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Abstract

Among the dietary amines present in foods and beverages, tyramine has been widely studied since its excessive ingestion can
cause catecholamine release and hypertensive crisis. However, tyramine exerts other actions than depleting nerve endings: it
activates subtypes of trace amine associated receptors (TAARs) and is oxidized by monoamine oxidases (MAQO). Although
we have recently described that tyramine is antilipolytic in human adipocytes, no clear evidence has been reported about its
effects on glucose transport in the same cell model, while tyramine mimics various insulin-like effects in rodent fat cells,
such as activation of glucose transport, lipogenesis, and adipogenesis. Our aim was therefore to characterize the effects of
tyramine on glucose transport in human adipocytes. The uptake of the non-metabolizable analogue 2-deoxyglucose (2-DG)
was explored in adipocytes from human subcutaneous abdominal adipose tissue obtained from women undergoing recon-
structive surgery. Human insulin used as reference agent multiplied by three times the basal 2-DG uptake. Tyramine was
ineffective from 0.01 to 10 uM and stimulatory at 100 uM-1 mM, without reaching the maximal effect of insulin. This partial
insulin-like effect was not improved by vanadium and was impaired by MAO-A and MAO-B inhibitors. Contrarily to ben-
zylamine, mainly oxidized by semicarbazide-sensitive amine oxidase (SSAQO), tyramine activation of glucose transport was
not inhibited by semicarbazide. Tyramine effect was not dependent on the Gi-coupled receptor activation but was impaired
by antioxidants and reproduced by hydrogen peroxide. In all, the oxidation of high doses of tyramine, already reported to
inhibit lipolysis in human fat cells, also partially mimic another effect of insulin in these cells, the glucose uptake activation.
Thus, other MAO substrates are potentially able to modulate carbohydrate metabolism.
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Introduction

Key points Human fat cells have the enzymatic ability to
catalyze the oxidative deamination of tyramine Among the various biogenic amines found in food or gener-
Oxidation of 0.1-1 mM tyramine results in activation of ated by intestinal microbiota during digestion [47], tyramine

glucose uptake in fat cells . iated with a deplorabl ¢ h
Stimulation of hexose transport by tyramine is weaker than that 1s assoclated with a deplorable capacity to generate hyper-

supported by insulin tension [39] since it releases catecholamines from nerve

Monoamine oxidase inhibitors impair tyramine activation of terminals [3, 5]. The tyramine intravenous infusion induces
glucose transport
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in humans a pressor response, which increases by 45 mm
Hg the systolic blood pressure with an administered dose
as low as 5 nmol/kg [57]. However, the pressor effect of
tyramine is largely reduced when it is administered orally,
and more especially when tyramine intake is associated with
food ingestion [68]. Nevertheless, the pioneering studies of
Mueller and Horwitz have shown that no change in blood
glucose and in free fatty acids (FFA) was observed during
tyramine intravenous infusion, while equipressor doses of
adrenaline and noradrenaline raised both circulating glu-
cose and FFA [57]. Although this suggested since decades
that tyramine could exhibit properties other than releasing
endogenous catecholamines, only scarce observations of the
direct effects of tyramine on targets other than nerve end-
ings have been reported so far, and more particularly with
regard to the cell type that focuses the interest of the present
study—the adipocyte.

In healthy subjects, a local lipolytic response was
observed when tyramine was administered into subcutane-
ous adipose tissue via a microdialysis probe (at initial con-
centrations of 3.5 mM) [1]. Since such lipolytic effect was
not reproduced when tyramine was administered directly
in vitro on human isolated adipocytes, it was concluded
that the catecholamine releasing property of tyramine was
supporting the observed effect [1]. Similarly, the tyramine-
induced catecholamine release has been used in humans to
demonstrate the adrenergic inhibition of insulin secretion
in the pancreas [22]. Then, tyramine has been evidenced
to activate some of the trace amine-associated receptors
(TAARs), namely the TAAR1 expressed in many cell types
in humans [48] and was not more considered as only a cat-
echolamine-releasing agent.

More recently, we have reported that, in the 0.1-1 mM
range, tyramine acutely inhibits lipolytic activation of
human adipocytes either by p-adrenergic agonists, isobu-
tylmethylxanthine (IBMX), or atrial natriuretic peptide [12].
This lipolysis inhibition was not mediated by Gi-coupled
receptor activation but was dependent on tyramine oxida-
tion by fat cells and the subsequent generation of hydrogen
peroxide, a reactive oxygen species (ROS) known for its
antilipolytic effects [43, 58]. Hydrogen peroxide is, together
with ammonia and aldehydes, an end-product of the oxida-
tion of endogenous or exogenous amines by amine oxidases.
The amine oxidases expressed in adipocytes belong to two
distinct families [7]. The first one has FAD as cofactor and
is mainly represented by the monoamine oxidases A and
B (MAO-A, MAO-B), having catecholamines, serotonin,
and tyramine among their numerous substrates [72]. The
other family encompasses amine oxidases requiring cop-
per as coenzyme and having an almost larger panel of sub-
strates, including aliphatic amines and non-aromatic primary
amines [45]. This latter family known as copper-containing
amine oxidases (AOCs) has its major member either named
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primary amine oxidase, vascular adhesion protein-1, or sem-
icarbazide-sensitive amine oxidase (AOC3/PrAO/VAP-1/
SSAOQO). This member, hereafter called SSAQ, is one of the
most abundant membrane proteins in differentiated adipo-
cytes [52, 56, 65]. Tyramine is a MAO and SSAO substrate
in animal models, while it is not considered as a good sub-
strate for human AOC3 [31].

