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Properties of a Semicarbazide-Sensitive Amine
Oxidase in Human Umbilical Artery
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Abstract—The metabolism of some aromatic amines by amine oxidase activities in human umbilical artery
homogenates has been studied. The inhibitory effects of clorgyline showed that 5-hydroxytryptamine (5-
HT) and tryptamine, 1 mM, were predominantly substrates for monoamine oxidase (MAO) type A, whereas
MAO-A and B were both involved in the metabolism of 8-phenylethylamine (PEA), 100 um, and tyramine,
1 mM. About 20-30% of tyramine and PEA metabolism was resistant to 1 mMm clorgyline, but sensitive to
inhibition by semicarbazide, 1 mM, indicating the presence of a semicarbazide-sensitive amine oxidase
(SSAO). Benzylamine, | mMm, appeared to be metabolized exclusively by SSAO with a K, (161 um) at pH 7-8
similar to that found for SSAO in other human tissues. Tyramine and PEA were relatively poor substrates
for SSAO, with very high apparent K, values of 17-6 and 13-3 mw, respectively, when determined in the
presence of clorgyline, 10—* M, added to inhibit any metabolism of those amines by MAO activities.
However, kinetic studies with benzylamine indicated that clorgyline, 10~ M, also appears to inhibit SSAQ
competitively such that the true K,, values for tyramine and PEA may be about 60% of those apparent
values given above. No evidence for the metabolism of 5-HT or tryptamine by SSAO was obtained. The
aliphatic amine methylamine was recently shown to be a specific substrate for SSAO in umbilical artery
homogenates. We have used benzylamine and methylamine as SSAO substrates in histochemical studies to
localize SSAO in tissue sections. Both amines promoted tissue staining which occurred predominantly over
the medial layers of the vessel wall, and this staining was prevented by the presence of semicarbazide, 1 mm,
but not by pargyline, 1 mu, in the reaction medium. The results support the notion that smooth muscle cells
are an important site of SSAO activity in human blood vessels, and reinforce the possibility that
methylamine, an endogenously-occurring amine, may be a better candidate as a physiological substrate for
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SSAO in man, than several aromatic biogenic amines so far examined.

It is now known that more than one type of amine oxidase
activity can deaminate various physiologically-active aro-
matic monoamines in animal tissues. In this respect, much
attention has been given to the properties of monoamine
oxidase (MAO), a flavoprotein enzyme found on the outer
mitochondrial membrane in two distinct molecular forms
called MAO-A and B with different substrate and inhibitor
specificities, and the potential therapeutic uses of MAO-A or
B selective inhibitors in the treatment of depression and
Parkinson’s Disease, for example, have been reviewed by
Fowler & Ross (1984).

Less clear is the physiological importance of another
amine oxidase found in addition to MAO in many tissues,
and distinguished from the latter not only by a resistance to
inhibition by relatively high concentrations (0-1-1 mM) of the
MAO-inhibiting acetylenic compounds clorgyline, selegiline
and pargyline, but also by its sensitivity to inhibition by
semicarbazide, 1 mm. The inhibition of this semicarbazide-
sensitive amine oxidase (SSAO) by various carbonyl reagents
has led to suggestions that its cofactor could be pyridoxal
phosphate, or possibly pyrroloquinoline quinone. Although
the enzyme is present in various cell types including adipo-
cytes (Barrand et al 1984), chondrocytes (Lyles & Bertie
1987), granulocytes and lymphocytes (Banchelli et al 1983),
particularly high activity is associated with smooth muscle
cells of vascular (Ryder et al 1979; Lyles & Singh 1985) and
non-vascular origin (Lewinsohn 1981), where the enzyme
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appears to be a constituent of plasmalemmal and/or micro-
somal membranes (Wibo et al 1980; Barrand & Callingham
1982). However, the discovery of a functional role for SSAO
in these tissues has so far proved elusive. Consequently,
although SSAQ is known to be sensitive in-vitro to inhibition
by a number of drugs in current clinical use, including the
hydrazine derivatives phenelzine, hydralazine and bensera-
zide (reviewed by Lyles 1984), it is not yet clear if this
property has any beneficial or adverse implications for the
treatment of patients with such compounds.

