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1 Dimethylarginine dimethylaminohydrolase (DDAH), an enzyme that metabolizes the endogenous
nitric oxide synthase inhibitors N°-monomethyl-L-arginine and N¢,NC-dimethy-L-arginine to citrulline,
was identified by Western blotting in rat and human tissue homogenates.

2 S-2-amino-4(3-methylguanidino)butanoic acid (4124W) inhibited the metabolism of ['*C]-N°-
monomethyl-L-arginine to ["“C]-citrulline by rat liver homogenates (ICs, 416+ 66 uM; n=9), human
cultured endothelial cells (ICsy 250+ 34 uM; n=9) and isolated purified dimethylarginine dimethylami-
nohydrolase.

3 Addition of 4124W to culture medium increased the accumulation of endogenously-generated
NS NC.-dimethy-L-arginine in the supernatant of human cultured endothelial cells from 3.1+0.3 to
5+0.7 uM (n=15; P<0.005).

4 4124W (1 uM-1 mM) had no direct effect on endothelial nitric oxide synthase activity but caused
endothelium-dependent contraction of rat aortic rings (1 mM 4124W increased tone by 81.5+9.6% of
that caused by phenylephrine 100 nM). This effect was reversed by L-arginine (100 uM). 4124W reversed
endothelium-dependent relaxation of human saphenous vein (19.2+6.7% reversal of bradykinin-induced
relaxation at 1 mM 4124W).

5 These data suggest that inhibition of dimethylarginine dimethylaminohydrolase increases the
intracellular concentration of NS N©-dimethyl-L-arginine sufficiently to inhibit nitric oxide synthesis.
Inhibiting the activity of DDAH may provide an alternative mechanism for inhibition of nitric oxide
synthases and changes in the activity of DDAH could contribute to pathophysiological alterations in NO

generation.
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Introduction

Nitric oxide (NO) has diverse physiological roles and is syn-
thesised from L-arginine by a family of NO synthases found in
a variety of cells. NO derived from the endothelial isoform of
NO synthase causes vascular smooth muscle relaxation and is
a determinant of vascular tone and blood pressure (Rees et al.,
1989; Vallance et al., 1989). NO synthesised by the neuronal
and inducible isoforms modulates neurotransmission
(Garthwaite, 1991) and immune responses (Liew et al., 1990),
respectively. Analogues of L-arginine, including NS-mono-
methyl-L-arginine (L-NMMA), inhibit all three NO synthases
and have been useful pharmacological tools with which to
probe the roles of the L-arginine:NO pathway in biological
systems. L-NMMA increases vascular tone and causes hy-
pertension in animals and humans, inhibits neurotransmission
and causes immunodeficiency (Moncada & Higgs, 1993).
Methylarginines that inhibit NO synthase, including L-
NMMA and NYNS-dimethy-L-arginine (asymmetric di-
methyl-L-arginine; ADMA), occur endogenously and have
been detected in immune cells (Kimoto ez al., 1993) and neu-
rones (Ueno et al., 1992) and circulate in human plasma
(Vallance et al., 1992). Local synthesis of methylarginines
within cells and tissues might be a mechanism for regulation of
NO synthases. We have shown previously that human en-
dothelial cells in culture synthesize¢ ADMA (Fickling et al.,
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1993). Furthermore, human endothelial cells and blood vessels
metabolise methylarginines to citrulline (MacAllister ez al.,
1994a) in a manner that is consistent with the presence of the
enzyme dimethylarginine dimethylaminohydrolase (DDAH).
DDAH metabolizes L-NMMA and ADMA to citrulline and
has been identified in certain tissues that also synthesize NO
(Kimoto et al., 1993). It is possible that the activity of DDAH
determines the intracellular concentration of methylarginines
and thereby contributes to the control of NO synthases.
However, the functional role of DDAH in animal or human
NO-generating systems remains to be determined.

In the present study, we have identified DDAH in human
blood vessels and, by synthesizing an inhibitor of this enzyme,
have identified a functional role for DDAH and methylargi-
nines in the regulation of NO synthase.