Tyramine belongs to the MAO and SSAO substrates
reported to mimic several in vitro insulin actions in rodent
adipocytes, such as inhibition of lipolysis and stimulation
of glucose uptake [55, 71]. Tyramine has also been reported
to facilitate adipocyte differentiation of murine preadipo-
cytes [11, 20] and to exhibit antihyperglycemic properties
in diabetic rodents, either when tested as a pharmacologic
agent [69, 70] or as a phytochemical agent extracted from
medicinal plants [2, 42]. However, while the observation of
an insulin-like effect of tyramine on glucose uptake has been
reported for the first time in rat adipocytes more than two
decades ago [49], this effect has never been documented in
human fat cells, at least to our knowledge. The aim of the
present study was therefore to characterize the direct effects
of tyramine on hexose transport in human adipocytes. This
aim might appear of limited interest when considering that
other MAO and/or SSAO substrates such as benzylamine
and methylamine have already been reported to activate hex-
ose uptake and inhibit lipolysis in both rodent and human fat
cells [14, 30, 54, 67]. However, such extrapolation remains
necessary since numerous interspecies differences exist
between the responses of human adipocytes and those of
rodent ones [38]. Moreover, interspecific differences also
exist regarding the substrate selectivity of MAOs and AOCs
[35, 46]. Other arguments argued for a detailed verification
of direct effects of tyramine on glucose consumption in
human fat cells. First, the stimulation of glucose uptake by
benzylamine or methylamine is substantially potentiated by
vanadium in rodent adipocytes [49, 74] but not in human
ones [54]. Second, the usefulness of tyramine-free diets
in clinical nutrition established to avoid the sadly known
“cheese effect” in patients treated by MAO inhibitors [18]
has been repeatedly questioned [23, 60, 64]. Last, the over-
consumption of dietary tyramine in mice has not revealed
dramatically noxious effects on the cardiovascular system,
while it tended to facilitate glucose handling [15].

Thus, the following results explore the direct influence of
tyramine on glucose transport into human adipocytes. They
will show a modest but indisputable activation of hexose
uptake in response to high doses of tyramine, which is pre-
dominantly dependent on its degradation by MAOs while
mostly independent from Gi-coupled TAARs.
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Materials and methods
Adipose tissue sampling from human subjects

For studies on glucose transport in freshly isolated adipo-
cytes, subcutaneous abdominal adipose tissue samples were
obtained from a total of 59 women undergoing plastic sur-
gery at the Rangueil hospital, Toulouse (France). Their mean
age was 43 (range: 25-70 year) and their mean body mass
index (BMI) was 25.9 +0.4 kg/m”. The study was validated
by the local ethics committee for the protection of individu-
als (Comité de Protection des Personnes Sud Ouest et Outre
Mer II) under the reference: DC-2014-2039. After the surgi-
cal removal, pieces of subcutaneous abdominal human adi-
pose depot were transported to the laboratory in less than
half an hour. As the pharmacological analysis of the mecha-
nisms of action of tyramine progressed, successive series of
experiments were formed on subgroups ranging in size from
5 to 20 individuals, as noted elsewhere.

Animals

Normoglycemic Wistar rats of both sexes (a total of 23
animals of 200-250 g body weight) were purchased from
Charles River (L’Arbresle, France) for an interspecies com-
parative approach. Rat adipose depots from subcutaneous
and visceral locations were removed and pooled as described
previously [49].

Adipocyte preparations and lipogenic activities

Pieces of adipose tissue (AT) were minced with scissors and
digested by collagenase for adipocyte preparation as previ-
ously described [40]. The medium used for the collagenase
digestion at 37 °C under agitation was Krebs—Ringer con-
taining 15 mM sodium bicarbonate, 10 mM HEPES, 3.5%
bovine serum albumin (pH 7.4) and was lacking of glucose
as described in [24]. After digestion, the buoyant adipocytes
were separated from the stromavascular fraction by filtra-
tion through a 250-um nylon mesh-screen and two washes
in the same buffer without collagenase. For both species,
fat cell suspensions were prepared, diluted and handled at
37 °C within 3 h from the AT removal. Tetrazolium-based
cell viability tests with tyramine were already performed
on human mature adipocytes in a concentration range of
10751073 M [12], as it was the case for insulin and other
pharmacologic agents studied here, and did not reveal imme-
diate toxic effect [40].

The incorporation of D-[*H]-glucose into cell lipids
was measured on 90 min according to [27], with a sim-
ple assay method based on the extraction and counting of

the neosynthesized lipids by a liquid scintillation cocktail
that is not miscible with aqueous solutions, as originally
described by Moody et al. [53].

