Biochem. J. (2001) 358, 335342 (Printed in Great Britain)

335

Semicarbazide-sensitive amine oxidase activation promotes adipose

conversion of 3T3-L1 cells
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Semicarbazide-sensitive amine oxidase (SSAO) is an amine
oxidase related to the copper-containing amine oxidase family.
The tissular form of SSAO is located at the plasma membrane,
and is mainly expressed in vascular smooth muscle cells and
adipocytes. Recent studies have suggested that SSAO could
activate glucose transport in fat cells. In the present work, we
investigated the potential role of a chronic SSAO activation on
adipocyte maturation of the 3T3-L1 pre-adipose cell line. Ex-
posure of post-confluent 3T3-L1 pre-adipocytes to methylamine,
a physiological substrate of SSAO, promoted adipocyte differen-
tiation in a time- and dose-dependent manner. This effect could
be related to SSAO activation, since it was antagonized in

the presence of the SSAQO inhibitor semicarbazide, but not in the
presence of the monoamine oxidase inhibitor pargyline. In
addition, methylamine-induced adipocyte maturation was mim-
icked by 3T3-L1 cell treatment with other SSAO substrates.
Finally, the large reversion of methylamine action by catalase
indicated that hydrogen peroxide generated by SSAO was
involved, at least in part, in the modulation of adipocyte
maturation. Taken together, our results suggest that SSAO may
contribute to the control of adipose tissue development.

Key words: amine oxidase, adipocyte, differentiation, hydrogen
peroxide.

INTRODUCTION

Adipose tissue development essentially occurs after birth, but
persists all along the life to contribute to energetic homoeostasis.
This process involves a permanent control of pre-adipocyte
growth and differentiation. Several transcription factors have
been shown to act in concert to regulate adipogenesis [1]. Proteins
belonging to the CCAAT-enhancer-binding protein (C/EBP),
peroxisome-proliferator-activated receptor (PPAR) and helix—
loop-helix families exert a sequential and co-ordinated action to
regulate adipogenesis. However, environmental factors also play
a key role in the initiation and the control of adipogenesis and
maintenance of the adipocyte phenotype [2]. The adipose con-
version process is under the tight control of numerous hormones,
nutrients, cytokines and growth factors that positively or nega-
tively regulate adipogenesis. For example, insulin is a hormonal
effector that potently accelerates adipocyte differentiation [3].
Insulin regulates the expression and/or function of several major
adipogenic transcription factors present during the course of
adipose conversion, such as C/EBP-«, -4 and -0 [4], PPARy2 [5],
and adipocyte determination and differentiation factor-1/sterol-
regulatory-element-binding protein-1 [6]. Otherwise, when acting
on mature adipocytes, insulin promotes intracellular lipid ac-
cumulation through the activation of glucose transport and
lipogenesis, as well as through the inhibition of lipolysis. In-
terestingly, it has been suggested that in adipocytes, insulin
effects could be partly mediated by activation of a plasma
membrane hydrogen peroxide-generating NADPH oxidase [7,8].
Furthermore, it is well known that hydrogen peroxide can mimic
some insulin effects. In adipose cells, hydrogen peroxide not only
activates glucose transport [9], but also stimulates glucose Cl1-
oxidation [10], glucose incorporation into glycogen [11], lipo-
genesis [12] and inhibits lipolysis [13]. Moreover, by using a
system that chronically produces hydrogen peroxide in the culture
medium, it has been documented that this reactive oxygen

species directly promotes 3T3-L1 pre-adipose cell differentiation
[14]. Thus in adipose tissue, hydrogen peroxide exhibits insulin-
like properties and represents a messenger that could mediate
pleiotropic functions.