Methods

Cell culture

SV40 transfected human umbilical vein endothelial cells
(SGHEC-7) were cultured as previously described (Fickling et
al., 1992) in medium M199:RPMI 1640 (in a ratio of 1:1) sup-
plemented with 2.5 ug ml~' endothelial cell growth supplement,
heparin (0.09 mg ml~"), foetal calf serum (5% (v/v)) and gen-
tamicin (0.12% (w/v)). Cells were grown as monolayers in 9 cm
petri dishes and used between passage 16 and 22. When con-
fluent, cells were used for immunoblotting or DDAH assays.
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Immunoblotting of DDAH

Male Wistar-Kyoto rats were killed by cervical dislocation.
Rat kidney and aorta were harvested in phosphate buffer
(100 mM NaH,PQO,, 2 mM mercaptoethanol; pH 6.5) at 4°C.
Specimens of human aorta (obtained post mortem) were har-
vested in the same buffer. Tissues were homogenised on ice in 3
volumes of buffer by a pestle and mortar or an Ultra Turrax
mechanical homogeniser (Janke and Kunkel, Staufen, Ger-
many). The homogenate was centrifuged at 10,000 g for
40 min at 4°C and the supernatant used for immunoblotting.
Purified DDAH was prepared as previously described (Kimoto
et al., 1993), and used for immunoblotting.

Samples (5—-50 ul) were mixed with an equal volume of
loading buffer (65 mM trizma hydrochloride (pH 6.8), sodium
dodecyl sulphate (SDS; 2% (w/v)), glycerol (10% (w/v)), 2-
mercaptoethanol (5% (v/v)) and bromophenol blue (0.001%
(w/v)) and electrophoresed on 12% polyacrylamide gels in
Laemmli’s running buffer (Laemmli, 1970). Following elec-
trophoresis, samples were electro-transferred onto ni-
trocellulose membranes (Towbin et al., 1979) and incubated
with a mouse monoclonal antibody raised against purified rat
DDAH (Kimoto et al., 1993) diluted 1 in 1000 in tris buffered
saline containing 5% (w/v) low fat milk protein and probed
with a peroxidase-conjugated anti-mouse antibody (1 in 300
dilution), with detection by chemiluminescence according to
the manufacturers instructions (Boehringer Mannheim).

DDAH assays

For DDAH assays, ["“C]-L-NMMA was used as a substrate
and ['“C]-citrulline was detected as product.

Tissue and isolated enzyme assay To determine the effects of
compounds on DDAH activity in tissues, 250 ul of rat liver or
kidney homogenate (prepared as above) was incubated at 37°C
for 1 h with 250 ul of sodium phosphate buffer (as above)
containing 0.02 uCi ["“C]-L-NMMA (specific activity 56 uCi
umol~!; radiolabelled at the 5—C position; final concentration
of L-NMMA, 10-100 uMm) alone or [*C]-L-NMMA together
with ADMA (1 mM), S-2-amino-4(3-methylguanidino)buta-
noic acid (4124W; 1 uM—10 mM), NS NC-dimethyl-L-arginine
(symmetric dimethyl-L-arginine; SDMA; 1 mM), citrulline
(1 mMm), (+)-Z-2-amino-6-(1-iminoethylamino)hex-4-enoic
acid (2092W; a potent NO synthase inhibitor not structurally
related to L-arginine; 1 uM—1 mM) or EDTA (1 mMm). To de-
termine the effects of compounds on purified DDAH, 20 ul of
rat isolated DDAH was incubated at 37°C for 1 h with 480 ul
of sodium phosphate buffer containing 0.04 uCi [“*C]-L-
NMMA (final concentration of L-NMMA 100 uM) and
4124W (1 mM). In all studies, the reaction was terminated by
the addition of 1 ml of a cation exchange resin (1 ml of 50%
[v/v] dowex 50X8-400; sodium form), and following cen-
trifugation (10,000 g for 5 min), 500 ul of the supernatant was
taken for the determination of citrulline by scintillation
counting.

Cell assay To determine the effects of compounds on DDAH
activity in whole cells, SGHEC-7 cells were passaged into 24
well plates (0.25 x 106 cells per well) 24 h before use. Cells were
washed twice with HEPES buffered Krebs solution of the
following composition (mM): NaCl 131, KCl 5.5, CaCl, 2.5,
MgCl, 1.0, NaHCO; 25, NaH,PO, 1.0, glucose 5.5, HEPES 20,
pH 7.4. Cells were incubated in Krebs solution (250 ul) con-
taining [**C]-L-NMMA (0.4 uCi ml~'; final concentration of L-
NMMA 7 uM) alone or with ADMA (1 mM), citrulline
(1 mM), SDMA (1 mM), or 4124W (1 uM—1 mM) for 1 h at
37°C. Cells were washed twice with cold (4°C) Krebs solution
and lysed with sodium dodecyl sulphate (SDS, 0.1% [w/v];
400 ul). An aliquot (350 ul) of cell lysate was removed for the
determination of total radioactivity by scintillation counting or
the determination of ['*C]-citrulline following separation of
[**C]-L-NMMA from ['*C]-citrulline by the addition of an ion-

exchange resin (dowex). The difference between total radio-
activity and the ['*C]-citrulline fraction in the SDS extract was
used to determine intracellular ['“C]-L-NMMA concentration.