Assay of 2-deoxyglucose uptake in adipocytes

The only source of glucose for the fat cell preparations
during glucose transport assays was the non-metabolizable
analogue [*H]-2-DG at a final concentration of 0.1 mM
(approximately 1,300,000 dpm/vial), as described previ-
ously [26, 54]. However, 2 mmol/L pyruvate was present
in the medium throughout the experiments for energy sup-
ply (during the 45-min incubation with studied agents, and
the subsequent 10-min 2-DG uptake assay), as previously
stated [26, 54]. Human fat cells were incubated in 400 pL.
of medium, then [*H]-2-DG was added as 100 uL por-
tions and hexose uptake assays were stopped 10 min later
with 100 puL of 100 uM cytochalasin B. Then, 200 pL of
cell suspension were immediately transferred to plastic
centrifugation microtubes prefilled with dinonyl-phthalate
(density 0.98 g/mL) before a 40 s spin, to separate the
undamaged buoying adipocytes from the medium. The
upper part of the tubes, containing [°’H]-2-DG internal-
ized in fat cells above the silicon layer, was then counted
in scintillation vials. No radioactivity was detected in the
silicone layer, in agreement with the hydrophilic nature of
[*H]-2-DG. The radiolabeled hexose separated in the upper
part but not really internalized in the cells was determined
with adipocytes immediately blocked by cytochalasin B at
time 0 upon [*H]-2-DG addition. This non-specific portion
was subtracted from all assays, and averaged only 1-5% of
the radioactivity found in the upper phase, as reported in
[54]. For each individual, the tested suspension of undam-
aged cells contained approximately 20 mg lipids/400 pL,
determined as previously described [49].

Amine oxidase activity

Oxidase activity was measured by two methods, as
already described [41]: by a radiochemical assay using
[*C]-tyramine (from Sigma-Aldrich, 500,000 dpm/point)
and extraction/counting of the radioactive aldehydic prod-
ucts of oxidation in toluene/ethyle acetate and by a fluoro-
metric assay using Amplex Red (from Fluoroprobes) as a
fluorescent probe for a peroxidase-based detection of the
released hydrogen peroxide. In both cases, thawed adi-
pose tissue samples were homogenized in 200 mM phos-
phate buffer (pH 7.4) containing antiprotease cocktail just
prior the determination of their amine oxidase activity on
30 min, as previously reported [13].
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Chemicals 2,0 1
=8-insulin
p-Tyramine hydrochloride, benzylamine hydrochloride, —O=insulin + vanadate
sodium orthovanadate, clorgyline, selegiline, pargyline,
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semicarbazide, human insulin, collagenase, as well as
most of the reagents were from Sigma-Aldrich-Merck. Ro =Ctyramine + vanadate
41-1049 (N-(2-Aminoethyl)-5-(3-fluorophenyl)-4-thiazole- ek
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carboxamide) and Ro 16-6491 (N-(2-Aminoethyl)-4-chlo-
robenzamide) were from Roche (Neuilly/Seine, France).
BTT 2052 was a generous gift from D. Smith and M. Salmi
(Biotie Therapies, Turku, Finland).

Statistical analyses

All statistical analyses were performed using GraphPad
Prism 5.0 for Windows (GraphPad Software Inc., San Diego,
CA). One-way ANOVA followed by Dunnett post-hoc tests
and Student’s t-tests were performed to determine differ-
ences between the oxidation treatments. NS means non-
significant difference. All values in figures and tables are
presented as mean + SEM.

Results

Stimulation of glucose transport into human
adipocytes by insulin and tyramine: influence
of vanadate

It was first studied whether tyramine exhibits dose-depend-
ent effects on glucose transport in human adipocytes. The
stimulatory agent of reference was bovine insulin. Also
included was the study of the influence of vanadate since
this agent acts synergistically with tyramine on the stimula-
tion of hexose uptake in rat fat cells. As expected, insulin
induced a classical sigmoidal dose-dependent stimulation
of 2-DG uptake, with a maximum reached at 100 nM. By
contrast, tyramine was stimulatory only at 0.1 and 1 mM
(Fig. 1). Moreover, the maximal effect of insulin increased
more than three times the level of basal transport while
the effect of 1 mM tyramine did not exceed doubling. The
presence of 10 uM sodium orthovanadate did not enhance
the basal, insulin-stimulated, or tyramine-stimulated 2-DG
uptake (Fig. 1).