Although possible clues to the physiological importance of
SSAO may be obtained from a clearer perspective of its
substrate specificity, and especially of its ability to metabo-
lize endogenous amines, this approach has been complicated
to some extent by the discovery first, that a non-physiological
substrate, benzylamine, appears to have a lower K, than
those naturally-occurring amines so far examined, and
second, that the properties of SSAO differ considerably
between species. For example, in rat tissues such as the aorta,
the K, for benzylamine metabolism (around 5 uM) (Clarke et
al 1982) is lower than those values (10-70 um) reported for
the dietary or trace endogenous amines f-phenylethylamine,
tyramine and tryptamine (Guffroy et al 1985; Lyles & Taneja
1987). Under comparable assay conditions, the K, for
benzylamine in human aorta is much higher than in the rat
(e.g. 143 um, Hayes et al 1983; 295 um, Suzuki & Matsumoto
1984), and furthermore, many endogenous aromatic monoa-
mines, including those trace amines above, are deaminated at
much lower rates than benzylamine. The neurotransmitter
amines noradrenaline and 5-hydroxytryptamine, and the
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hormone adrenaline do not appear to be likely candidates as
physiological substrates for SSAO since current evidence
suggests that they are metabolized slightly, if at all, by the
enzyme in either man or rat.

To extend our knowledge of the properties of SSAO in
vasculature of human origin, we have studied the deamina-
tion (and its sensitivity to inhibition) of several aromatic
monoamines in homogenates of human umbilical artery,
with a view to determining the kinetic constants for metab-
olism by SSAO of those amines found to be substrates for the
enzyme. In addition, we present histochemical evidence that,
as in the rat aorta (Lyles & Singh 1985) and in other human
blood vessels (Ryder et al 1979), the SSAO activity in the
human umbilical artery is associated in major part with the
smooth muscle layers of the tunica media. Some of these
results have been communicated earlier (Lyles & Wollage
1987).

Materials and Methods

Materials

Umbilical cords were provided by the Maternity Unit,
Ninewells Hospital, usually from deliveries involving Cae-
sarean sections.

Radiochemical amines purchased from Amersham
International plc, UK were: 5-hydroxy [G-*H]tryptamine
creatinine sulphate, [7-'*C]benzylamine hydrochloride, [G-
SH]tryptamine hydrochloride and 2-phenyl [1-“*Cethyl-
amine hydrochloride. [Ring-’H]tyramine hydrochloride was
obtained from NEN Research Products, Du Pont (UK) Ltd,
Stevenage, UK.

The following reagents were purchased from Sigma
(Poole, UK): horseradish peroxidase (type II), 3-amino-9-
ethylcarbazole, bovine serum albumin and the hydrochlor-
ides of benzylamine, methylamine, semicarbazide and pargy-
line. Clorgyline hydrochloride was a generous gift from May
and Baker Ltd (Dagenham, UK).

Methods

Tissue homogenates. Arteries were dissected from fresh
umbilical cords, washed extensively with saline (0-9% NaCl,
w/V) to remove contaminating blood as a potential source of
plasma amine oxidase, and then stored at —20 °C for use
within a few days. Thawed tissues were homogenized in 1 mm
potassium phosphate buffer (pH 7-8) at various tissue (g):
buffer (mL) ratios (see below) depending upon the substrate
to be used in subsequent assays. These ratios were chosen on
the basis of preliminary experiments to determine assay
conditions under which metabolite formation was linear
during appropriate assay incubation times. Homogenates
were centrifuged at 600 g for 10 min before the resulting
supernatants were used in the assays below.

Radiochemical assays. The radiochemical assays, which
usually involved 25 uL. homogenate, 25 uL water, or aqueous
inhibitor solution, and 50 uL radioactive substrate in 0-2 M
potassium phosphate buffer pH 7-8, were based on the
method of Callingham & Laverty (1973) as described by
Lyles & Callingham (1982) and Precious et al (1988).
Specifically, the current studies with umbilical artery
involved the use of 1:40 tissue homogenates and assay

incubation times of 15 or 30 min, respectively when [*CJben-
zylamine (sp. act. 0-5 uCi umol—') or [*H]5-hydroxytrypta-
mine (2 uCi umol~') were used as substrates. 1:10 homoge-
nates were used with [*H]tryptamine (2uCi umol-'), [*C] 8-
phenylethylamine (2 xCi umol-') and [*H]tyramine (1 uCi
umol~!) at respective incubation times of 30, 45 and 60 min.