Effect of 4124W on the accumulation of ADMA in cell
culture supernatant

SGHEC-7 cells were grown to confluence in 9 cm dishes and
incubated in culture medium alone or with 4124W (1 mM) for
72 h, after which the cell supernatant was aspirated, cen-
trifuged at 1000 g for 10 min. Partial purification of di-
methylarginines was achieved by passage of the supernatant
through a Bond Elut SCX column and eluted with ammonia/
methanol as described previously (Vallance et al., 1992).
ADMA levels were measured by high performance liquid
chromatography (h.p.l.c.) and cell protein was measured as
described below.

Effect of 4124W on NO synthase activity

Purified human placental NO synthase (endothelial isoform)
was prepared as previously described (Garvey et al., 1994) and
incubated for 20 min at 37°C with ['*C}-L-arginine alone (final
concentration 30 uM) or ['*C]-L-arginine in the presence of
4124W (1-1000 uMm). The reaction was terminated by addition
of dowex and ['*C]-citrulline was determined by scintillation
counting.

H.p.l.c. analysis

Separation of amino acids was achieved on an ODS C,;s h.p.l.c.
column by an ion pair based mobile phase containing 25 mmMm
phosphoric acid buffer (pH 5.0), 10 mM hexane sulphonic acid
and 1% (v/v) acetonitrile. Flow was maintained at 1 ml min~!
and amino acids detected by u.v. absorbance at 200 nm (Val-
lance et al., 1992).

Protein assays

The protein content of cells and tissue homogenates was as-
sayed by the method of Bradford (Bradford, 1976).

Organ bath experiments

Rings of rat aorta or human saphenous vein obtained at op-
eration were mounted under isometric tension (1 and 2 g, re-
spectively) in 10 ml organ baths containing oxygenated (95%
0,/5% CO,), warmed (37°C), Krebs solution of the following
composition (mM): NaCl 118, KC14.7, CaCl, 2.5, KH,PO, 1.2,
MgSO, 1.2, NaHCO; 25 and glucose 11. Vessels which gen-
erated an active tone of less than 1 g (human veins) or 0.5 g
(rat aorta) in response to phenylephrine (100 and 10 uM, re-
spectively) were discarded. Endothelial integrity of pheny-
lephrine-precontracted saphenous vein and rat aorta (1.0 and
0.1 uM, respectively) was confirmed by assessing relaxation to
bradykinin (1 uM) or carbachol (1 uM), respectively (vessels
which relaxed >50% of pre-constriction were designated
‘endothelium-intact’). In some experiments the endothelium
was removed from rings of rat aorta by rubbing with the tip of
a pair of forceps, and vessels which showed a relaxation of
<5% were designated ‘endothelium-denuded’. In additional
experiments, endothelium-denuded vessels were incubated
with bacterial lipopolysaccharride (LPS; E. Coli serotype
055:B5; 10 ug ml1~") for 6 h.

Effects of 4124W on contraction Concentration-response
curves to phenylephrine (1 nM-3 uM) were constructed in
endothelium-intact rat aorta in the presence and absence of
4124W. After the first concentration-response curve, vessels
were incubated with 4124W (1 mMm) for 15 min, and the con-
centration-response curve to phenylephrine (in the presence of
4124W) was repeated and compared to a timed control. In a
further series of experiments, the concentration-response re-
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lationship to 4124W (1 uM—1 mM) or L-NMMA (1 uM-
1 mM) was determined in submaximally precontracted (phe-
nylephrine 10 nM) endothelium-intact or -denuded vessels, and
in precontracted (phenylephrine 100 nM) endothelium-de-
nuded vessels incubated with LPS for 6 h.

Effects of 4124W on relaxation Endothelium-intact rings of
rat aorta were precontracted with phenylephrine (100 nm)
and the concentration-response relationship to carbachol
(1 nM—3 uM) was determined. After incubation with 4124W
for 15 min (1 mM), vessels were precontracted to their ori-
ginal starting tension with phenylephrine (30 nM) and the
concentration-response relationship to carbachol determined
in the presence of 4124W. In some experiments, rings of rat
aorta were precontracted with phenylephrine (100 nM) and
relaxed with carbachol (1 uM); when the relaxation had
stabilised, the effects of 4124W or L-NMMA (1 mM) on
vessel tone were determined. Endothelium-intact human sa-
phenous vein was precontracted with phenylephrine
(100 nM), and then relaxed with bradykinin (1 uM), after
which the concentration-response relationship to 4124W
(1 uM—1 mM) was determined.