These first observations indicated that the synergism
between vanadium and tyramine, already documented
in rodent adipocytes [49], does not apply for humans.
Although, these experiments were performed on a rela-
tively large number of individuals (n= 14 with a mean age
of 42 +3 years) it was further studied on other human adipo-
cyte preparations whether different experimental conditions
allowed the detection of a synergism between vanadate and
tyramine.
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Fig. 1 Dose-dependent activation of glucose transport by insulin and
tyramine in human adipocytes. The uptake of 2-deoxyglucose (2-DG)
was assessed on 10 min after 45-min incubation of human subcuta-
neous adipocytes without (basal) or with increasing concentrations
of insulin (circles) or tyramine (squares) in the absence (black sym-
bols) or the presence of 0.1 mM sodium orthovanadate (open sym-
bols). Each point is the mean+SEM of 12-14 determinations. 2-DG
uptake was expressed as nmol transported/100 mg cell lipids/10 min.
The mean amount of cell lipids per assay was 22.2+2.4 mg (n=14
individuals). No significant influence of the factor vanadate was evi-
denced by ANOVA followed by Dunnett test. Different from corre-
sponding basal at: *p <0.05; **p <0.01; ***p <0.001

Figure 2 shows that, regarding the stimulation of hexose
uptake, there was no notable influence of larger doses of
vanadate or of longer pre-incubation time with the transi-
tion metal on a putative synergism with tyramine. Vanadate
did not alter significantly basal, insulin- or tyramine-stimu-
lated 2-DG uptake when tested at 0.2 and 1 mM for 45 min
(Fig. 2A). Even when the incubation with 0.1 mM vanadate
lasted 3 h, there was no any synergism between vanadium
and tyramine on glucose transport activity (Fig. 2B). Again,
in these additional subjects, the effect of 1 mM tyramine on
glucose transport was modest but significant, since it repro-
duced 25 to 35% of the maximal stimulation induced by
100 nM insulin.

Comparison of the short-term insulin-mimicking
effects of vanadate, hydrogen peroxide,
and tyramine in rat and human adipocytes

At this stage, it was mandatory to verify whether the syn-
ergism originally described in rat adipocytes occurred not
only between vanadium and tyramine [49] but also between
vanadium and hydrogen peroxide, the combination of which
led to the discovery of the potent insulin-mimicking actions
of peroxovanadate [44]. In this comparative verification step,
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Fig.2 Lack of influence of larger vanadate doses or longer incubation
time on the tyramine-induced stimulation of hexose uptake in human
adipocytes. A Increasing doses of vanadate. 2-DG uptake was meas-
ured after 45-min incubation of human subcutaneous adipocytes in
the absence (control, closed circles) or the presence of sodium ortho-
vanadate at 0.2 mM (open triangles) or 1 mM (open squares). Tested
conditions were: 100 nM insulin, basal, and 0.1-1 mM tyramine.
Each point is the mean+SEM of 10 determinations and in several

rat adipocytes were much responsive to insulin activation
of hexose transport than human fat cells: baseline uptake
was multiplied by 8 times with insulin in rats and only by
2-3 times in humans (Fig. 3). Nevertheless, the combina-
tion of vanadate and hydrogen peroxide elicited an uptake
higher than that elicited by each agent separately, and their
synergism reached 70-85% of the maximal insulin effect
in both rat and human adipocytes (Fig. 3). By contrast, it
was evident that the synergism occurring between vanadate
and tyramine was limited to rat adipocytes only (Fig. 3).
Thus, it was apparently not an interspecific difference in the
insulin-like properties of peroxovanadate (chemically gener-
ated after vanadate and hydrogen peroxide combination) that
explained the differences between the two species.

It was also compared whether glucose metabolism was
activated by insulin and tyramine, downstream the activa-
tion of transmembrane uptake. To this aim, the incorporation
of tritiated glucose into cell lipids was investigated. This
comparative approach definitely confirmed that the human
adipocytes are less metabolically active than the rat ones.
The activator effect of insulin was easily evidenced in rat
adipocytes since it is increasing by approximately eight
times the basal lipogenic activity. A lipogenic effect was also
evidenced in rat for the combination of vanadium with either
hydrogen peroxide or tyramine (Fig. 4A). However, human
adipocytes were much less sensitive to insulin as no signifi-
cant activation of lipogenic activity could be detected: the
maximal response was lower than twice as much as baseline

o)

2-DG uptake, nmol/100 mg lipid/10 min

2,0 - @ control
+ vanadate
O 0.1 mM 3 hr
1,5 1
1,0 1 *xk
.T-’ ==
0,5 —
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occurrences, error bar lies within the caption. B Increasing incuba-
tion time. After 3-h incubation without (control, closed symbols) or
with 0.1 mM vanadate (open symbols), 2-DG uptake was determined
in response to the indicated doses of insulin (circles) or tyramine
(squares). Each point is the mean+SEM of 6 determinations. No sig-
nificant influence of exposure to vanadate could be detected. Different
from the basal uptake at: *p <0.05; **p <0.01; ***p <0.001

(Fig. 4B). Vanadium, hydrogen peroxide, and tyramine were
also unable to clearly activate the weak glucose-dependent
lipogenic activity of human adipocytes. For all these agents,
a tendency to reproduce the responses observed in rat adipo-
cytes was found in a blunted manner only.

Since glucose incorporation into lipids of human adipo-
cytes was not readily activated by insulin or tyramine in
human adipocytes, it was investigated whether the initial
effect of tyramine on hexose entry could be mediated by
Gi-coupled trace amine receptors (TAARSs) since some of
them are expressed in adipose tissue and some of them can
be activated by tyramine [21].