The inhibitory effects of semicarbazide or clorgyline were
studied by preincubating homogenates for 20 min at 37 °C
with aqueous solutions of clorgyline or solutions of semicar-
bazide prepared in 0-2 M potassium phosphate buffer, pH 7-8,
followed by the addition of the appropriate radioactive
amine to assay for remaining enzyme activity. Comparisons
were made with control samples preincubated with inhibitor
vehicle alone.

The possibility of semicarbazide affecting the organic
solvent extractability of metabolites in the assay was tested as
described by Lyles & Shaffer (1979) by comparing activities
in assays where semicarbazide was present throughout, with
those in which semicarbazide was absent during the assay
incubation but was instead added at the end of the incuba-
tion period, and immediately before the solvent extraction of
accumulated metabolites. These assays were carried out with
the appropriate constituents in the normal 100 uL assay
volume described above, but involved the addition of either
25 pL semicarbazide solution or water at the end. Control
samples in these experiments were subjected to the same
protocol, except that semicarbazide was omitted from all
solutions.

Protein concentrations of homogenates were determined
by the method of Lowry et al (1951) with bovine serum
albumin as standard.

Histochemistry. Cryostat-cut transverse sections (20 ym) of
umbilical artery were stained for amine oxidase activity by a
coupled peroxidatic oxidation technique (Ryder et al 1979,
Lyles & Singh 1985) in which either benzylamine or methyl-
amine were used as substrates at final concentrations of 2 or
S mM, respectively, in the reaction medium, which was
incubated with sections for 2-3 h at 37 °C. Effects of
inhibitors were assessed by preincubating sections for 15 min
at 37 °C with inhibitor solutions prepared in 0-05 M potas-
sium phosphate buffer pH 7-6, followed by subsequent
incubation in reaction medium in which the corresponding
inhibitor had also been included.

Results

Inhibitor studies
The effects of increasing clorgyline concentrations on the
metabolism of 5-hydroxytryptamine (5-HT) and tryptamine,
1 mM, in umbilical artery homogenates is shown in Fig. 1.
The complete inhibition of 5-HT metabolism by relatively
low clorgyline concentrations (e.g. 10~® M) indicates that 5-
HT is a substrate for MAO-A alone in the tissue. Similarly,
tryptamine deamination was largely attributable to MAQO-A,
although the additional inhibitory effects with clorgyline,
10-7-10-* M, indicate the possibility of a small contribution
by MAO-B also. These inhibitor curves gave no suggestion
of any metabolism of these amines by an enzyme activity (e.g.
SSAO) resistant to clorgyline, 103 M.

Fig. 1 also illustrates the effects of clorgyline and semicar-
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F1G. 1. Inhibition of the metabolism of 1 mM 5-hydroxytryptamine (5-HT, O), 1 mMm tryptamine (TRYPT, a), 100 uM B-
phenylethylamine (PEA, a), 1 mM tyramine (TYR, O) and 1 mum benzylamine (BZ, ®) by clorgyline or semicarbazide.
Activities were expressed as percentages of corresponding control samples without inhibitor. Each point is the mean
(+s.e. of the ratio where exceeding symbol size) of 4-11 homogenates, each assayed in triplicate. Mean specific activities
of controls were 40-6 (5-HT), 34-9 (TRYPT), 47 (PEA), 25-4 (TYR) and 329-9 (BZ) nmol (mg prot.)~'h~1,

bazide as inhibitors of S-phenylethylamine (PEA) 100 uM,
tyramine 1 mMm, and benzylamine, 1 mm, metabolism. Use of
clorgyline resulted in biphasic inhibition curves with PEA
and tyramine as substrates, indicating the involvement of
both MAO-A and B in the deamination of these amines at
the substrate concentrations tested. In addition, clorgyline,
103 M, failed to inhibit completely the deamination of these
amines, with approximately 14% of tyramine and 24% of
PEA metabolism remaining at this inhibitor concentration,
therefore suggesting some possible contribution of SSAO to
their metabolism. Further evidence for this was provided by
the ability of semicarbazide (especially at 10~3 m) to inhibit a
significant proportion of the total tyramine and PEA
degradation. Clorgyline had only a small inhibitory effect
upon benzylamine metabolism (3 and 7% inhibition, respect-
ively with 10-*and 103 Mmclorgyline) whereas a considerable
proportion (89%) of total benzylamine deamination was
inhibited by semicarbazide, 10~ m. These results suggest
therefore that benzylamine metabolism in umbilical artery is
brought about almost completely if not exclusively by SSAO,
with possibly a very small contribution by MAO-B.