Calculations and statistics

Enzyme activity is expressed as the absolute amount of
[“C]citrulline synthesised from ['*C]-L-NMMA (tissue
homogenates). Certain of the compounds studied reduced
the uptake of ['*C]-L-NMMA into intact cells and therefore,
in whole cell studies, enzyme activity was expressed as the
ratio of intracellular ['“C]-citrulline to ['*C]-L-NMMA. The
effect of 4124W on vascular tone is expressed as a percen-
tage of the maximum tension or tension generated by phe-
nylephrine (100 nM; approximate ECy) in rat aorta or
percentage reversal of bradykinin-induced relaxation in
veins. Results are expressed as mean+s.e. mean, where n
refers to the number of individual experiments (unless spe-
cified otherwise in the text or figure legends), and compared
by Student’s ¢ test for paired or unpaired observations as
appropriate.

Materials

Cell culture The following reagents were used; endothelial
cell growth supplement (Sigma Chemical Co., Poole, Dorset,
U.K\), foetal calf serum (Advanced Protein Products, Brierly
Hill, West Mids, U.K.), gentamicin (Rousell Laboratories,
Uxbridge, Middlesex, UK), glutamine (Gibco Ltd, Paisley,
Scotland, U.K.), medium M199 and RPMI 1640 (Gibco),
phosphate buffered saline (Gibco), 7.5% sodium bicarbonate
solution (Flow Laboratories, Irvine, U.K.). Tissue culture
plastic was obtained from Falcon (Marathon Laboratory
Supplies, London).
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Immunoblotting The following compounds were used: am-
monium persulphate (Sigma), bisacrylamide (BDH Chemicals
Ltd, Poole, Dorset, U.K.), chemiluminescence kit (Boehringer
Mannheim UK, Bell Lane, Lewes, East Sussex, U.K.), anti-
DDAH monoclonal antibody (Professor T Ogawa, University
of Tokushima, Japan), horseradish peroxidase conjugated
anti-mouse immunoglobulin (Sigma), nitrocellulose membrane
(Hybond-C, Amersham Life Sciences, Aylesbury, Buck-
inghamshire, U.K.), molecular weight protein markers (Sig-
ma), sodium dodecyl sulphate (SDS; Sigma), temed (Sigma)
and trizma base (Sigma).

H.plc. The following reagents were used: acetonitrile (Ro-
mil Laboratories, Loughborough, UK), SCX and CBA Bond
Elut columns (Jones Chromatography Ltd, Hengoed, Mid
Glamorgan, U.K.), hexane sulphonic acid (Romil Labora-
tories), h.p.l.c. columns (Phase Separation, Queensferry,
Wales, UK.), h.p.l.c. grade methanol (BDH). Chromato-
graphy was carried out by Beckman System Gold (Beckman
Instruments (U.K.) Ltd, High Wycombe, U.K.).

In vitro studies The following compounds were used: ci-
trulline (Sigma), L-arginine hydrochloride (Sigma), Bio-Rad
protein assay (Bio-Rad Laboratories Inc, Hemel Hempstead,
U.K.), bovine serum albumin (Sigma), bradykinin (Sigma),
carbachol (Sigma), dowex 50X8-400 (Sigma), EDTA (Sig-
ma), indomethacin (Sigma), lipopolysaccharride (LPS; E. coli
serotype 055:BS5; Sigma), 2-mercaptoethanol (Sigma), nap-
thylene diamine (Sigma), N%-monomethyl-L-arginine
(Wellcome Research Laboratories, Beckenham, Kent, U.K.),
[**C]-N®-monomethyl-L-arginine (56 uCi umol~!; Amer-
sham), NS NC.dimethyl-L-arginine (Wellcome), N¢ NC-di-
methyl-L-arginine  (Wellcome), phenylephrine (Sigma),
sulphanilamide (Sigma), S-2-amino-4(3-methylguanidino)bu-
tanoic acid (Wellcome) and (Z)-Z-2-amino-6-(1-iminoethy-
lamino)hex-4-enoic acid (Wellcome).

Results

Identification of DDAH in tissues

DDAH was identified by Western blotting in rat aorta and
kidney, and in human aorta (Figure 1). DDAH was also de-
tected in endothelium-denuded rat aorta (data not shown).

