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Assay of plasma semicarbazide-sensitive amine oxidase and determination
of its endogenous substrate methylamine by liquid chromatography
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Abstract

Semicarbazide-sensitive amine oxidase (SSAO) is present in plasma, as well as in other tissues. Previous studies indicated that SSAO is
of important physiological and pathophysiological functions. HPLC methods were developed for the assay of SSAO in plasma, and for the
determination of plasma methylamine, an SSAO’s endogenous substrate. Benzylamine was used as artificial substrate for the enzyme activity
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ssay of SSAO. A 0.2-ml aliquot of plasma was incubated with benzylamine at 37◦C for 30 min. Benzaldehyde, the enzymatic reaction prod
as derivatized with 2,4-dinitrophenylhydrazine (DNPH), and analyzed with HPLC and UV detection. SSAO enzyme activity is d
enzaldehyde (nmol) formed per ml plasma per hour. Recoveries of benzaldehyde spiked to plasma were between 63.5 and 68.2%
tandard deviation less than 3%. To determine methylamine in plasma, a 0.1-ml aliquot of plasma was deproteinized by trichloro
nd centrifugation. The supernatant was derivatized with dansyl chloride and analyzed by HPLC with fluorescence detection. Re
piked methylamine at ppb (ng/ml) level were between 93.7 and 97.6% with relative standard deviation less than 2.5%.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Semicarbazide-sensitive amine oxidase (SSAO, EC
.4.3.6) is present in many tissues and also circulating in

he blood plasma. SSAO is a group of copper and quinone-
ontaining amine oxidases which catalyze oxidative deami-
ation reaction of amine compounds and is sensitive to semi-
arbazide[1–3]. Methylamine, existing in plasma, is one of
he endogenous substrate for SSAO and is deaminated and
xidized into formaldehyde, hydroperoxide and ammonia.
hese enzymatic products are potentially toxic and have been

mplicated to vascular disorders and diabetic vascular compli-
ations[4–15]. Studies also indicated SSAO is expressed in
dipocytes and could be involved in the regulation of glucose
ptake[16,17]. SSAO has also been found to be identical to
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another protein called vascular adhesion protein-1 (VA
[1,18]. The expression of VAP-1 located on the plasma m
brane of endothelial cells and other tissues might contr
to the recruitment of lymphocytes[19–22].

To further study the physiological and pathophysiolo
cal functions and mechanism of SSAO/VAP-1, researc
would be interested in methods for assay of the enzym
tivity and for quantitative determination of plasma met
lamine, an endogenous substrate of SSAO, and pl
formaldehyde, the oxidative deamination product of me
lamine. Quantitative HPLC methods had been reported fo
determination of plasma formaldehyde[23,24]. Radiometric
procedure using14C-benzylamine as substrate has been
ported for human serum SSAO activity assay[25]. HPLC
methods with fluorescence detection have also been rep
for human plasma monoamine oxidase (MAO) and SS
activity assay[26,27]. An HPLC method for the SSAO a
tivity toward aminoacetone-one of the SSAO’s endogen
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substrates has also been reported[28]. Very few methodolo-
gies are available for the quantitative determination of blood
plasma methylamine[29]. In this article, an assay method for
human plasma SSAO activity is described. In the method,
benzylamine was used as the substrate, and benzaldehyde
was reacted with 2,4-dinitrophenylhydrazine, and analyzed
with HPLC and UV detection. A method for the quantitative
determination of human plasma methylamine, an endoge-
nous substrate of plasma SSAO with HPLC and fluorescence
detection is also described.

2. Experimental

2.1. Materials

N-Methyl-N-propargyl-3-(2,4-dichloro-phenoxy)propyl-
amine hydrochloride (clorgyline, an typical inhibitor for
monoamine oxidase A, and at the higher concentration, also
inhibiting monoamine oxidase B), benzylamine chloride,
benzaldehyde, 2,4-dinitrophenylhydrazine (DNPH), dansyl
chloride, methylamine chloride were purchased from
Sigma (St. Louis, MO, USA). Acetonitrile and methanol
were HPLC grade and purchased from Merck KGaA
(Darmstadt, Germany), and water was Milli-Q deionized
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lamine (1 mM) was added to the tube which was vortexed for
1 min, incubated in a 37◦C water bath for 1 h. Then 100�l
TCA (20%) was immediately added to the tube, which was
vortexed for 1 min, centrifuged at 12,000× g for 5 min. An
aliquot of 300�l of the supernatant was pipetted to a 5-ml
glass test tube with cap, to which 50�l DNPH (3 mg/ml) was
added. The tube was vortexed for 1 min and incubated in a
40◦C water bath for 15 min. After cooling to room temper-
ature, the content in the tube was extracted with 1 ml ethyl
acetate twice. The combined ethyl acetate extract was evapo-
rated in a dry heater at 45◦C to dryness with a stream of nitro-
gen. The residue was dissolved in 0.5 ml acetonitrile–0.1%
formic acid (50:50, v/v), ready for HPLC analysis.