Several experiments were carried out subsequently to
investigate the possibility that the apparent inhibition of
amine metabolism by semicarbazide could conceivably result
from the carbonyl reagent interfering with the organic
solvent extraction of amine metabolites in the assay, perhaps
by forming Schiff bases with the aldehyde metabolite. To test
this, normal assay incubations which were completed with-
out semicarbazide being present, had the drug added to the
reaction mixtures subsequently and immediately before the
solvent extraction step. Table 1 shows that under those
circumstances, little if any inhibition of amine metabolism
was apparent when compared with appropriate control
samples to which inhibitor vehicle was added at the end. On
the other hand, in assays run concurrently in which semicar-
bazide was present during the normal incubation period,
similar inhibitory effects of semicarbazide to those seen in
Fig. 1 were again obtained. These data are therefore
consistent with semicarbazide producing direct inhibition of
an enzyme activity which can metabolize tyramine, PEA and
benzylamine.

Kinetic constants
Kinetic constants for benzylamine metabolism by umbilical

Table 1. Effects of semicarbazide on assays of amine metabolism in
human umbilical artery.

Substrate Semicarbazide Activity (% of control)
(concentration)  concentration (M) (+) (=)
S-HT (1 mm) o R 5ie
A SR
PEA (100 M) o7 e 04t
om0 WL uE

The column marked (+ ) denotes activities determined in homoge-
nates which were preincubated wirth semicarbazide before the
substrate addition to the assay, whereas activities denoted (—) were
obtained from homogenates assayed without semicarbazide present
in the assay incubation but instead the drug was added just prior to
solvent extraction of amine metabolites. Activities are expressed as
percentages of appropriate controls subjected to identical experi-
mental procedures, but using solutions lacking semicarbazide
throughout. Each value represents the mean+s.e. of 3 different
homogenates, each assayed in triplicate.

artery homogenates were estimated by linear regression from
double reciprocal plots obtained from the use of 50 uM to 1
mM benzylamine. Data in Fig. 1 illustrate that an increasing
proportion of the metabolism of benzylamine (and also of
tyramine and PEA) is inhibited by increasing clorgyline
concentrations up to 10~* M. In many earlier studies, that
clorgyline concentration has been useful for completely
inactivating MAO activities in animal tissue homogenates,
while having little if any apparent inhibitory effect upon
SSAO (e.g. Clarke et al 1982; Lyles 1984). Consequently, in
an attempt to exclude any possible influence of MAO
activities upon the determination of kinetic constants for
benzylamine metabolism by SSAO, some umbilical artery
homogenates were pretreated with 103 M clorgyline (for 20
min at 37 °C) before addition of substrate and comparisons
were made with the corresponding homogenate samples
preincubated with inhibitor vehicle (distilled water) instead.

Fig. 2 shows kinetic data from one such homogenate,
representative of two others studied identically. In the
example shown, the K, for benzylamine (205 um) obtained in
the presence of clorgyline was greater (by 47%) than the
value (141 um) obtained without clorgyline. A similar result
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FiG. 2. Lineweaver-Burk plots for metabolism of benzylamine
determined in the absence (®) and presence (O) of clorgyline, 10> M.
Data are from a single experiment representative of 2 others with
different homogenates. Each point is the mean of triplicate determi-
nations. Kinetic constants, estimated by linear regression are given
in the Text.

was observed with two other homogenates in which K,
values without clorgyline (171 and 180 um) were increased
respectively, by 81% and 75% (to 309 and 315 um) in
clorgyline-treated samples. In contrast, V., values were
relatively unchanged. For example, in Fig. 2, clorgyline
treatment resulted in a small (3%) decrease in Vp,, (from 491
to 475 nmol (mg prot.)~'h~!), whereas with two other
homogenates the corresponding V., values without clorgy-
line (370 and 813) were increased slightly by 10 and 9%,
respectively (to 408 and 884 nmol (mg prot.)~'h~!). These
results showing increases in apparent K., after clorgyline
with little, if any, change in V., are indicative of an
apparent competitive action of clorgyline upon the total
benzylamine metabolizing activity. This does not support the
notion that clorgyline is selectively inactivating a small
MAO-B component contributing to the total activity, but
rather suggests that a competitive action of clorgyline upon
SSAOQ is responsible predominantly, if not exclusively, for
the results obtained.