Metabolism of ["*C]-L-NMMA to [*C]-citrulline by rat
tissue homogenates and purified DDAH

The supernatant of liver and kidney homogenates synthesized
52.54+0.7 and 149.4 + 1.4 pmol of ['*C]-citrulline mg~' protein
h~!, respectively, in the presence of ['*C]-L-NMMA (total
concentration of L-NMMA 100 uM; n=13). Activity in rat liver

Human aorta
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Rat DDAH

Figure 1 (a) Immunoblot of rat aorta (26 ug protein/lane) and rat purified dimethylarginine dimethylaminohydrolase (DDAH,;
1.5ng protein/lane). (b) Immunoblot of rat kidney (80 ug protein/lane) and human aorta (16 ug protein/lane).
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homogenates was reduced by co-incubation with ADMA
(1 mM) or 4124W (1 mM; 87.840.7% and 49.1+8.8% in-
hibition, respectively; n=3; P<0.05), but not by SDMA
(7.0+4.2% inhibition; n=3; P>0.2; Figure 2a). In the pre-
sence of 10 uM L-NMMA, rat liver and kidney homogenates
synthesised 28.3+6.9 and 55.5+4.3 pmol of ['*C]-citrulline
mg~! protein h~!, respectively (n=6). Enzyme activity in liver
and kidney homogenates was increased by co-incubation with
EDTA (1 mM; n=6) to 1344+2.4% and 141.7+2.9% of
control, respectively (P<0.001 for both tissues) and reduced
by co-incubation with citrulline (1 mM; n=6) to 82.2+5.2%

a
125 — Crude extract
Purified
enzyme
100 — i

75 —

50 —

Enzyme activity (% of control)

25 —

.

Control 4124W ADMA SDMA 4124W

120 —
100 —
80
60 —

40 —

Enzyme activity (% of control)

20 —

Concentration (log m)

Figure 2 (a) Effects of 4124W, ADMA and SDMA (all 1 mM; n=3)
on the metabolism of ['*C]-.-NMMA to ['*C]-citrulline by homo-
genates of rat liver and DDAH from rat kidney. Enzyme activity
(measured by the synthesis of ['*C]-citrulline from [**C}-L-NMMA) is
expressed as a percentage of control. Results are the means of 3
replicates from 1 experiment. (*P<0.05) (b) Concentration-depen-
dent effects of 4124W (n=9) on the metabolism of [“C]-L-NMMA to
[*C]-citrulline by homogenates of rat liver (O) and kidney (@).
2092W (l; n=©6) had no effect on the metabolism of [**C}-.-NMMA
to [**CJ-citrulline by rat liver homogenates. Enzyme activity is
expressed as above. Results are the means of 3 replicates from 2 to 3
separate experiments.

and 79.61+0.7% of control, respectively (P<0.05 for both
tissues). The activity of purified DDAH was reduced by co-
incubation with 4124W (42.2+9.5% inhibition in response to
1 mM 4124W; n=3; P<0.05; Figure 2a). The addition of
4124W caused concentration-dependent inhibition of the me-
tabolism of ['*C]-L-NMMA to ['*C]-citrulline by rat liver
homogenates (ICso at 10 uM L-NMMA, 416+ 66 uM; n=09;
Figure 2b). The addition of an NO synthase inhibitor not
structurally related to L-arginine (2092W; 1 uM-10 mM;
n=6), had no significant effect on DDAH activity in rat tissue
homogenates (Figure 2b).
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Figure 3 (a) Effects of 4124W (1mMm; n=9), ADMA (1mMm; n=6),
citrulline (1mMm; Cit; n=6), and SDMA (1mM; n=12) on the
metabolism of [',4C]-L-NMMA to ["*C}-citrulline by SGHEC-7 cells.
Enzyme activity is expressed as the ratio of intracellular (S
citrulline to [**C]-L-NMMA (*P<0.05). Results are the means of 3
replicates from 2-4 separate experiments. (b) Concentration-
dependent effects of 4124W (1 umM-1mM) on DDAH activity in
SGHEC-7 cells (n=9 from 3 separate experiments). Enzyme activity
is expressed as the ratio of intracellular ['*C]-citrulline to ['*C}-L-
NMMA.
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Metabolism of [“C]-L-NMMA to [**C]-citrulline by
endothelial cells

After incubation with ['*C]-L-NMMA alone for 1 h, the in-
tracellular amounts of ['*C]-citrulline and ['*C]-L-NMMA were
65.4+5.7 and 58.9+3.9 pmol/10° cells, respectively (n=20
from 6 separate experiments). Enzyme activity (expressed as
the mean of the ratios of intracellular [*C]-citrulline to [**C]-L-
NMMA) was 1.02+0.1 under control conditions. This ratio
was reduced by co-incubation with ADMA (1 mM; ra-
ti0=0.33+0.09; n=6; P<0.05), citrulline (1 mM; ra-
ti0=0.514£0.03; n=9; P<005) and 4124W (1 mMm;
ratio=0.27+0.03; n=9; P<0.05) but not by SDMA (1 mMm;
ratio=0.9+0.13; n=12; P>0.2; Figure 3a). The change in
ratio was independent of any effect on ['*C]-L-NMMA uptake
as the intracellular concentration of ['“C}-L-NMMA was the
same for all compounds (data not shown). A concentration-
dependent inhibition of the metabolism of [*C]-L-NMMA to
[**C]-citrulline by SGHEC-7 cells was observed following in-
cubation with 4124W (ICs, 250 + 34 uM; Figure 3b).