Tyramine activation of glucose uptake
after blockade of Gi protein coupling by pertussis
toxin

Although the involvement of Gi proteins in insulin action
is most involved in the generation of reactive oxygen spe-
cies [34] than in activation of glucose transporters [25],
the description in transfected cells of a Gi-dependent
stimulation of glucose transporter translocation by adren-
aline [73] prompted us to study whether Gi blockade by
Pertussis toxin treatment (PTX, 100 ng/mL during 2 h at
37 °C) could alter or not the tyramine insulin-like effects.
In fact, the stimulation of hexose uptake by insulin or by
tyramine was not modified by PTX-induced blockade
of Gi-coupled signal transduction (Table 1). The PTX
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Fig.3 Comparison of the influence of vanadate on glucose trans-
port by adipocytes in rat and in humans. Rat or human adipocytes
were incubated for 45 min in the absence (basal) or the presence of
0.1 uM bovine insulin, or with 1 mM hydrogen peroxide (H,0,), or
1 mM tyramine; under control conditions without (colored bars) or
with sodium orthovanadate (+vanadate 0.1 mM, open bars). There-
after, 2-DG uptake was measured over a 5-min period for rat (A) or a
10-min period for human adipocytes (B). 2-DG uptake was expressed
as nmol transported/100 mg cell lipids/ 5 or 10 min, respectively.
Results are mean values +SEM of the number of experiments indi-
cated in parentheses. When referring to basal, the tested factors acti-
vated significantly 2-DG uptake at: °°p<0.01; °°°p<0.001. The
combination with vanadate was significantly different from corre-
sponding control at: **p <0.01; ***p <0.001 (ANOVA followed by
Dunnett test)

experiments confirmed that the effect of tyramine was
not potentiated by vanadium in human fat cells, while the
combination of hydrogen peroxide and vanadate exhibited
a synergistic activation of hexose uptake that was almost
equivalent to that obtained with insulin 10 nM, regardless
of the treatment (Table 1). Additionally, the tendency of
isobutylmethylxanthine (IBMX) to inhibit glucose trans-
port remained unaltered after PTX treatment, since it is
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Fig.4 Influence of tyramine and vanadate on the glucose incorpo-
ration into lipids of rat and human adipocytes. Fat cells were incu-
bated for 90 min without (basal) or with the indicated final con-
centrations of insulin, hydrogen peroxide (H202), or tyramine,
in the absence (control, colored bars) or in the presence of sodium
orthovanadate (+0.1 mM vanadate, open bars). Glucose incorpora-
tion into lipids was expressed as fold increase over basal lipogene-
sis, which was equivalent to 27.0+5.4 and 4.8 +2.4 mol of glucose
incorporated/100 mg lipids/90 min in rat (A, red and white columns)
and human adipocytes (B, blue and white columns), respectively.
Mean +SEM of the number of cases indicated in parentheses. With
reference to the basal, the tested factors activated significantly glu-
cose-dependent lipogenesis at: °°p<0.01; °°°p<0.001. The combi-
nation with vanadate was significantly different from corresponding
control at: ***p <0.001 (ANOVA followed by Dunnett test)

predominantly mediated by a direct interaction with glu-
cose transporters rather than with Gi-coupled receptors
[66].

Impairment of tyramine stimulation of hexose
uptake by monoamine oxidase inhibitors

It was then investigated whether tyramine activation of 2-DG
uptake was impaired by the selective MAO-A inhibitor clor-
gyline or by the selective MAO-B inhibitor selegiline. The
basal 2-DG uptake of human adipocytes was not altered by
increasing doses of both inhibitors (Fig. 5A). An inhibition
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Table 1 Influence of pertussis toxin treatment on the glucose trans-
port activity in human adipocytes

Control +PTX
Condition 2-DG uptake, nmol /100 mg lipid /10 min
Basal 0.42+0.07 0.44+0.07
Insulin 1 nM 0.69+0.09 * 0.77+0.13 *
Insulin 10 nM 1.3440.20 ##* 1.60+0.19 **
Tyramine 1 mM 0.68+0.10 * 0.66+0.05 *
Hydrogen peroxide 1 mM 0.60+0.12 0.59+0.09
Vanadate 0.1 mM 0.42+0.08 0.47+0.08
Vanadate + hydrogen peroxide 1.33+£0.29 ** 1.10£0.17 **
Vanadate + tyramine 0.65+0.12 0.66+0.10
IBMX 1 mM 0.30+£0.04 0.38+0.08