Therefore, in the absence of any firm evidence for a
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significant MAQ-B component here, additional determina-
tions of kinetic constants were made without clorgyline in
several other tissues. Mean values (+s.e., n=9) for the
complete series of experiments, were K,=161+21 um,
Vomax =365+ 67 nmol (mg prot.)~'h—*.

In attempts to determine kinetic constants for the metab-
olism of tyramine and PEA by SSAO, there are clearly very
large contributions by MAO activities to the total metab-
olism of these amines (Fig. 1). Consequently, although for
the reasons above clorgyline, 10-* M, may not be totally
selective at inhibiting MAOQ, nevertheless we felt that an
approach to estimating these constants required at least the
inactivation of MAO-A and B by preincubating homoge-
nates with that concentration of clorgyline. In preliminary
studies, we also found it necessary to reduce the specific
radioactivities of the substrates to 0-1 uCi yumol-! (PEA) or
0-2 uCi pmol-' (tyramine) to use these amines at the
relatively high concentrations (2-40 mM) required for deter-
mination of their apparent K, values. Fig. 3 shows represen-
tative individual kinetic plots for each substrate. Mean
values (+s.e. for 4 arteries) were K,, (mm): 17-6+19
(tyramine) and 13-:31+1-7 (PEA); Vg (nmol (mg
prot.)~'h~!'): 90 + 19 (tyramine) and 303 + 51 (PEA).

In Fig. 1, 5-HT is a substrate for MAO-A alone. Kinetic
studies (not shown) with 5-HT, 50 uM to 1 mM, yielded mean
(+s.e. for 6 arteries) values of K,=151+23 um and
Vmax=36110 nmol (mg prot.)~'h~!, for that MAO-A
activity.

Histochemistry

The histochemical method used relies upon hydrogen per-
oxide, a product of amine oxidase reactions, oxidizing 3-
amino-9-ethylcarbazole in the presence of exogenous horse-
radish peroxidase to an insoluble red-brown deposit which
stains the tissue sections. Results presented earlier in this
paper with benzylamine, and elsewhere with methylamine
(Precious et al 1988), have indicated that these amines are
relatively specific substrates for SSAO in human umbilical
artery and hence we have used them in the histochemical
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Fi1G. 3. Lineweaver-Burk plots for metabolism of tyramine (TYR, at left) and S-phenylethylamine (PEA, at right) by
SSAO, after pre-incubation of homogenates with clorgyline, 10~ M, to inhibit MAO activities. Data are from single
experiments representative of 3 others. Each point is the mean of triplicate determinations on individual homogenates.
Kinetic constants estimated by linear regression from the data shown were K, (mm): 14-5(TYR), 13-0 (PEA); Vax (nmol

(mg prot.)~'h~'): 67-1 (TYR), 264-2 (PEA).
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reaction medium at final concentrations approximately ten-
times higher than their estimated K, values.

The use of either amine was found to result in staining,
predominantly over the medial layers of the blood vessel.
This staining was usually stronger over the outer medial
layers and consisted of a diffuse reddish-brown background
within the tissue section, but containing a more intense
patchy dotted appearance over the background stain. The
presence of pargyline (10~3 M) in the histochemical reaction
medium to inhibit MAO activities produced no discernible
reduction of staining intensity with either amine as substrate.
Examples of these results are shown in the photomicro-
graphs Figs 4 and 5.

