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Abstract—An endogeneous inhibitor of monoamine oxidase (MAQO) was separated by gel-filtration from
105,000 g supernate of T-treated rat liver cytosol. The inhibition by this inhibitor was concentration-
dependent and more potent for A-form MAQO than for B-form MAO. The mode of inhibition was
competitive either with 5-hydroxytryptamine or f-phenylethylamine. The molecular weight of this
inhibitor was estimated to be 600-700 by gel filtration. The pl value was determined to be 3.0 by
isoelectric focusing. This inhibitor was proved to be heat-stable and resistant to protease treatment.
MAO inhibition activity was much lower in the cytosol of thyroidectomized, non-T,-treated rats than
T,-treated rats, suggesting that this inhibitor is induced by thyroid hormone T,. MAO activity in rat
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liver might be regulated by the level of this inhibitor.

Monoamine oxidase (MAO%; EC 1.4.3.4) plays a
major role in the metabolism of biogenic amines
including neurotransmitters such as dopamine,
adrenaline and 5-HT. MAO is classified into two
forms, form A (MAO-A) and form B (MAO-B),
based on the substrate specificity and the sensitivity
to inhibitors [1-3]. That is, MAO-A prefers 5-
hydroxytryptamine (5-HT) and MAO-B prefers -
phenylethylamine (3-PEA) as a substrate. Clorgyline
and deprenyl are two typical inhibitors selective for
MAO-A and MAO-B, respectively.

One of the action of thyroid hormones is thought
to be the regulation of protein synthesis and enzyme
activities {4-8]. Lyles and Callingham [9] reported
that thyroid hormones increase the protein synthesis
of MA O in rat heart. On the contrary, MAO activity
in rat liver was shown to be diminished by thyroid
hormone [4, 10] or by a pituitary factor [11], which
is known to induce the secretion of thyroid
hormones. In the latter cases [4,10, 11], it is not
clear whether thyroid hormones affect the protein
synthesis of MAO or act by another mechanism (e.g.
induction of specific modulator).

Endogencous MAO modulators have been
detected in human plasma [12-15], urine [16-18] and
cerebrospinal fluid [19]. Also, several reports suggest
the presence of MAO modulators in the cytosol of
rat heart [20,21] liver [20], and lung [22]. These
studies imply that endogeneous MAO modulators
might be important in the physiological regulation
of MAO activity [20-22].

In the present study, we found an endogenous
MAO inhibitor in rat liver cytosol and that this
inhibitor could be induced by thyroid hormone T,.

MATERIALS AND METHODS

Isolation of MAQ Inhibitor. Thyroidectomized

t Abbreviations: EMI, endogeneous MAOQO inhibitor;
MAO, monoamine oxidase; §-PEA, B-phenylethylamine;
5-HT, 5-hydroxytryptamine.
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rats (Male Wistar), weighing 100-150 g, were used
for experiments. In the case of T, administered rats,
T, (dissolved in saline) was injected subcutaneously
to the rats after 10 days from operation at a dose of
200 ug/kg per day for 2 weeks. The rats were killed
by decapitation and livers were guickly removed and
homogenized in 10 vol. of 10 mM phosphate buffer,
pH 7.4 containing 0.25 M sucrose. The homogenate
was centrifuged at 105,000g for 60 min, and the
supernate (cytosol fraction) was applied on a Sepha-
dex G-25 column (1.0.x 60cm), previously equi-
librated with 200mM sodium or potassium
phosphate buffer (pH 7.4). The column was eluted
with the same buffer at a rate of 10 mL/hr and the
fractions were collected in 2.5 mL each. An aliquot
of each fraction was assayed for MAO inhibition
activity, and active fractions were combined and used
for further characterization. This fraction is referred
to as “endogeneous MAO inhibitor (EMI)”.

Assay of MAO activity. Rat liver mitochondrial
fraction was used as a source of MAO activity. The
mitochondrial fraction suspended in 20 vol. of 10 mM
phosphate buffer, pH 7.4, was gently stirred for
60 min at 4° to rupture mitochondria [21]. The mix-
ture was centrifuged at 20,000 g for 60 min at 0° and
the pellets were resuspended in 10mM Na or K
phosphate buffer pH 7.4 containing 0.25 M sucrose.

MAQ activity was assayed radiochemically as
described by Fowler et al. [23]. Assay mixture con-
tained 20 uL of mitochondrial fraction (100 ug/mL
protein), 100 uM [*“C]5-HT or 10 uM [**C]B-PEA,
in 200 mM phosphate buffer, pH 7.4 (100 uL) in the
presence of EMI (0-180 uL). After a 10- or 20-min
preincubation at 37°, the mixture was diluted with
the solution of respective unlabeled amines and the
reaction was stopped by adding 2 N HCI (200 uL).
The reaction products were extracted with ethyl
acetate-benzene (1:1, v/v) and the radioactivity was
counted.