Freshly isolated adipocytes from the same individual were pre-incubated
2 h in parallel without (control) or with 100 ng/mL pertussis toxin (+PTX)
and then incubated for an additional 45-min period in the presence of the
indicated agents, or without any drug (basal) prior to 10-min 2-DG uptake
assay. Mean+SEM of eight individuals. There was no significant influ-
ence of PTX treatment on any of the conditions, by ANOVA. Different
from respective basal in each group significant at: *p<0.05, **p<0.01,
**¥p<0.001 by post-hoc test

of 1 mM tyramine-induced 2-DG uptake was obtained with
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Fig.5 Inhibition of tyramine-induced stimulation of hexose uptake
in human adipocytes by selective inhibitors of MAO-A and MAO-
B. A Inhibition by clorgyline and selegiline. The MAO-A inhibitor
clorgyline (black symbols and lines) and the MAO-B inhibitor sele-
giline (open symbols, dotted lines) were tested at doses increasing
from 10 uM to 1 mM on the basal 2-DG uptake (circles), and against
1-mM tyramine-induced (triangles) or 100-nM insulin-induced
(squares) stimulation. 2-DG uptake assay was immediately performed
on 10 min after 45-min incubation with the indicated agents and
expressed as the percentage of stimulation by insulin (set at 100%),
with baseline set at 0%. Each point is the mean+SEM of 10 to 15

B

2-DG uptake, % of insulin-induced stimulation

1 mM of each inhibitor. Moreover, the inhibitory potency
of clorgyline tended to be higher than that of selegeline,
especially in the 0.01-0.1 mM range. However, 1 mM sele-
giline also produced a modest but significant inhibition of
insulin-stimulated 2-DG uptake (Fig. 5A). As the inhibi-
tion of tyramine action was not total with either MAO-A or
MAO-B inhibitor, other selective inhibitors were studied.
The MAO-A inhibitor Ro 41-1049 and the MAO-B inhibi-
tor Ro 16-6491 were devoid of unselective action since they
did not alter significantly basal or insulin-stimulated 2-DG
uptake (Fig. 5B). In the 0.1-1 mM range, these molecules
exhibited a similar magnitude of inhibition on tyramine-
induced 2-DG uptake (Fig. 5B). All these results strongly
suggested that MAO oxidation of tyramine was involved in
its activation of hexose uptake, but they were not supporting
that tyramine effect was solely depending on either MAO-A
or MAO-B.

So, we included pargyline, a less selective MAO-A/
MAO-B inhibitor in the inhibition experiments taking
into account that MAO-A and MAO-B coexist in human
adipocytes [61] and that tyramine is a substrate for both

—— ins + Ro 411049
= - ins + Ro 166491
—4— tyr + Ro 411049
=4 - tyr + Ro 166491
—&— Ro 411049
=0 - Ro 166491

100 A —
—
75 1
50 A
25 A *% *%
|
0 - o *k * %
-25 — s . .
control -5 -4 -3

log(M) inhibitor

adipocyte preparations, in which tyramine effect reached 34.8 +4.1%
in control condition, without inhibitor. Different from respective con-
trol at: *p <0.05. B Inhibition by the MAO-A inhibitor Ro 41-1049
(black symbols and lines) and the MAO-B inhibitor Ro 16-6491
(open symbols, dotted lines). The inhibitors were tested at doses
increasing from 10 uM to 1 mM on basal (circles), and against 1 mM
tyramine-induced (triangles) or 100-nM insulin-induced (squares)
2-DG uptake. Mean+SEM of 10 to 17 determinations, in which
tyramine effect reached 27.0+£2.7% of insulin effect, without inhibi-
tor. Different from respective control at: **p <0.01
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forms [8]. Since tyramine is a recognized SSAO substrate
in rat [49], a SSAO inhibitor was also tested, alone and in
combination with pargyline. The effect of 1 mM tyramine
on 2-DG uptake was inhibited by 1 mM pargyline, and
practically not by semicarbazide, while a stronger inhi-
bition was found when both inhibitors were combined
(Fig. 6). A mirrored situation was observed for 0.1 mM
benzylamine, which was sensitive to semicarbazide alone
and further blocked by the presence of both inhibitors
(Fig. 6). This latter verification was dealing with the fact
that benzylamine is a SSAO and a MAO-B substrate [19].
Although these inhibitors required millimolar dose to
abolish the actions of amines, it can be noted that they did
not hamper basal or insulin-stimulated glucose transport
(Fig. 6).

Then, BTT 2052, a SSAO blocker of recent generation
[50], was studied. It impaired tyramine action, but mostly
at 1 mM (2-DG uptake was 24 +2.9% with 1 mM tyramine
and 8.6 +£1.7% with tyramine + BTT 2052, when expressed
as percentage of insulin effect; n=4; p <0.01). However
for the lower dose of 100 uM, at which BTT 2052 was
demonstrated to be highly SSAO selective [50], the trend
to impair tyramine-stimulated glucose uptake was not sig-
nificant (19.5+3.0%; NS, not shown).

Taken together, these results indicated that the stim-
ulatory effect of tyramine on hexose uptake was rather
complex, depending on its oxidation by both MAO-A and
MAO-B, and by SSAO to a lesser extend.

