, 38-61]. In these
conditions, dysfunctional metabolism of ADMA by
DDAH may provide a mechanism for this accumulation.
In diseases where NO is overproduced, might reduced
ADMA levels be the cause? ADMA concentrations have
been reported to be significantly lower (by —48%) in pa-
tients with Alzheimer’s disease (AD) than in age-matched



controls [62]. Increased NO production and elevated
oxidative stress have been implicated in brain aging and
the pathogenesis of AD. The decrease in ADMA levels
observed in AD and with age may provide a mechanism for
increased NO production in these processes.

Conclusion

It is becoming increasingly apparent that both the synthesis
and metabolism of asymmetric methylarginine is highly
regulated. Asymmetric methylarginines are endogenous
inhibitors of all isoforms of NOS and are liberated upon
proteolysis of proteins that have been methylated by
PRMTs. Free methylarginine concentrations are deter-
mined in part by the enzymes that metabolise them, i.e.
DDAH I and DDAH II, and regulation of NOS activity has
been a central focus of DDAH studies. Given the pleio-
tropic effects of NO in multiple systems, DDAH has the
potential to regulate all of these actions of NO through
modulation of ADMA levels. Isoform-specific inhibitors
and mouse knockouts will be required to conclusively elu-
cidate the physiological and pathophysiological roles of
DDAH.
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279-283) demonstrated that histone arginine methylation can be
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