Recently we have identified by a differential display approach
a new mRNA species that is dramatically upregulated during
adipocyte differentiation [15]. The corresponding full-length
cDNA encodes for the murine semicarbazide-sensitive amine
oxidase (SSAO), an enzyme composed of 765 amino acids,
the mature form of which is glycosylated. This enzyme activity
exists as a soluble and tissular form. The tissular form of
SSAO contains a short intracellular domain, a single trans-
membrane domain and a long extracellular domain which
includes the catalytic site that oxidizes some primary amines to
generate the corresponding aldehyde, ammonia and hydrogen
peroxide. The SSAO activity requires a cofactor with a reactive
carbonyl group (topaquinone as a modified tyrosine residue)
capable of reacting with semicarbazide and other carbonyl
reagents acting as inhibitors. The presence of SSAO is detectable
in several tissues, but this amine oxidase is preferentially ex-
pressed in the media of aorta and in adipose tissue [15]. Moreover,
SSAO mRNA levels and enzyme activity are absent in pre-
adipocytes, but are dramatically induced during adipose con-
version [15,16]. Recent works have reported that besides its
localization at the adipocyte plasma membrane, SSAO also co-
localizes with GLUT4 transporter-containing vesicles [17-20].
At the functional level, it is noteworthy that SSAO, through
hydrogen peroxide production, can activate glucose transport in
isolated rat adipocytes [18,20]. It has also been suggested that
SSAO could reduce the lipolytic properties of histamine by
degradation of this potential substrate of the enzyme [21].

With regard to the sharp emergence of SSAO during the
differentiation process and the capacity of this amine oxidase to
produce hydrogen peroxide, we investigated the potential in-
volvement of SSAO in the modulation of adipocyte maturation.

Abbreviations used: aP2, adipocyte lipid-binding protein; C/EBP, CCAAT-enhancer-binding protein; DMEM, Dulbecco’s modified Eagle’s medium;
FCS, fetal calf serum; G3PDH, glycerol-3-phosphate dehydrogenase; LPL, lipoprotein lipase; MAO, monoamine oxidase; PPAR, peroxisome-
proliferator-activated receptor; SSAO, semicarbazide-sensitive amine oxidase.
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Using a pharmacological approach on the murine 3T3-Ll1
preadipose cell line model [22], we show here that cell exposure
to a physiological substrate of SSAO, methylamine, accelerates
pre-adipocyte differentiation in a time- and dose-dependent
manner. This effect of methylamine is mediated by SSAO
activation, since it is specifically inhibited by an SSAO antagonist,
and it is reproduced by several other SSAO substrates. Moreover,
SSAO-generated hydrogen peroxide appears to play an important
role in the modulation of adipocyte maturation. Finally, our
observations support the view that in adipose tissue, SSAO could
be of physiological importance not only for the control of several
metabolic pathways in differentiated adipocytes, but also during
the course of fat cell development.

MATERIALS AND METHODS
Cell lines and cell culture

3T3-L1 pre-adipocytes [22] were maintained in Dulbecco’s modi-
fied Eagle’s medium (DMEM) containing 4.5 g/I glucose and
supplemented with 109, donor calf serum. For experiments,
cells were grown in DMEM containing 109, fetal calf serum
(FCS). At confluence (day 0), differentiation was induced with
DMEM supplemented with 10 9, FCS, 170 nM insulin, 100 zM
1-methyl-3-isobutyl-xanthine and 0.25 xM dexamethasone for
48 h. Thereafter, the medium was changed every other day with
DMEM supplemented with only 2.5 9, FCS. At day 4 following
confluence, cells were treated daily with substrates and/or
inhibitors of SSAO or of monoamine oxidase (MAO) at con-
centrations and for periods of time described in the Results
section.

[*H]Thymidine incorporation

3T3-L1 cells were cultured in 6-well plates under conditions
indicated above. From day 4 after confluence, cells were exposed
or not exposed for 1 or 5 day(s) to 3 mM methylamine, a
physiological substrate of SSAO. [methyl-*H]Thymidine (specific
activity 60 Ci/mmol, ICN Pharmaceuticals; 5 xCi/well) was
then added for 1 h at 37 °C. Cells were washed twice with ice-
cold PBS and solubilized in 19, SDS (500 pul/well). After
precipitation in 109, trichloracetic acid for 45 min at 4 °C,
samples were collected under vacuum on glass microfibre filters
type C (Whatman, Villeneuve d’Asq, France). After 3 washes
with 59, ice-cold trichloracetic acid, filters were dried with
absolute ethanol, transferred into vials and solubilized in liquid
scintillation cocktail [Ecolite(+ ), ICN Pharmaceuticals].

Cell extracts and enzyme assays

3T3-L1 cells were washed twice in PBS, harvested and
homogenized in 25 mM Tris, pH 7.5/1 mM EDTA [20 strokes
in a Dounce homogenizer (Merck Eurolab, Strasbourg, France),
pestle B]. A fraction of the homogenate was stored at —80 °C.
The remaining fraction was centrifuged at 10000 g for 10 min at
4 °C, and the supernatant was kept at —80 °C until use. Aliquots
of homogenates and supernatants were used to determine protein
content by the method of Lowry, using BSA as a standard.
Triacylglycerol concentration was determined with the GPO
Trinder kit (Sigma Diagnostics).