Effect of 4124W on ADMA concentration in cell
supernatant

Addition of 4124W (1 mM) to cultures of SGHEC-7 cells for
72 h increased the concentration of ADMA in the culture su-
pernatant by approximately 70% from 3.1+0.3 to
5.0+0.7 uM (n=15; P<0.005) and altered the ratio of ADMA
to SDMA from 4.7+0.4 to 9.2+0.7 (n=15 from 3 separate
experiments; P<0.01).

Effect of 4124 W on human placental NO synthase activity
The rate of synthesis of citrulline from L-arginine by purified
human placental NO synthase in the presence of 30 uM L-
arginine was unaffected by 4124W (activity 98.3+6.5 and
96.6+3.0% of control in the presence of 300 uM (n=6;
P>0.5) and 1 mM (n=2) 4124W, respectively; Figure 4).

Effect of 4124W on endothelium-dependent contraction
of isolated blood vessels

Incubation of endothelium-intact rat aorta with 4124W
(1 mM) for 15 min increased the maximum contraction to
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Figure 4 Effect of 4124W on human placental endothelial NO
synthase activity (#=6 from 2 separate experiments).

phenylephrine (3 uM) by 36.3+10.1% (P<0.05; Figure 5a),
but did not affect the ECs, significantly (56 + 12 nM in control
vessels compared to 43+13 nM in the presence of 4124W;
P=0.053). In rat aorta precontracted with phenylephrine
(10 nM), 4124W (1 uM—1 mM; n=5) caused a slowly-devel-
oping (over 5—10 min) concentration-dependent contraction
(Figure 5b) that was reversed by L-arginine (100 uM;
66.3+9.6% reversal, P<0.05). 4124W was less potent and
caused smaller contractions than L-NMMA (Figure 5b). Tone
in endothelium-denuded aorta was unaffected by 4124W
(1 mM; 6.74+6.7% increase in tone; n=3; P>0.5). However,

150 —

120 -

90 —

60 —

Contraction (% of maximum)

30

0 T T T T 1
-9 -8 -7 -6 -5
Phenylephrine (log M)
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Figure 5 (a) Effect of 4124W (1mM) on the response to
phenylephrine in endothelium-intact rat aorta: phenylephrine alone
(H; n=6), and following incubation (15min) in the presence ([J) or
absence (O) of 4124W (1 mM; n=6 for each). (b) Effects of 4124W
on the tone of submaximally precontracted rat aorta (phenylephrine
10nM); endothelium-intact vessels ([1; n=35), endothelium-denuded
vessels (A; n=3), endothelium-denuded vessels incubated with LPS
(l; n=7). The endothelium-dependent effects of L-NMMA in
endothelium-intact vessels (O; n=>5) are shown for comparison.
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4124W caused concentration-dependent contraction of pre-
contracted rings of endothelium-denuded rat aorta that had
been incubated with LPS to induce expression of inducible NO
synthase (Rees et al., 1990; n=7; Figure 5b). The effect of
4124W in endotoxin-treated aorta was also reversed by L-ar-
ginine (100 uM; 1114 18% reversal; n=4).

Effect of 4124W on endothelium-dependent relaxation of
isolated blood vessels

The concentration-response curve to carbachol in rat aorta
was not affected by co-incubation with 4124W (ECs, and
maximum relaxation to carbachol were 0.354+0.06 uM and
83.7+2.9% in the absence and 0.57+0.27 uM and 84.7+4.8%
respectively in the presence of 4124W (1 mM; n=4; P>0.1).
However, 4124W (1 uM-1 mM) caused concentration-depen-
dent reversal of carbachol-induced relaxation of precontracted
rat aorta and bradykinin-induced relaxation of precontracted
human saphenous vein (Figure 6). The effect of 4124W on
endothelium-dependent relaxation was reversed by L- but not
by D-arginine.