Fig.6 A comparison of the
sensitivity of human adipocytes
to pargyline and semicarbazide
of insulin, benzylamine, and
tyramine effects on hexose
uptake. Human adipocytes were
incubated for 45 min in the
presence of the indicated activa-
tors of 2-DG uptake (insulin,
benzylamine, and tyramine)
without (control, open columns)
or with 1 mM pargyline (red
columns), 1 mM semicarbazide
(blue columns), or a combina-
tion of both (purple columns).
Each column is the mean + SEM
of 10 to 20 determinations. Dif-
ferent from respective control
by ANOVA at: *p <0.05;

*#p <0.01; ***p <0.001

125 - O control

100

75

50

25

2-DG uptake, % of insulin effect

@ Springer

Similar sensitivity of tyramine oxidation
and of stimulation of hexose uptake to amine
oxidase inhibitors

It was observed that the inhibition of tyramine oxidation by
human adipose tissue exhibited similarities with the inhi-
bition of its insulin-like action on glucose uptake (Fig. 7).
Whatever the method used for measuring tyramine oxidation
(either by determining the radioactive adehydic products
separated by organic solvent extraction after the oxidation
of ['4C]-tyramine [13], or by quantifying the hydrogen per-
oxide release owing to an Amplex red/horseraddish peroxi-
dase fluorometric detection), the major part of this oxidation
was sensitive to pargyline, and a minor part was inhibited
by semicarbazide. As for tyramine-induced glucose uptake,
the largest impairment of tyramine oxidation was obtained
when both MAO and SSAO inhibitors were present, regard-
less of the method.

Impairment of tyramine stimulation of hexose
uptake by antioxidants and PI3K inhibitor

Mandelic acid, which is the parent molecule of many metabo-
lites of catecholamines and tyramine degradation, was inactive
from 107 to 1073 M on 2-DG uptake (at 1 mM, it produced
2.3 +4.7% of the maximal insulin activation; n=_8; NS). This
was also the case of ammonium chloride (0.3 +6.1% of insu-
lin max effect, n=35; NS). These negative results reinforced
the hypothesis that hydrogen peroxide mediates the tyramine
action of 2-DG uptake. This was further supported when

@ semicarbazide

@ pargyline

@ + parg +semi
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Fig.7 A comparison of the sensitivity to pargyline and semicarbazide
of tyramine oxidation by human adipose tissue homogenates. Oxida-
tion of 1 mM tyramine was performed at 37 °C on 30-min incubation
without (control, open columns), or with 1 mM of pargyline, semicar-
bazide, or pargyline +semicarbazide (parg+semi, purple columns).
Left: aldehydic oxidation products of radiolabeled ['*C]-tyramine

Table 2 Antioxidants and tyramine- or insulin-induced glucose trans-
port in human adipocytes

% of stimulated 2-DG uptake 100 nM insulin 1 mM tyramine
Control 100.0+7.8 36.1+4.6
Ascorbic acid 1 mM 109.7+18.1 12.1+5.0%*
Glutathione 1 mM 102.2+16.6 7.9 £4.9%%*
Acetylcysteine 1 mM 86.0+6.5 10.6 £4.8%**

2-DG uptake was measured after 45-min incubation with the indi-
cated agents and expressed as percentage of the response to 100 nM
insulin alone, which increased fourfold baseline. Mean+SEM of
12—-14 determinations. Difference from respective control by ANOVA
at: **p <0.01; ***p <0.001

considering that the antioxidants, ascorbic acid, glutathione,
and N-acetyl cysteine impaired the tyramine effect on 2-DG
uptake but not that of insulin (Table 2).

Finally, as it was the case for insulin, the impairment
of tyramine-induced glucose transport by the phospho-
inositide 3-kinase inhibitor wortmannin argued indirectly
that a recruitment of glucose transporters at the cell surface
was triggered by exposure to the amine (basal: 0.52 +0.04;
tyramine: 0.77+0.11; 1 mM tyramine+ 1 pM wortmannin:
0.55+06 nmol 2-DG transported/100 mg cell lipids/10 min;
n=15, p<0.05).

M pargyline B semicarbazide M parg + semi

I

hydrogen peroxide

were extracted and counted. Right: hydrogen peroxide was deter-
mined by Amplex Red-based fluorescence. Data are expressed as
percentage of respective product released under control condition.
Mean +SEM of 3 to 5 homogenates. Different from control by #-test
at: **#*p <0.001

Discussion

This study shows that the direct activator effect of tyramine
on glucose uptake, already documented in rat adipocytes
[49] and cardiomyocytes [55], can be extrapolated to human
adipocytes.

Major part of the tyramine-induced glucose transport was
pargyline-sensitive, agreeing with the previously reported
MAO-A involvement in tyramine oxidation in human fat
cells [9]. As for its antilipolytic effect in human fat cells
[12], this insulin-like action of tyramine was only efficient
in the sub-millimolar range and sensitive to MAO inhibitors
and to antioxidants.