SSAO activity was tested by measurement of hydrogen per-
oxide production by the fluorimetric method of Matsumoto et al.
[23], using benzylamine as a substrate. Briefly, 50 ug of cell
homogenates were pre-incubated for 30 min at 37 °C, in a final
volume of 100 xl containing 40 mM sodium phosphate, pH 7.4,
I mM homovanillic acid, 1 mM sodium azide and 1 mM
pargyline to inhibit MAO-A and -B, in the absence or in the
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presence of the SSAO inhibitor semicarbazide (1 mM). Then,
benzylamine (500 xM) was added in each assay. Incubation was
carried out for 1 h at 37 °C. Reaction was stopped with 1 mM
semicarbazide, and 1.2ml of 0.1 M NaOH was added. Flu-
orescence intensity was measured with excitation at 323 nm and
emission at 426 nm. As blank tests, assays were incubated in
parallel without substrate addition. Preliminary experiments
were performed to ensure that SSAO activity was tested at the
initial rate of reaction.

Glycerol-3-phosphate dehydrogenase (G3PDH) activity was
assayed by recording the initial rate of oxidation of NADH at
340 nm at 25 °C [24]. The standard mixture contained 50 mM
triethanolamine/25 mM HCI buffer, pH 7.5, 1 mM EDTA,
0.13 mM f-NADH, 1 mM dihydroxyacetone phosphate, 1 mM
2-mercaptoethanol and variable amounts of 10000 g cell super-
natants.

Western-blot analysis

Cells were washed three times in cold PBS, harvested and
homogenized in 1 ml of HES buffer [20 mM Hepes (pH 7.4),
1 mM EDTA, 250 mM sucrose] supplemented with a cocktail of
anti-proteases (Complete™ ; Roche). Homogenates were centri-
fuged at 200000 g for 90 min at 4 °C. The resulting pellets were
resuspended in 30 mM Hepes buffer, pH 7.4, and stored at
—80 °C.

SDS/PAGE was performed with a Bio-Rad mini protean III
apparatus. Proteins (30 xg/lane) were boiled for 5 min at 95 °C,
separated by SDS/PAGE (7.59%, gel) and electroblotted onto
0.45 ym PVDF membrane (Immobilon-P, Millipore) in 0.1 9,
SDS, 192 mM glycine and 25 mM Tris, pH 8.3. The membrane
was kept in a methanol bath and then blocked with 59, fish
gelatine, 0.19 (v/v) Tween 20 in TBS buffer (20 mM Tris and
137 mM NaCl, pH 7.6) for 45 min at room temperature. After
an initial washing in TBS buffer containing 0.1 9%, Tween 20, the
membrane was incubated overnight at 4 °C with primary anti-
bodies (rabbit polyclonal antibody against bovine lung SSAO,
dilution 1:2000, [25]) in TBS buffer containing 2 9, fish gelatine
and 0.059, Tween 20. After four washes with 0.19% Tween
20/TBS, the membrane was incubated with horseradish per-
oxidase conjugated to anti-(rabbit IgG) (dilution 1:20000 in
TBS buffer containing 0.05 9, Tween 20 and 2 9, fish gelatine),
for 1 h at room temperature. The membrane was then washed in
0.19% Tween 20/TBS. Detection of immune complex was per-
formed using an enhanced chemiluminescence detection kit for
Western blot (Amersham International) on an X-OMAT-AR
Kodak film.

RNA analysis

Total RNA was extracted according to Cathala et al. [26]. RNA
samples (10 ug/lane) were electrophoresed through a 1.29
agarose/2.2 M formaldehyde gel and transferred to a nylon
membrane (Nylon+ ; Scheicher and Shuell). After fixation, 18 S
and 28 S ribosomal RNAs were stained by Methylene Blue to
ensure the similarity in RNA loading. Hybridization to DNA
probes labelled by random priming was carried out as described
by Church and Gilbert [27]. Final washing was performed in
0.2 x 150 mM NaCl, 15 mM sodium citrate and 0.1 9, SDS for
15min at 60 °C. Blots were then exposed at —80 °C to an
X-OMAT-AR Kodak film. The SSAO cDNA probe has been
described previously [15]. Adipocyte lipid-binding protein (aP2)
and G3PDH cDNAs were generously given by Dr H. Green
(Department of Cell Biology, Harvard Medical School, Boston,
U.S.A)) [28]. The human lipoprotein lipase (LPL) cDNA probe
[29] was a kind gift of Dr Arjun Singh (Department of Pediatrics,
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University of Tennessee, Memphis, TN, U.S.A.). Autoradio-
grams and Methylene-Blue stained membranes were analysed
with a videodensitometer (Vilber-Lourmat Imaging, Marne-La
Vallée, France).