Estimation of protein. Protein was estimated by
the method of Lowry et al. [24] with bovine serum
albumin.
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Isoelectric focusing (IEF). Gel isoelectric focusing
was perfcrmed by the method of Fawcett [25]. The
gel contained 5% acrylamide, 0.2% methylene bisa-
crylamide, 0.75% Triton X-100, 2% servalyte (pH 2-
11), 0.0002% riboflavin, 0.01% ammonium persul-
fate, 0.05% N,N,N'N’-tetramethylenediamine. The
gel was mounted on a vertical apparatus containing
0.01 M H;PO, in the upper tank (anode) and 0.02 M
NaOH in the lower tank (cathode). The voltage was
fixed at 100V for the first 1 hr, 200 V for the next
2hr and then 300V for 2hr. After the electro-
phoresis, the gel was cut into 4 mm thick slices and
each sliced gel was placed in a test tube, suspended
in 1 mL of distilled water and bubbled with N, gas
for 1 hr at room temperature. After the measurement
of the pH of gel suspension, a minimum amount of
0.5 M H;3PO, was added to adjust the pH to 7.4. An
aliquot of each slice suspension was then assayed for
MAO inhibition activity with S-PEA as a substrate.

Chemicals. T, sodium salt, subtilisin (protease
Type III) and pronase E (protease Type XIV) were
purchased from the Sigma Chemical Co. (St Louis,
MO). 5[2-C]Hydroxytryptamine binoxalate (5-
HT) (2.0 GBg/mmol), B-[1~!*C]phenylethylamine
hydrochloride (8-PEA) (2.1 GBq/mmol) were pur-
chased from New England Nuclear (Boston MA).
Sephadex G-25 (Medium) was obtained from Phar-
macia Fine Chemicals (Piscataway, NJ). All other
reagents were of the highest grade commercially
available.

RESULTS

Separation of EMI

The gelfiltration of T,treated rat liver cytosol
with Sephacryl S-200 column showed that the frac-
tions to inhibit MAO activity were eluted in a low
molecular weight area (<1300) (data not shown).
Therefore, we used Sephadex G-25 column to sep-
arate the inhibitor and determine the molecular size
(Fig. 1.). The fractions 18-20 were found to inhibit
MAO activity either with §-PEA or 5-HT as a sub-
strate. The molecular weight of the inhibitor was
estimated to be 600-700. Some endogeneous MAO
activity was observed in fractions 8-10. We assume
that this activity is due to cytosolic MAO [26] rather
than to the contamination of the mitochondrial
enzyme.

The effect of T4 treatment on MAQ inhibitory activity
in rat liver cytosol

Table 1 summarizes the effect of T, administration
to rats on MAO inhibitor. When thyroidectomized,
non-T,-treated rats were used (EMI-control), the
inhibition activities for §-PEA and 5-HT were very
low. T-treatment remarkably enhanced MAQ inhi-
bition activities for both substrates. This results sug-
gests that the inhibitor could be induced by T,
treatment.

The inhibition of MAO activity by EMI

The effect of concentration of the inhibitor on
MAQO activity was examined using §-PEA or 5-HT
as a substrate. As shown in Fig. 2, the inhibition
curves of MAO activity by EMI were concentration-
dependent, and ICsy values for B-PEA and 5-HT
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Fig. 1. Sephadex G-25 chromatography of cytosolic fraction
from T,-treated rat liver. Cytosol fraction (10 mg protein)
was applied to a Sephadex G-25 column (1.0 X 60 cm). (A)
The activity of MAO in mitochondria was assayed with
B-PEA (O—0) and 5-HT (@—@) as a substrate. Arrows
indicate the position of marker compounds. The molecular
for markers used were as follows: a, Cyanocobalamin (MW,
1355); b, FAD (MW, 786); c, DNP-Alanine (MW, 255).
vo; dextran (MW, 2,000,000). The broken line shows the
absorbance at 280 nm. (B) Estimation of molecular weight
of EMI by gel filtration with Sephadex G-25. The arrow
shows the mobility of the peak of inhibition activity.

Table 1. Inhibition of MAO activity by the endogeneous
MAO inhibitor (EMI)

G-25 fraction Inhibition of MAO activity (%)

added B-PEA S-HT
Buffer 0.0 0.0
EMI-control 26+0.3 1.3+1
EMI-T, 40.0 = 3. 68.5+3

EMl-control or EMI-T, was obtained from thyroid-
ectomized rat or thyroidectomized, T,-treated rat, respect-
ively, as described in Materials and Methods. After incu-
bation at 37° for 30 min with 160 uL. of EMI-control or
EMI-T,, MAO activity was assayed with 10 uM S-PEA or
100 uM S-HT as a substrate at 37° for 10 and 20 min.
The control activities (buffer) for B-PEA and 5-HT were
2.21+0.15 and 3.15+0.20 nmol/min/mg protein,
respectively. The values represent the mean percentages
(=SE) of the control MAO activity in triplicate deter-
minations.
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Fig. 2. Inhibition of MAO activity by EMI. After incu-
bation with various amounts of EMI at 37° for 40 min,
MAO activity was assayed using 100 uM 5-HT (@—@) or
10 uM B-PEA (O—0) as substrate in 200 uL. of 200 mM
Na-phosphate buffer, pH 7.4 at 37° for 10 min. The control
activities for S-PEA and 5-HT were 3.15%+0.20 and
2.21 £ 0.15 nmol/min/mg protein, respectively. Each point
represents the mean percentages (+SE) on the control
MAO activity in triplicate experiments.

oxidation were 126 and 176 uL, respectively. This
result shows that EMI inhibits A-form MAO some-
what more strongly than B-form MAO.