2.4. Sample preparation procedure for the
determination of plasma methylamine

An aliquot of 0.1 ml human blood plasma was pipetted
into a 1.5-ml eppendorf tube, to which 20�l TCA (20%) was
added while vortexing. The tube was vortexed for 1 min, cen-
trifuged at 12,000× g for 10 min. An aliquot of 60�l of the
supernatant was pipetted to a 1.5-ml eppendorf tube, to which
90�l Na2B4O7 (0.1 M) and 50�l dansyl chloride (2 mg/ml)
were added sequently. The tube was vortexed for 30 s and
heated in a 50◦C water bath for 10 min. After cooling to
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nalytical grade. Human blood plasma obtained from

ocal blood station was stored at−70◦C.

.2. Preparation of reagents and standards

(a) Phosphate buffer solution (PBS) was prepared by
olving 3.22 g Na2HPO4 and 0.136 g KH2PO4 in about 90 m
eionized water and adjusting pH to 7.8 with phosphoric
nd NaOH then calibrating to 100 ml with deionized wa
b) Benzylamine (1 mM) was prepared with PBS. (c) DN
3 mg/ml) was prepared with 2 N hydrochloric acid. (d) C
yline (1 mM) was prepared with PBS. (e) TCA (20%) w
repared with 5 mM NaHSO4 water solution. (f) Formi
cid (0.1%) was prepared with deionized water. (g) B
aldehyde (8 mM) was prepared in methanol and stor
20◦C, and diluted to target concentrations with metha
aily to prepare calibration working standards. (h) Me

amine (1 mg/ml) was prepared with deionized water
tored at 4◦C, and diluted to target concentrations with de
zed water daily to prepare calibration working standard
ansyl chloride (2 mg/ml) was prepared with acetonitrile
tored at−20◦C.

.3. Sample preparation procedure for SSAO enzyme
ctivity assay

An aliquot of 0.2 ml human blood plasma was pipetted
1.5-ml eppendorf tube, to which 20�l clorgyline (1 mM)
as added. The tube was vortexed for 1 min and incub
t room temperature for 30 min. An aliquot of 180�l benzy-
oom temperature, 100�l mobile phase [acetonitrile–0.05
mmonia acetate and 1% acetic acid in water (45:55,
as added to the tube which was then vortexed for 30 s, r

or HPLC analysis.

.5. Liquid chromatographic analysis for SSAO enzyme
ctivity assay

The high performance liquid chromatographic (HP
ystem was an HP 1100 HPLC (Hewlett Packard, US
hich consisted of a pump, an autosampler, a column c
er, a diode array (DAD), UV–vis detector, and an HP Ch
tation for LC system. The column chamber temperature
et at 45◦C and the sample injection volume was set at 5�l.
he detection wavelength of the DAD detector was s
82 nm. The mobile phase was acetonitrile–0.01 M fo
cid in water (62:38, v/v) with a flow rate of 1 ml/min. T
PLC column was an HP Zorbax StableBondSB-C18, 5�m,
50 mm× 4.6 mm column (Germany). The peak area
sed for quantitative calculation.

.6. Liquid chromatographic analysis for plasma
ethylamine

The same HPLC system was used. A fluorescenc
ector was used instead of the DAD detector. The col
hamber temperature was set at 30◦C and the sample inje
ion volume was set at 10�l. The excitation wavelength an
he emission wavelength of the fluorescence detector
et at 350 and 530 nm, respectively. The mobile phase
cetonitrile–0.05 M ammonia acetate and 1% acetic ac
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water (45:55, v/v) with a flow rate of 1 ml/min. After each
sample, the column was washed with 95% methanol in wa-
ter for 6 min, and reconditioned with mobile phase for 8 min
before analyzing the next sample. The HPLC column was
an HP Zorbax StableBondSB-C18, 5�m, 150 mm× 4.6 mm
column (Germany). The peak area was used for quantitative
calculation.