Statistical analysis

Results are presented as mean+S.E.M. of at least three in-
dependent experiments. The level of significance between groups
was assessed using analysis of variance.

RESULTS

It has been documented for a long time that hydrogen peroxide
is able to mimic some insulin effects. Thus in adipocytes, hydrogen
peroxide exerts lipogenic [12] or anti-lipolytic effects [13], and
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Figure 1 Characterization of SSAQ expression during 3T3-L1 adipose
conversion

At confluence, 3T3-L1 cells were induced to differentiate in 10% FCS supplemented with a
mixture of methyl-isobutyl-xanthine (100 zM), insulin (170 nM) and dexamethasone (0.25 xM).
Thereafter, cells were changed to a medium containing 2.5% FCS, and insulin was omitted. Cells
were harvested at different times relative to confluence arbitrarily considered as day 0, and
various cell extracts were prepared. (A) Northern analysis of SSAO mRNA levels. Samples of
total RNA (10 «g/lane) were subjected to electrophoresis, transferred on to a nylon membrane
and hybridized with a radiolabelled SSAO cDNA probe. Ribosomal RNAs were stained with
Methylene Blue to assess the similarity in RNA loading. (B) Western-blot analysis of SSAQ
protein. Samples (50 g protein/lane) were subjected to electrophoresis, blotted onto a PVDF
membrane, hybridized with an anti-SSAQ primary antibody (dilution 1:2000) [25], and then with
a horseradish peroxidase conjugated to anti-(rabbit-IgG) (dilution 1:20000). (C) SSAO and
G3PDH enzyme activity. Cell homogenates (50 «g of protein/assay) were tested for SSAQ
activity (nmol/h per mg of protein) (A) by the fluorimetric detection of hydrogen peroxide
production [23]. G3PDH activity (nmol/min per dish) ([]]) was measured for the supernatants
obtained from centrifugation at 10000 g. Results represent the mean+S.EM. of four
independent experiments.
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Figure2 Time-dependent effect of methylamine on adipocyte differentiation

From day 4 following confluence, cells were treated ([]) or not (A) with 3 mM methylamine
(MA), and harvested at intervals. (A) G3PDH activity (in nmol/min per mg of protein)
was measured for the 10000 g supernatants. (B) Triacylglycerol concentration. Results
represent the mean + S.EIM. of 3—4 independent experiments. *, P < 0.05; **, P < 0.01;
*** P < 0.001; for methylamine-treated compared with control cells.

activates glucose transport [9]. Moreover, hydrogen peroxide can
contribute to the maintenance of the adipocyte phenotype [14].
With regard to the insulin-like properties of hydrogen peroxide
and to the strong induction of SSAO expression during adipo-
genesis, we hypothesized that a chronic activation of SSAO
could promote or accelerate the adipocyte differentiation process.
This issue was addressed on the murine 3T3-L1 cell line model.
Since the present study dealt with the activation of adipogenesis,
3T3-L1 cells were cultured under conditions which are suboptimal
for differentiation. Thus, immediately after removal of the
induction mixture, 3T3-L1 cells were shifted to a medium
containing only 2.59%, FCS and insulin was omitted.

SSAO expression during 3T3-L1 adipose conversion

Cell extracts were prepared at various intervals relative to
confluence (day 0). Figure 1(A) shows that SSAO mRNA was
poorly detected at day 3 and was dramatically increased during
the terminal adipocyte differentiation of 3T3-L1 cells, reaching a
maximal level at day 7 following confluence. In agreement with
the pattern of SSAO mRNA expression, the levels of SSAO
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Figure 3 Dose-dependent effect of methylamine on G3PDH activity and
triacylglycerol content

3T3-L1 cells were treated from day 4 after reaching confluence with various concentrations of
methylamine (MA) for 5 days. Cell extracts were then prepared and tested for G3PDH activity
(A) and triacylglycerol content (B). Results correspond to the mean+ S.E.M. of five separate
experiments. *P < 0.05; *P < 0.01; P < 0.001 for methylamine-treated compared with
control cells.