No staining occurred when amines were omitted from the
reaction medium. In addition, staining was prevented by
including semicarbazide, 10-3 M, in the amine-containing
medium. In fact, unstained tissue sections were highly
transparent and many structural features of the whole vessel
wall were difficult to observe clearly through the microscope.
Fig. 6 shows an example of a semicarbazide-treated section,
where methylamine was the substrate. Although the internal
clastic membrane shows up as a dark feature, neither this nor
any other parts of the vessel wall were stained the character-

FiG. 4. Human umbilical artery (transverse section). Benzylamine
(2 mM) as amine oxidase substrate. L, lumen of vessel; M, media; A,
adventitia. Note strong staining throughout smooth muscle contain-
ing layers of media (Mag: 70 x ).

Bt e s

F1G. 5. Human umbilical artery (transverse section). Methylamine (5
mM) as amine oxidase substrate in presence of pargyline, 1073 M. L,
vessel lumen; M, media; A, adventitial tissue (almost transparent in
this section). Note again, strong staining of media, especially in outer
layers. (Mag: 70 x).

Fic. 6. Human umbilical artery (transverse section). Methylamine
(5 mM) as amine oxidase substrate in presence of semicarbazide,
1073 M. L, lumen; M, media; A, adventitial tissue. (Mag. 70 x ).

istic red-brown colour found in corresponding control
sections lacking semicarbazide.

Discussion

Our results have provided evidence for the existence of
MAO-A, MAO-B and SSAO in the human umbilical artery.
These conclusions are consistent with the work of Lewinsohn
& Sandler (1982) on umbilical vessel homogenates in which
5-HT metabolism was assumed to be due to MAO-A
activity, a result we confirmed by its high sensitivity to
inhibition by clorgyline. Those authors also found that
selegiline (deprenyl) 4 x 10~7 M, a concentration selective for
inhibition of MAO-B, produced little if any inhibition of
benzylamine metabolism, and they concluded that virtually
all this selegiline-resistant enzyme activity was attributable
to SSAO (called benzylamine oxidase in that report). This is
again supported by our detailed inhibitor data with clorgy-
line and semicarbazide. The latter in turn indicated that
MAOQO-A, MAO-B and SSAO each contribute to the total
metabolism of tyramine, 1 mM, and PEA, 100 uM, whereas
tryptamine, | mM, was predominantly a substrate for MAO-
A.

Our interpretation that MAO-B is present in umbilical
artery is based upon the data in Fig. 1 showing that tyramine
and PEA metabolism are increasingly inhibited by clorgyline
concentrations from 10~ to 103 M. On the other hand it was
surprising that no clear evidence for any significant contribu-
tion of MAO-B towards benzylamine metabolism was
obtained, especially since it is normally an excellent substrate
for MAO-B in animal tissues. In fact, we found that the small
inhibitory effect of clorgyline, 10-* M, on the oxidation of
benzylamine, 1 mM, was more readily explained by a
competitive inhibition of SSAO by the drug (see Fig. 2)
rather than by the selective inactivation of a MAO-B
component. One possible explanation for these findings
could be the following. If SSAQ were present in much greater
amounts than the MAO activities in umbilical artery, it
might be extremely difficult in these inhibitor plots to detect
clearly a small contribution of MAO-B towards total
benzylamine metabolism, when compared with the very large
activity provided by SSAO, an enzyme which on current
evidence deaminates benzylamine readily. In contrast, tyra-
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mine and PEA are good MAO substrates (with PEA
deaminated preferentially by MAO-B) in animal tissues
(Strolin Benedetti & Dostert 1985) and this may favour a
much greater proportional contribution of MAO activities
to their metabolism at the substrate concentrations used in
Fig. 1, especially since our kinetic data (see below) indicate
that tyramine and PEA are, relatively speaking, very poor
(i.e. high K,;) substrates for SSAO in umbilical artery under
these conditions.

Our overall intention in this study was to provide further
information about the biochemical properties of vascular
SSAO in man, and in particular to determine its activity, if
any, against certain aromatic amines which might possibly
be endogenous physiological substrates. Earlier reports have
tended to assess the substrate specificity of SSAO in man by
comparing the deamination of various biogenic amines with
that of the non-physiological amine benzylamine at single
substrate concentrations (Hayes et al 1983; Suzuki &
Matsumoto 1984, 1987), whereas we hoped to determine
kinetic constants for appropriate substrates.