2.7. Calibration for SSAO enzyme activity assay

To prepare a calibration curve, benzaldehyde stock stan-
dard solution (8 mM) was diluted with methanol to prepare a
series calibration working standards, 5, 10, 20, 40, 80, 120,
160, and 200 nM, respectively. An aliquot of 50�l calibration
working standard, 300�l PBS, and 50�l DNPH (3 mg/ml)
were sequently added to a 5-ml glass test tube with cap. The
tube was vortexed for 1 min and incubated in a 40◦C water
bath for 15 min. After cooling to room temperature, the con-
tent in the tube was extracted with 1 ml ethyl acetate twice.
The combined ethyl acetate extract was evaporated in a dry
heater at 45◦C to dryness with a stream of nitrogen. The
residue was dissolved in 0.5 ml acetonitrile–0.1% formic acid
(50:50, v/v), ready for HPLC analysis. For daily calibration,
a one-point standard (80 nM) was run in duplicate and used
for the calculation of the samples.
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2.9. Calibration for determination of plasma
methylamine

A series calibration working standards of methylamine,
10, 20, 50, 100, and 200 ng/ml were prepared by diluting the
methylamine stock standard (1 mg/ml) with deionized water.
An aliquot of 20�l calibration working standard, 80�l deion-
ized water, 50�l Na2B4O7 (0.1 M), and 50�l dansyl chloride
(2 mg/ml) were sequently added to a 1.5-ml eppendorf tube.
The tube was vortexed for 30 s and heated in a 50◦C water
bath for 10 min. After cooling to room temperature, 100�l
mobile phase [acetonitrile–0.05 M ammonia acetate and 1%
acetic acid in water (45:55, v/v)] was added to the tube which
was then vortexed for 30 s, ready for HPLC analysis. For daily
calibration, a three-point (20, 100, 200 ng/ml) standard cal-
ibration curve was prepared and used for the calculation of
the samples.

2.10. Validation of the procedure for the quantitative
determination of plasma methylamine

Aliquots of 950�l human blood plasma were pipetted
into 1.5-ml eppendorf tubes, and 50�l deionized water, or
50�l methylamine standard solutions with different concen-
tration (1, 2, 4�g/ml) were spiked to the tubes, respectively.
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.8. Validation of the procedure for the quantitative
etermination of benzaldehyde formed by the action of
lasma SSAO

Aliquots of 0.2 ml human blood plasma were pipe
nto 1.5-ml eppendorf tubes, to each tube 20�l clorgyline
0.31 mg/ml) was added. The tubes were vortexed for 1
nd incubated at room temperature for 30 min. An aliqu
30�l PBS was added to each tube which was vortexe
min, incubated in a 37◦C water bath for 1 h. After cooling

oom temperature, aliquots of 50�l benzaldehyde standa
olutions with different concentration (0.02, 0.04, 0.08 m
ere spiked to the tubes, respectively. The tubes were

exed for 1 min. An aliquot of 100�l TCA (20%) was im-
ediately added to each tube, which was vortexed for 1

entrifuged at 12,000× g for 5 min. An aliquot of 300�l of
he supernatant was pipetted from each tube to 5-ml
est tubes with caps, to each tube 50�l DNPH (3 mg/ml) was
dded. The tubes were vortexed for 1 min and incubat
40◦C water bath for 15 min. After cooling to room te

erature, the content of each tube was extracted with
thyl acetate twice. The combined ethyl acetate extrac
vaporated in a dry heater at 45◦C to dryness with a strea
f nitrogen. The residue in each tube was dissolved in 0
cetonitrile–0.1% formic acid (50:50, v/v), ready for HP
nalysis. Recoveries of the spiked benzaldehyde was c

ated based on the results determined by the HPLC me
nd the amounts of benzaldehyde actually spiked to
amples.
fter vortexing for 1 min, these samples were analyzed
owed the above described procedure for the determinati

ethylamine in blood plasma. Recoveries of spiked me
amine were calculated based on the analytical results
he actual amounts of methylamine spiked into the b
lasma.

.11. Confirmation of the identity of the methylamine
ansyl chloride derivative

Fraction of chromatographic peak of the methylam
ansyl chloride derivative was collected from several in

ions of human blood plasma samples. Solvent was ev
ated under vacuum and residue was dissolved in a
olume of solvent (50% methanol in water containing 0
mmonia acetate), ready for LC/ESI/MS/MS analysis.
C/MS system was composed of an HP 1100 HPLC (Hew
ackard, USA), linked to a Q Trap MS/MS Spectrometer (
lied Biosystem, Canada) equipped with an ESI ion sou
Q1 scan (single MS) was done to identify the molec

on (+265.2), and after fragmentation a MS spectrum o
olecular ion was obtained by product ion scan. A me

amine standard derivative was used for comparison.