protein (Figure 1B) and enzyme activity (Figure 1C) were strongly
induced between day 3 and day 5 and then reached a plateau.
These preliminary experiments indicated that even under limiting
culture conditions, there was a clear and late expression of
SSAO during adipocyte differentiation, the activity of which was
similar to that observed previously in 3T3-L1 cells differentiated
with a classical culture protocol [15]. The setting up of the
conversion process was further explicated by the emergence of
G3PDH (Figure 1C), a marker that closely reflects the level
of fat cell development [30].

SSAO substrate methylamine promotes the adipocyte
differentiation process

Methylamine is generally considered as a physiological substrate
for SSAO [31]. Since the pattern of SSAO expression indicated a
late emergence of the enzyme (Figure 1 and [15]), the 3T3-L1
cells were exposed or not exposed to methylamine only from day
4 following confluence.

We first investigated the time-dependence effect of an exposure
to methylamine at 3 mM, a concentration that is 3—5-fold higher
than the K, of SSAO for methylamine [15,31]. 3T3-L1 cells were
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Figure 4 Dose-dependent effect of methylamine on LPL, G3PDH and aP2
mRNA levels

Day-4 post-confluent cells were exposed for 5 days to various concentrations (0—5 mM) of
methylamine. Total RNA was extracted and tested by Northern analysis for LPL, G3PDH and
aP2 mRNA levels. Methylene Blue staining of ribosomal RNAs was performed to ensure the
similarity in RNA loading and to normalize the amounts of the specific mRNA species.
Autoradiograms are representative of three separate experiments.

treated with methylamine for 2-7 days, and cell extracts were
prepared to test cell triacylglycerol content and G3PDH activity.
As a preliminary control, we verified that methylamine effect on
adipocyte differentiation was not related to a post-confluent
increase in cell growth. Cell counts and [*H]thymidine incor-
poration experiments were performed after various days of
methylamine exposure. Methylamine did not modify cell density
or [*H]thymidine incorporation, even when the cells were ex-
posed for long periods of time (results not shown). This ruled
out the possibility that methylamine effect was linked to an
increase in cell proliferation.

As illustrated in Figure 2(A), there was a slight, but non-
significant increase in G3PDH activity after a 2-day exposure to
methylamine. After a 3-day treatment with the amine, we
observed a dramatic 2.2-fold increase in the enzyme activity as
compared with control cells. The maximal effect of methylamine
was detected following a 5-day exposure to the amine (2.85-fold
increase). The pattern of methylamine effect on triacylglycerol
content was very close to that observed for G3PDH activity, with
a sharp induction in triacylglycerol concentration after a 3-day
treatment and a maximal effect after a 5-day treatment with the
amine (Figure 2B).

We next tested the dose-dependent induction of adipocyte
differentiation by methylamine. From day 4 after the cells had
reached confluence, 3T3-L1 cells were exposed or not exposed to
various concentrations of methylamine for 5 days. As shown in
Figure 3, methylamine provoked a dose-dependent increase
in G3PDH activity and triacylglycerol content. The effect was
detectable between 0.3 and 1 mM, and continued to increase at
5 mM. Likewise, there was a dose-dependent induction of LPL,
G3PDH and aP2 mRNA levels, three typical molecular markers
of adipocyte differentiation (Figure 4) [3]. The weak signals
observed in control cells with G3PDH and LPL mRNAs could
probably be explained by the absence of insulin during the
differentiation process. Under these conditions, the effect of
methylamine on these transcripts was already detectable at
0.3 mM, and was maximal at 3 mM.

Taken together, our results show that methylamine, a physio-
logical SSAO substrate, promotes 3T3-L1 cell differentiation.
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Figure 5 Methylamine effect on adipocyte differentiation depends on SSAQ
activation

From day 4 following confluence, 3T3-L1 cells were treated (4 ) or not (—) for 5 days with
3 mM methylamine, in the absence, or in the presence of 1 mM semicarbazide (SCZ) or 1 mM
pargyline. Cell extracts were prepared and tested for G3PDH activity (A) and triacylglycerol
content (B). Results represent the mean+S.E.M. for three independent experiments.
*P < 0.05; **P < 0.01; methylamine-treated compared with control cells. #P < 0.05;
##P < 0.01; methylamine- and semicarbazide-treated cells compared with cells treated
with methylamine alone.
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Figure 6 Methylamine effect on adipocyte maturation depends on hydrogen
peroxide production