The inhibition by EMI of MAQ activity with different
substrate concentrations

To know the mode of EMI inhibition, the inhi-
bition was investigated with different substrate con-
centrations, Fig. 3 shows Lineweaver—Burk plots of
the results with 5-HT or B-PEA as a substrate. EMI
increased the K,, values for B-PEA from 7.0 to
12.4 uM and that for 5-HT from 116.4 to 306.5 uM,
but did not alter V,,, values. Time-course study on
the preincubation time showed that the extent of the
inhibition was not changed when the incubation was
prolonged up to 90 min (data not shown). These
results indicates that the inhibition was competitive
both with 5-HT and -PEA.

Isoelectric point (pl) of EMI

pI value of EMI was determined by gel isoelectric-
focusing (Fig. 4). MAO inhibition activity was found
as a single peak at a position 1.2 cm from the top
of the gel. The pH measurement after isoelectric
focusing revealed that EMI has a pl value of about
3.0.

Effect of heat or protease treatment of EMI

When EMI were treated at 100° for 10 min, the
inhibition activity was not changed. Also, treatment
of EMI with subtilisin or pronase at 37° for 12 hr
did not affect the inhibition activity of EMI. These
results suggest that EMI is a non-peptide inhibitor.

DISCUSSION

There have been many reports on the effects of
thyromimetic compounds on MAQO activity: some
indicated that hepatic MAO activity was decreased
by thyroid hormone [27-29], while the others
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Fig. 3. Lineweaver-Burk plots of the velocity of S-PEA

and 5-HT oxidation and substrate concentration in the

presence and absence of EMI. V (velocity) is expressed as

dpm Xx 10~* of the products formed in 20-min reaction

time. Substrates used were S-PEA (upper) and 5-HT (bot-

tom). The assay was carried out in the absence (§—@®) and
presence (O—O) of 120 uL EMI.
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Fig. 4. Estimation of pI value of EMI in rat liver cytosol
by gel isoelectric focusing. EMI fraction was collected
and was solubilized with 0.75% Triton X-100. Isoelectric
focusing was performed as described in Materials and
Methods. After IEF-gel electrophoresis, the gel was cut
into 4-mm slices, and the pH (O) of each gel slice was
determined. After adjusting pH to 7.4, the MAO activity
for B-PEA was determined in the presence of each gel
slice (@). The control activity for SPEA was
0.233 + 0.014 nmol/min/mg protein. Each point represents
the mean percentages (=SE) on the control MAO activity
in triplicate experiments.
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reported that the cardiac MAO activity was increased
in hyperthyroid rats or by administration of thy-
romimetic compound [9, 20].

In the present study, we found an endogeneous
MAO modulator of a low molecular weight (600~
700) in liver cytosol of T,-treated rats. This molecular
weight is much smaller than that reported for rat
heart cytosol [21] (8500-35,000), human CSF [19]
(3000-35,000) or human plasma [14,15] (4000~
30,000).

When thyroidectomized, non treated rats were
used (EMI-control), inhibition activities for §-PEA
and 5-HT were very low. T,-treatment remarkably
enhanced MAO inhibition activities for both sub-
strates (Table 1). The fact that the inhibitory activity
increased in the hyperthyroid state suggests the possi-
bility that thyroid hormone may regulate the mito-
chondrial MAO activity by induction of this
inhibitory modulator.

Dilution experiments showed that the dilution of
the reaction mixture restored the activity to the level
at final concentration of the inhibitor (data not
shown), suggesting that the inhibition is reversible.
A kinetical study showed that endogeneous MAO
inhibitor (EMI) increased the K,, values for B-PEA
and for 5-HT but did not alter V,,, values. This
result showed that the property of EMI is different
from endogeneous MAO inhibitor so far reported in
plasma [12-15], urine [16-18], heart [21] and CSF
[19] because the inhibition by these modulators was
competitive to type A MAO and non-competitive to
type B MAO. The pl value of EMI was determined
by IEF-gel electrophoresis to about 3.0. This result
indicates that EMI is an acidic compound. Although
the nature of this inhibitor is not clear at present,
the present study showed that this compound is heat-
stable and resistant to protease treatment.

In the present study, we found a new MAO inhibi-
tory modulator in T,-treated rat liver cytosol and
that the level of this modulator is regulated by thyroid
hormone. Although the physiological role of this
inhibitor still remains unclear, we consider that this
modulator may play some role in regulating the
MAQO activity in rat liver. Further study will be
necessary to clarify this point.
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