Discussion

The results of this study demonstrate the presence of func-
tionally active DDAH in human endothelial cells and blood
vessels and indicate a role for this enzyme in the regulation of
NO synthesis. By screening 26 structural analogues of ADMA
and L-NMMA (both of which are substrates for DDAH), we
identified a compound, S-2-amino-4(3-methylguanidino)buta-
noic acid (4124W; Figure 7) that inhibited DDAH activity.
The conversion of [“C]-L-NMMA to ["“C]-itrulline by
DDAH purified from rat kidney, and by rat tissue homo-
genates and human cultured umbilical vein endothelial cells
was inhibited by 4124W. In addition, 4124W increased the rate
of accumulation of locally synthesized ADMA in endothelial
cell culture supernatant. 4124W had no direct effect on isolated
purified endothelial-type NO synthase directly, yet caused en-
dothelium-dependent contraction of rat aorta and reversed
endothelium-dependent relaxation of human saphenous vein in
vitro. Together these findings indicate that 4124W is an in-
hibitor of DDAH, and that inhibition of this enzyme increases
the intracellular ADMA concentration and thereby indirectly
inhibits NO synthase.

DDAH protein was detected with a monoclonal antibody
raised against rat DDAH. Homogenates of rat aorta and kid-
ney and purified DDAH reacted strongly, while weaker signals
were detected in human aorta (Figure 1). Although this
monoclonal antibody cross-reacts weakly with human DDAH,
binding appears to be specific since rat and human tissues that
contain immunoreactive DDAH also exhibit DDAH activity
(Kimoto et al., 1993; 1995). Weaker signals for DDAH were
also obtained with homogenates of human saphenous vein and
cultured endothelial cells (unpublished observations). The
molecular weight of human vascular DDAH in this study ap-
peared to be lower than that of rat DDAH; in addition a second
band was detected in some immunoblots (Figure 1). Whether
these observations indicate the presence of different isoforms of
DDAH remains to be determined.

Enzyme activity, measured by the conversion of ['*C}-L-
NMMA to [**C]-citrulline, was present in rat liver and kidney
homogenates and human cultured endothelial cells. The
conversion of [“C]-L-NMMA to ['*C]-citrulline was con-
sistent with the presence of DDAH, since ADMA competed
with [“C}-L-NMMA, whereas the inactive enantiomer,
SDMA, did not. Concentration-dependent inhibitory effects
of 4124W on DDAH were demonstrated in rat tissues, hu-
man endothelial cells, and purified DDAH. However, NO
synthase has also been shown to metabolise L-NMMA to
citrulline and to determine whether this might have con-
tributed to the metabolism of [“C]-L-NMMA in our studies,
we used an NO synthase inhibitor that was structurally dis-

CCh (6)

| L-Arg (4)
L-Arg (3)

L-Arg (4)
L-Arg (3)

CCh (6)

L-NMMA (3)

Reversal of bradykinin relaxation (%)

0 T T T
-6 -5 -4 -3
4124W (log M)

Figure 6 (a) The effects of 4124W (upper trace) and L-NMMA
(lower trace) on the endothelium-dependent relaxation of precon-
tracted (phenylephrine, PE) rat aorta to carbachol (CCh). 4124W
caused a smaller, slower contraction that was more susceptible to
antagonism by L-arginine (L-Arg) than the contraction caused by L-
NMMA (representative tracing from 2 experiments). Numbers in
parentheses show concentrations (—log M). (b) Effects of 4124W on
endothelium-dependent relaxation (bradykinin, 1uM) of precon-
tracted human saphenous vein (phenylephrine, 100 nM; n=>5).

tinct from L-NMMA and ADMA. A non-arginine based
inhibitor of all three isoforms of NO synthase (2092W; IC;,
for each NO synthase isoform of the order of 2 uM; un-
published observations), had no effect on the conversion of
[“C]-L-NMMA to ['“C]-citrulline, suggesting that NO syn-
thase did not contribute to the metabolism of L-NMMA.
Furthermore, EDTA in concentrations sufficient to inhibit
constitutive calcium-dependent NO synthase (1 mM), in-
creased the conversion of L-NMMA to citrulline by homo-
genates of rat liver and kidney, an effect that is consistent
with the known inhibitory effect of divalent cations (including
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Figure 7 Structures of ADMA, L-NMMA and 4124W.
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Figure 8 Proposed pathway for the synthesis and metabolism of
ADMA. 1L-Arginine is methylated by protein methylase 1 and
ADMA is liberated following proteolysis. DDAH metabolizes
ADMA to citrulline and this process is inhibited by 4124W.

calcium) on DDAH activity (Ogawa et al., 1989). Moreover
citrulline, which is not an NO synthase inhibitor (Morris &
Billiar, 1994), but is known to inhibit DDAH (Ogawa et al.,
1989), inhibited the conversion of [*C]-L-NMMA to ['*C]-
citrulline by endothelial cells and tissues. Thus, the conver-
sion of L-NMMA to citrulline observed in these cells and
tissues is attributable to the activity of DDAH and not to
NO synthase.