From day 4 following confluence, 3T3-L1 cells were exposed (+ ) or not exposed (—) to 3 mM
methylamine for 5 days, in the absence or in the presence of catalase (100 or 500 units/ml).
Cell extracts were then tested for G3PDH activity. Results represent the mean £ S.E.M. for four
independent experiments. *P < 0.01; **P < 0.001; methylamine-treated compared with
control cells. #P < 0.05, methylamine and catalase-treated cells compared with cells treated
with methylamine alone. Ul, catalase units.

Methylamine effect on adipocyte differentiation is mediated by
SSAO

Since methylamine is a potential substrate for both MAO-A and
-B and SSAO, and as regards to the strong expression of MAOs
in adipocytes [32], it was of importance to assess whether
potentiation of adipose maturation caused by methylamine was
mediated through SSAO or MAO activation. Thus, we compared
the effects of the selective SSAO inhibitor semicarbazide to those
of pargyline, a selective MAO-A and -B inhibitor, on methyl-
amine-induced adipocyte differentiation. Day-4 post-confluent
3T3-L1 cells were exposed or not for 5 days to 3 mM meth-
ylamine, in the absence or in the presence of 1 mM semicarbazide
or 1 mM pargyline (Figure 5). Neither semicarbazide nor pargy-
line had any effect on G3PDH activity or triacylglycerol content
when used alone. As expected, methylamine provoked a sharp
increase in the levels of these markers of adipocyte differentiation
(3.2-fold and 1.75-fold increases in G3PDH activity and tri-
acylglycerol content respectively). Overall, semicarbazide almost
completely prevented the promoting effect of methylamine
on adipogenesis. The SSAO inhibitor reduced by about 90 9%,

Effects of various SSAQO and/or MAO substrates on adipocyte maturation

Day-4 post-confluent 3T3-L1 cells were exposed for 5 days to methylamine, benzylamine, tyramine, 5-phenylethylamine or 5-hydroxytryptamine in the absence (None) or in the presence of 1 mM
semicarbazide (SCZ), or 1 mM pargyline (PARG) or the combination of both (SCZ+ PARG, 1 mM each). Cells extracts were prepared and assayed for G3PDH activity (in nmol/min per dish). Results

represent the mean+ S.E.M. of 615 independent experiments.

G3PDH activity (nmol/min per dish)

Substrate Inhibitors ... None SCZ PARG SCZ+ PARG
Control 94+6 83+4 100+4 101 +4
Methylamine (3 mM) 162453 96+ 6 17449% 102459
Benzylamine (0.5 mM) 197 +10% 115499 162+ 61§ 97 +49
Tyramine (1 mM) 180471 116479 164 +13% 13459
f-Phenylethylamine (1 mM) 163+ 51 123 +5%| 136 + 87| 99+ 59
5-Hydroxytryptamine (0.5 mM) 108431 107+ 2% 86+7§ 85+7§

*, P<0.05; f, P<0.01; f, P < 0.001; for amine-exposed compared to control cells.

§, P<005; |, P<0.01; 9, P< 0.001; for amine- and inhibitor(s)-treated cells compared to cells treated with the amine alone.
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methylamine action on G3PDH activity, and by 70 9, the amine
effect on cell triacylglycerol content. By contrast, the MAO-
selective inhibitor pargyline did not impair methylamine-induced
adipose conversion.

Another pharmacological approach was used to establish that
SSAOQ activation could mediate an accelerated fat cell maturation.
Several SSAO and/or MAO substrates were tested for their
ability to modulate the adipocyte differentiation process, in the
absence or in the presence of semicarbazide or pargyline, or a
combination of both. Asshown in Table 1, benzylamine, tyramine
and f-phenylethylamine provoked an enhancement in G3PDH
activity similar to that induced by methylamine. The major part
of this effect was antagonized by semicarbazide. By contrast,
pargyline only weakly or partially reversed the effects of these
three substrates. The MAO substrate S5-hydroxytryptamine
exerted only a poor action on G3PDH activity, and its effect was
antagonized by pargyline, but not by semicarbazide. In the
absence of amine oxidase substrates, the antagonists, alone or in
combination, had no significant effect on adipocyte maturation.