.12. Application of the SSAO assay procedure and the
ethylamine analytical method to human plasma
amples

Blood plasma samples were collected from more than
ealthy human subjects and patients with cardiovascula
ases and/or mellitus diabetes from the local hospital.
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plasma SSAO activity was assayed and methylamine was
analyzed with the above described methodologies.

3. Results and discussion

3.1. Sample preparation and HPLC analysis for SSAO
enzyme activity assay

Benzylamine was used as an artificial substrate for the
enzyme activity assay of SSAO. By the action of SSAO, ben-
zylamine is deaminated and oxidized into benzaldehyde, hy-
droperoxide and ammonia. Plasma SSAO enzyme activity is
defined as benzaldehyde (nmol) formed per ml plasma per
hour. Clorgyline was added to plasma before adding benzy-
lamine to inhibit the enzyme activity of monoamine oxidases
A and B.

A typical chromatogram of an assay sample is depicted in
Fig. 1A. The SSAO activity was inhibited by adding semi-
carbazide to the plasma as indicated inFig. 1B. A calibration
curve was prepared as described inSection 2.1and its lin-
earity was tested with a statistical software. The regression
equation of the calibration curve wasy= a1x+ a0 with a lin-
ear regression coefficient (γ) of 0.9996, wherex is the peak
area count of the UV absorbance of the benzaldehyde DNPH
derivative andy is the concentration (nM) of benzaldehyde
s l-
i d
−
i o be
− re,

F ated th ll-separated
f used ma SSAO to
f mg/ml ndicated the
c ce of t t added to
s

in routine analysis, a one-point calibration could be used in-
stead of a calibration curve. The detection limit for the assay
of plasma SSAO activity was estimated to be 0.1 nmol/ml/h
based on three times noise level.

3.2. Validation of the procedure for the quantitative
determination of benzaldehyde formed by the action of
plasma SSAO

In order to validate the procedure for quantitative deter-
mination of benzaldehyde formed by the action of plasma
SSAO, benzaldehyde standard solution was spiked to the en-
zymatic reaction mixture (without adding the SSAO’s sub-
strate benzylamine) and the recoveries of spiked benzalde-
hyde and the precision of the analytical procedure were de-
termined. The results of the experiment are summarized in
Table 1. Recoveries of benzaldehyde spiked to plasma were
between 63.5 and 68.2% with relative standard deviation less
than 2.9%. The range of the recoveries of spiked benzalde-
hyde was narrow although the recoveries were not high. But
the precision of the method was very good and the analytical
results were very producible as indicated by relatively low
within-day and day-to-day variation values.

3.3. Application of the SSAO assay procedure to human
plasma samples

sma
S ub-
j nd/or
m 0.8
tandard solutions (Section 2.1) used for preparing the ca
bration curve. The coefficientsa1 anda0 were 1.169 an

1.857, respectively. The confident interval (α = 0.05) of the
ntercept (a0) of the regression equation was calculated t

1.857± 1.937, which includes the point of 0. Therefo

ig. 1. The chromatogram (A) of a typical blood plasma sample indic
rom interfering peaks. In the SSAO assay procedure, benzylamine
orm benzaldehyde. When the specific inhibitor (semicarbazide, 0.3
hromatogram (B). The chromatogram (C) indicated the disappearan
erum.
e peak with an arrow of the benzaldehyde DNPH derivative was we
as substrate was oxidatively deaminated catalyzed by human plas
plasma) was added to serum, the SSAO activity was inhibited as i
he benzaldehyde derivative when the substrate-benzylamine was nothe

The methodology was used to survey the blood pla
SAO activity of more than 320 health human s

ects and patients with cardiovascular diseases a
ellitus diabetes. The SSAO activities ranged from
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Table 1
Recoveries of benzaldehyde from the spiked enzymatic reaction mixtures

Spike level (mM, 50�l) Recovery (%) n R.S.D. (%)

Within-day
0.02 68.2 3 0.4
0.04 65.9 3 2.9
0.08 63.5 3 2.5

Day-to-day
0.02 68.2 3 0.4
0.04 66.6 3 0.02
0.08 65.3 3 0.9

to 61.9 nmol/ml/h. The averaged SSAO activity was
19.4 nmol/ml/h with a standard deviation of 9.2. The de-
scribed SSAO enzyme activity assay methodology was per-
forming well and reliable.