The K, (161 um) found here for benzylamine (determined
in the absence of clorgyline in the radiochemical assay) is
similar to other reported values in human tissues, studied
under comparable pH conditions (Lewinsohn et al 1978,
Kinemuchi et al 1982; Hayes et al 1983; Lewinsohn 1984;
Suzuki & Matsumoto 1984, 1987) including our earlier
studies using a spectrophotometric assay with benzylamine
in umbilical artery (Precious et al 1988). We also found, in
agreement with some of these earlier reports, that tyramine
and PEA can also be deaminated by SSAQ, but in contrast,
we were unable to demonstrate tryptamine metabolism by
this enzyme as some of these workers have done. In this
respect, however, Sullivan et al (1986) also failed to detect
tryptamine oxidation by SSAO in several human tissues.
Despite some of these discrepancies, our data (especially with
benzylamine) suggests that SSAO in umbilical artery, a
readily available source of fresh human vascular tissue, is at
least broadly similar in its substrate and inhibitor character-
istics to the enzyme studied in various post mortem human
sources.

Estimations of apparent kinetic constants for SSAO
metabolism of tyramine and PEA, carried out in the presence
of clorgyline, 103 M, to remove any influence of MAO
activities upon these determinations, yielded relatively high
K, values of 17-6 and 13-3 mM, respectively. However, as
noted above, this concentration of clorgyline may inhibit
SSAO competitively such that these apparent K, values may
overestimate the true values to some extent. If the apparent
K; for competitive inhibition of SSAO by clorgyline were to
be the same whichever substrate is used to assay the enzyme,
then the ratio of K., values obtained in the presence and
absence of clorgyline would be constant. The mean ratio for
benzylamine (from 3 experiments) was 1-68 (see Results).
Adjustments of the apparent constants for tyramine and
PEA by this ratio would imply true K, values of around 10-5
and 7-9 mm, respectively. Ideally, the most precise kinetic
constants for these amines would be obtained in the presence
of a clorgyline concentration with absolute selectivity to
inhibit MAO activities completely, with no action upon
SSAO, whereas such a concentration has proved difficult to
identify in the current study. Nevertheless, our data point to

the qualitative conclusion that the metabolism of tyramine
and PEA by SSAO s carried out with K, values considerably
higher than those usually found for MAO activities in animal
tissues (Strolin Benedetti & Dostert 1985) and this casts
doubt upon the likelihood of SSAO playing any major role in
metabolizing these particular amines at physiological con-
centrations in-vivo in man. On the other hand, the corres-
ponding K,, values for metabolism of tyramine, PEA and
tryptamine by SSAO in rat tissues are much lower than those
in man, and are in the same range as those of MAO activities
against these amines (see Introduction). Thus, species differ-
ences in the properties of SSAO may be important when the
physiological relevance of SSAQ is being investigated.

One consistent finding from the current histochemical
work, which agrees with similar previous studies with human
(Ryder et al 1979) and rat (Lyles & Singh 1985; Lyles &
Archer 1986) vasculature, is the predominant association of
SSAO with the smooth muscle layers of blood vessels.
Histochemical staining occurred after including either ben-
zylamine or methylamine in the reaction medium, the latter
being an endogenously-occurring aliphatic amine in man
and other species, having properties as a highly specific and
active substrate for SSAO in human umbilical artery and rat
aorta (Precious et al 1988). The prevention of staining here
with semicarbazide, 10-* M, and the lack of effect of
pargyline, 10~3 M, are indeed consistent with this staining
arising from benzylamine or methylamine deamination by
SSAO in the tissue.

We recently reported a K., of 780 uM for metabolism of
methylamine by SSAO in umbilical artery (Precious et al
1988), well below the apparent K, values found in the
present work for the biogenic aromatic amines examined. In
addition, the V,, for methylamine in the earlier study was
approximately 70% greater than that of benzylamine, indi-
cating a more rapid turnover of methylamine by human
SSAO. It was therefore of interest that, albeit from a purely
qualitative inspection, the intensity of histochemical staining
produced here by methylamine 5 mMm, appeared to be as
great, if not greater than that produced by benzylamine, 2
mM, which is consistent with previous biochemical evidence
for a relatively strong deaminating activity of SSAO towards
methylamine.

As a whole, these results strengthen the possibility that
methylamine may be a more plausible candidate as an
endogenous physiological substrate for SSAO (in man, at
least) than various aromatic amines examined to date, and
this suggestion is under further investigation in our labora-
tory.
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