Finally, experiments performed with SSAO- or MAO-selective
antagonists or with different SSAO or MAO substrates strongly
support the view that a chronic SSAO activation promotes
adipocyte differentiation.

Methylamine effect on adipocyte maturation depends on hydrogen
peroxide production

SSAO metabolizes methylamine into formaldehyde, ammonia
and hydrogen peroxide. With regards to the known lipogenic and
adipogenic actions of hydrogen peroxide [9,12,14], we hypothe-
sized that SSAO-generated hydrogen peroxide could mediate
methylamine action on adipocyte differentiation. Day-4 post-
confluent 3T3-L1 cells were exposed or not exposed to 3 mM
methylamine for 5 days, in the absence or in the presence of
catalase, an enzyme that specifically degrades hydrogen peroxide.
Figure 6 indicates that catalase had no effect alone, whereas most
of the methylamine-induced increase in G3PDH activity was
inhibited in the presence of the hydrogen peroxide-degrading
enzyme [inhibition of 70 9, and 74 9, of methylamine effect with
100 and 500 units/ml catalase respectively (catalase activity is
expressed as 1 unit decomposes 1 gmol of hydrogen peroxide/min
at pH 7.0 and 35 °C )]. By contrast, neither formaldehyde nor
ammonia modulated the level of adipose maturation (results not
shown). These results suggest that the effect of methylamine on
3T3-L1 adipocyte differentiation is mediated, at least in part, by
the SSAO-generated hydrogen peroxide production.

DISCUSSION

The membrane-bound form of SSAO has been found in several
tissues, and its activity is particularly high in vascular smooth
muscle cells [31] and adipocytes from rat white and brown fat
[15,33,34]. SSAO activity is also present in other cell types or
tissues, such as bovine lung [25] and in high endothelial venules
from peripheral lymphatic tissues [35]. In addition to this wide
tissue distribution of the enzyme, it also appears that plasma
membrane SSAO could exert pleiotropic actions. Besides a
possible scavenging role with respect to circulating amines [31],
SSAO also displays vascular adhesion [35,36] and metabolic
properties [18-21]. In adipocytes, it has been reported previously
that SSAO exerts a stimulatory role on glucose transport [18,20],
and can even reduce plasma glucose levels in rat [19]. In this
study, we demonstrate that this amine oxidase not only regulates
a key metabolic pathway of adipose cells, but could also promote
adipocyte development.
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Several lines of evidence support the idea that SSAO could
mediate an acceleration of adipocyte differentiation in response
to several primary amines. (1) Methylamine, a physiological
substrate of tissue-bound SSAO [31], provoked a dose-dependent
increase in several biochemical or molecular markers of adipose
conversion, with a range of potency that is close to the K of the
enzyme for this substrate [15,31]. (2) The methylamine-induced
adipocyte differentiation is antagonized by the carbonyl reagent
semicarbazide, but is resistant to pargyline, an inhibitor of
mitochondrial MAOs. (3) Different SSAO substrates such as
methylamine, benzylamine, tyramine or p-phenylethylamine
stimulate adipocyte differentiation. In agreement with the sub-
strate selectivity for SSAO and/or MAO, this effect was com-
pletely or partially reversed by semicarbazide. (4) Finally, the
promoting effects of methylamine on adipocyte differentiation
are not related to an increased population of differentiating
adipocytes. As a consequence, this really reflects a general
increase in adipocyte maturation level.

Otherwise, experimental results presented here strengthen the
view that hydrogen peroxide production mediates at least a
major part of SSAO-activated adipocyte maturation. The main
experimental argument is that methylamine-induced adipocyte
maturation is inhibited by the concomitant addition of catalase
in the culture medium. Moreover, neither formaldehyde, the
aldehyde generated by SSAO from methylamine [31,37], nor
ammonia activate adipose cell development. At a high con-
centration (1 mM), formaldehyde is even cytotoxic when applied
to 3T3-L1 differentiating cells (results not shown). Taken
together, these results strongly suggest that SSAO-generated
hydrogen peroxide can promote fat cell maturation.