3.4. Sample preparation and HPLC analysis for
methylamine in human blood plasma

Human blood plasma methylamine content was in low ppb
(ng/ml) level. Many other amine compounds in human blood
plasma render the quantitative determination of methylamine
very difficult. Different reagents had been tried to precipitate
and remove proteins in plasma and trichloroacetic acid was
found suitable for good chromatographic separation and re-
covery of methylamine. A fluorescent derivative of methy-
lamine was needed for good detection sensitivity. Dansyl
chloride was used in this method to serve for the purpose.
A typical chromatography of a human blood plasma sample
is depicted inFig. 2, which indicates a well separation of the
methylamine dansyl chloride derivative from the complex of
interfering peaks. The amount of Na2B4O7 (0.1 M) was opti-
mized in order to obtain a proper pH of the reaction mixture.

A calibration curve was prepared as described in
Section 2.9and its regression equation wasy= a1x+ a0 with
a linear regression coefficient (γ) of 0.9999, wherex is the
p thy-
l ne
s l-
i d
−
i o be
− di-
c nt. In
r vers
t tinely
a han
0 d on
t

3
d
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l ntrol

Fig. 2. The chromatogram of a typical blood plasma sample indicated the
peak with an arrow of the methylamine dansyl chloride fluorescent derivative
was well-separated from interfering peaks.

and spiked plasma samples were analyzed with the described
procedure. Results of spiked recoveries and variations were
summarized inTable 2. The data indicate that the analytical
method for human plasma methylamine is accurate with good
precision and reproducibility.

3.6. Confirmation of the identity of the methylamine
dansyl chloride derivative

Methylamine is endogenously present in human blood
plasma. Methylamine formed fluorescent derivative with dan-
syl chloride and analyzed by HPLC with fluorescence de-
tection with very high sensitivity. In this research a tandem
mass spectrometry method was used to confirm the identity
of the methylamine derivative. The molecular weight of the
derivative was 264.2 based on the chemical structure and the
molecular ion had anm/zof 265.2. The molecular ion selected

Table 2
Recoveries of methylamine from the spiked human blood plasma

Spike level (�g/ml, 50�l) Recovery (%) n R.S.D. (%)

Within-day
2 97.6 3 1.9
4 97.5 3 2.1
8 95.5 3 1.1

Day-to-day
eak area count of the fluorescent derivative of the me
amine andy is the concentration (ng/ml) of methylami
tandard solutions (Section 2.9) used for preparing the ca
bration curve. The coefficientsa1 anda0 were 16.08 an

2.26, respectively. The confident interval (α = 0.05) of the
ntercept (a0) of the regression equation was calculated t

2.26± 1.21, which does not include the point of 0 and in
ates that the calibration curve did not pass the origin poi
outine analysis, a three-point calibration curve, which co
he concentration range of the samples was prepared rou
nd used for calculation. The detection limit was lower t
.4 ng/ml of methylamine in human blood plasma base

hree times noise level of the chromatographic signal.

.5. Validation of the procedure for the quantitative
etermination of methylamine in human blood plasma

Control human blood plasma was spiked with me
amine standard solution at different levels and both co
2 94.3 3 0.3
4 95.3 3 1.0
8 93.7 3 2.4
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Fig. 3. The mass spectrum of the molecular ion (+265.2) of the methylamine
dansyl chloride fluorescent derivative was used to confirm the identity of the
endogenous human blood plasma methylamine.

by the Q1 mass analyzer of the tandem mass spectrometer
was fragmented in the Q2 collision cell, and the mass spec-
trum of the fragments was scanned by the Q3 mass analyzer.
The chromatographic peak collected from the human blood
plasma sample showed the same characteristic mass spectrum
with the derivative prepared from methylamine standard com-
pound. The characteristic mass spectrum of the fragmented
molecular ion (+265.2) is depicted inFig. 3.

3.7. Application of the methylamine analytical method
to human plasma samples

The methodology was used to analyze blood plasma
methylamine of 320 health human subjects and patients with
cardiovascular diseases and/or mellitus diabetes. The plasma
methylamine content ranged from 11.5 to 123.4 ng/ml. The
averaged plasma methylamine content was 31.8 ng/ml with
a standard deviation of 14.8. These values of plasma methy-
lamine agree well with those reported by Baba et al.[29].
The described methodology proved to be suitable for the
quantitative determination of plasma methylamine with high
throughput.

4. Conclusion
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s tive
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