Human placental endothelial-type NO synthase was not
inhibited by 4124W in the presence of 30 uM L-arginine. In-
deed, the only direct activity of 4124W on endothelial NO
synthase that we could demonstrate occurred when the L-ar-
ginine concentrations were lowered to 3 uM, and under these
conditions, 4124W was a weak inhibitor (ICs,> 300 uM; n=6;
data not shown). However, the concentration of L-arginine in
the plasma (100 uM), in isolated blood vessels incubated in
arginine-free solutions in vitro (approximately 400 nmol g~!
tissue), in freshly isolated endothelial cells (2 mM) and in cul-
tured endothelial cells (100—800 uM), are far in excess of 3 uM
(Forstermann et al., 1994). Therefore, it seems unlikely that
4124W is a direct inhibitor of endothelial NO synthase in
whole cells or tissues in vitro.

Human endothelial cells in culture release ADMA and
SDMA into the culture medium (Fickling et al., 1993). The

accumulation of ADMA (but not SDMA) in culture super-
natant was increased by 4124W. This suggests that SDMA and
ADMA are generated continuously by human endothelial cells
in culture, and that DDAH activity lowers the ambient con-
centration of ADMA. The concentration of SDMA was un-
affected by 4124W, consistent with observations that SDMA is
not a substrate for DDAH (Ogawa et al., 1989). In this regard
it is important to note that SDMA (unlike ADMA) is not an
inhibitor of NO synthase.

To determine whether the metabolism of endogenous
ADMA by DDAH was of functional significance, 4124W
was added to rings of blood vessels suspended in an organ
bath for the measurement of isometric tension. 4124W
caused slowly-developing contraction of endothelium-intact
rat aortic rings and augmented the contraction to pheny-
lephrine in endothelium-intact vessels. 4124W had a smaller
effect on basal tone than did L-NMMA, and although it
increased maximal contraction, did not significantly increase
the potency of phenylephrine. These observations are con-
sistent with partial inhibition of NO synthase occurring due
to accumulation of endogenously synthesised ADMA. En-
dothelium-dependent relaxation of rat aorta to carbachol
was unaffected by 4124W, yet when added after vessels had
been exposed to endothelium- dependent relaxants, 4124W
caused concentration-dependent reversal of the relaxation.
These effects of 4124W on endothelium-dependent relaxa-
tion might be consistent with previous observations sug-
gesting that NO synthase inhibition is less effective at
blocking endothelium-dependent relaxation than reversing
established relaxation (Furchgott et al., 1990; MacAllister et
al., 1994b), and again are suggestive of partial inhibition of
NO synthase. This conclusion is further strengthened by the
observation that L-arginine but not D-arginine reversed the
effects of 4124W. 4124W had no effect on the response to
phenylephrine of endothelium-denuded rat aorta. However,
following incubation of endothelium-denuded aorta with
LPS (to induce expression of NO synthase in vascular
smooth muscle), 4124W caused concentration-dependent
contractions that were reversed by L-arginine. These ob-
servations suggest that 4124W only increases tone in vessels
that contain both DDAH (which is present in the en-
dothelium and vascular smooth muscle) and NO synthase
(endothelium-intact vessels or endothelium-denuded vessels
expressing inducible NO synthase). The vascular effects of
4124W therefore, are best explained by indirect inhibition
of NO synthase by accumulation of endogenous ADMA,
consequent upon inhibition of DDAH (Figure 8).

ADMA and DDAH are widely distributed in tissues, in-
cluding neurones and certain immune cells (Kimoto et al.,
1993), and could provide a mechanism for controlling NO
synthesis in physiological and/or pathophysiological states in
a variety of cells and tissues. Decreased activity of DDAH
would lead to local accumulation of ADMA and inhibition
of NO synthase, effects that would be reversed by L-arginine.
It will now be important to develop more potent inhibitors of
DDAH to explore these possibilities in vivo, particularly in
conditions such as hypercholesterolaemia (Yu et al., 1994),
haemorrhagic shock (Aneman et al., 1994), endothelial re-
generation after angioplasty (Azuma et al., 1995) or salt-
sensitive hypertension (Matsuoka et al., 1996), in which
ADMA concentrations appear to rise and the activity of NO
synthase in vivo becomes arginine-dependent (Creager et al.,
1992).
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