A critical question concerning induction of 3T3-L1 adipocyte
differentiation by SSAO is the cellular and/or molecular mech-
anisms underlying hydrogen peroxide effects on adipocyte dif-
ferentiation. In other terms, does SSAO-generated hydrogen
peroxide potentiate fat cell development through its insulin-like
properties on terminal adipocyte maturation, or through an
initiating effect on the early events of adipogenesis? Three classes
of transcription factors have been identified that directly influence
fat cell development. These include C/EBPs, PPARs and the
basic helix-loop—helix family [1]. It is generally considered that
these factors act in a sequential and co-ordinated fashion to
initiate adipogenesis and regulate the promoters of many fat cell-
specific genes. Otherwise, it is now well established that reactive
oxygen species, especially hydrogen peroxide, can directly regu-
late the expression and/or activity of many transcription factors
[38,39]. Modifications of transcription factors may provide a
mechanism by which cells sense these redox changes. For
example, the conformation of the DNA-binding domains of
nuclear factor «B, activator protein-1 and p53 can be changed by
reactive oxygen species, resulting in an alteration of their affinity
for their promoter targets [39]. It is also documented that
hydrogen peroxide, through regulation of ubiquitin activity,
could control the degradation of the hypoxia inducible factor
Hif-1 [40,41]. Whether reactive oxygen species could alter the
functions of PPARy, C/EBP-«, -f, -6, and adipocyte deter-
mination and differentiation factor-1/sterol-regulatory-element-
binding protein-1, five major adipogenic transcription factors,
remains an open question.

Though we cannot exclude that the SSAO-generated hydrogen
peroxide could alter expression or activity of key adipogenic
transcription factors, it is also possible that hydrogen peroxide
acts on several signalling or metabolic pathways at later stages of
adipogenesis to promote terminal differentiation. In adipocytes,
the insulin-like properties of hydrogen peroxide, including ac-
tivation of glucose transport [9] and lipogenesis [12], and in-
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hibition of lipolysis [13], have been described for a long period of
time. Interestingly, Enrique-Tarancon et al. [18,19] and Marti et
al. [20] have shown previously that in adipocytes, SSAO sub-
strates, in combination with low doses of vanadate, rapidly
stimulate insulin responsive subtrates-1 and -3, phosphatidylino-
sitol 3-kinase activities, GLUT4 recruitment to the cell surface
and glucose transport through a hydrogen peroxide-dependent
mechanism. Moreover, other signalling pathways, also involved
in the regulation of adipocyte differentiation such as p42, p44
and p38 mitogen-activated protein kinases [42-44] or tyrosine
phosphatases [45], are also modulated by hydrogen peroxide
[46-48]. It is also conceivable that the expression of several
genes coding for proteins essential for adipocyte metabolism
could be regulated by SSAO-generated hydrogen peroxide. Thus,
exogenously and chronically supplied hydrogen peroxide
not only enhances 3T3-L1 adipocyte differentiation [14], but also
positively and negatively regulates GLUT1 and GLUT4 ex-
pression respectively [49]. Finally, it must be emphasized that
SSAO expression is a late marker of the adipocyte differentiation
process, and that in our experimental protocol, exposure to
SSAO substrates was concomitant with the emergence of the
enzyme and delayed as compared with the early induction of
C/EBPs and PPARYy [1,2]. Thus it is likely that the promoting
effect of SSAO activation on fat cell development is linked to a
pleiotropic effect of hydrogen peroxide on key metabolic or
signalling pathways of the cell, rather than to an initiating action
on the early transcriptional events of adipogenesis.

The augmentation of 3T3-L1 adipocyte differentiation induced
by SSAO activation raises the question of the physiological and
pathophysiological relevance of this observation. In a general
context, our results point to the fact that hydrogen peroxide
not only generates an oxidative stress, but could also represent a
second messenger mediating the developmental or metabolic
effects of extracellular factors on differentiating or mature
adipocytes. Whether an alteration in the expression and/or
function of adipocyte SSAO could initiate or contribute to a
disorder of adipose tissue development or metabolism is still
unknown. Abnormalities in SSAO expression or activity have
been observed in genetic models of obesity [15,33]. Furthermore,
it has recently been reported that in humans, there is a significant
positive correlation between serum SSAO activity and the body
mass index [50]. However, the tissular origin of the serum SSAO
is still unidentified, and this correlation does not establish a
causal relationship between the excess of adipocyte tissue de-
velopment and high levels of SSAO activity in fat cells and
serum. Further investigations in different species will be required
to determine the exact physiological and pathological impli-
cations of SSAO in obesity or non-insulin-dependent diabetes
mellitus. Generation of mice deficient in the SSAO gene will
provide a particularly attractive model to resolve this issue.
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