However, tyramine behaved slightly differently in human
than in rodent fat cells. First, its modest stimulatory action in
human fat cells was not potentiated by vanadate, a character-
istic that can be extended to many others amine oxidase sub-
strates, such as benzylamine, also able to stimulate glucose
uptake and to inhibit lipolysis in adipocytes of both species
[54, 71]. Second, tyramine activation of glucose uptake was
almost insensitive to SSAO inhibitors in human adipocytes,
while these inhibitors were as capable as MAO inhibitors to
impair its actions in rodent adipocytes [49, 71]. However,
the selective MAO-A inhibitors clorgyline and Ro 41-1049
were not overtly more efficient than MAO-B inhibitors sele-
giline and Ro 16-6491 in blocking the tyramine effect on
2-DG uptake in human fat cells. The resulting “mixed A/B”
effect of tyramine relies with its capacity to be a substrate of
both human MAO-A and MAO-B, leaving less importance
to the fact that human adipocytes express more MAO-A than
MAO-B [61]. On the opposite, tyramine is more readily
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oxidized by AOC2 [31], a minor form of the human copper-
containing amine oxidases, than by the major form, encoded
by AOC3 gene and known as VAP-1, equivalent to SSAO
[16]. Since AOC2 is weakly expressed in human adipose
cells [28], it cannot be excluded that a minor portion of the
observed tyramine oxidation was mediated by this amine
oxidase, therefore justifying why the combination of semi-
carbazide plus pargyline elicited the strongest inhibition of
tyramine-induced hexose transport.

Even if the maximal inhibition with MAO-A inhibitors
or with MAO-B blockers almost reached that obtained with
pargyline plus semicarbazide, additional comments are nec-
essary to complete the data interpretation. All these inhibi-
tors have not been pre-incubated with human fat cells before
the addition of tyramine, while they were co-administered
together with the substrate during a 45-min incubation prior
to 2-DG uptake assays and were thereby tested in a competi-
tive situation. Consequently, any protocol including inhibi-
tor pre-treatment would have facilitated to prevent tyramine
action at lower doses. Whatsoever, the sensitivity to the vari-
ous amine oxidase inhibitors tested contrasted with the lack
of influence of PTX on the tyramine-induced 2-DG uptake.

The protocol of PTX treatment was identical to that pre-
viously reported to abolish the Gi-mediated antilipolytic
effect of phenylisopropyladenosine, nicotinic acid, or bri-
monidine in human adipocytes (mediated by the activation
of the Gi-coupled NIACR1, Al-adenosine and a,-adrenergic
receptors, respectively) [12]. While such treatment increased
basal lipolysis in human adipocytes [12], it did not modify
the 2-DG uptake baseline. Similarly, PTX treatment did not
affect the insulin-stimulated 2-DG uptake. This was also the
case for tyramine, arguing that, similarly to its antilipolytic
actions, the tyramine moderate activation of hexose uptake
was not depending on Gi-coupled mechanisms. The well-
recognized inhibitory effect of IBMX on glucose transport,
traduced here by a tendency to inhibit basal uptake, was also
unaffected by the PTX treatment. This was in agreement
with the demonstration of a direct binding of the methylx-
anthine to the glucose transporters rather than to an inhibi-
tion of phosphodiesterases or adenosine receptors [10, 33].
In these conditions, the lack of influence of PTX treatment
on tyramine ruled out any putative mediation by human
TAARS, the only trace amine receptor that is Gi-coupled
[48]. Additionally, the sensitivity to amine oxidase inhibi-
tors and antioxidants did not render a plausible mediation by
TAARI, which readily binds tyramine, but the expression of
which in human adipose tissue remains under debate [21].

MAO are enzymes involved in biotransformation. How-
ever, all the end-products of tyramine oxidation by adipocyte
amine oxidases, namely hydrogen peroxide, ammonia, and
p-hydroxyphenyl acetic acid that is transformed into man-
delic acid, curiously appear to be more highly reactive mol-
ecules than the tyramine itself. Regardless, only hydrogen
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peroxide was endowed with insulin-like activity in adipo-
cytes [51] and was active in our experiments. A similar lack
of effect of the oxidation products other than hydrogen per-
oxide has been already reported for the inhibition of lipoly-
sis or for the activation of glucose uptake in rat adipocytes
[30, 71]. It remains undetermined why the hydrogen per-
oxide effect — but not that of tyramine — was potentiated
by vanadate, with regard to glucose transport activation in
human fat cells. Since such difference was not present in
rodent adipocytes, it remains to be established what species-
specific mechanisms are involved in the cellular handling of
ROS and vanadium [17].

It also appears unclear why the glucose incorporation into
lipids is poorly sensitive to insulin stimulation in human
adipocytes. The fact that the adipocytes of human adults
exhibit less lipogenic activity from glucose than the adipo-
cytes from young rats has already been reported [32]. We
have also observed that rat adipocytes can readily lose their
insulin lipogenic responsiveness with age and essential fatty
acid deficiency [27]. However, at the present time, it cannot
be assessed that tyramine partially reproduces the lipogenic
effect of insulin in humans. Another limitation of the study
is the lack of study of other insulin-like metabolic responses
such as activation of lactate release, which has been
observed in human adipocytes to limit lipolysis [37]. Inter-
estingly, previous observations made on fat cells from old
rats have shown that tyramine, like insulin, totally reversed
the inhibitory effect of noradrenaline on lactate release [6].
However, since insulin and tyramine did not potentiate their
effects in this model, it can be asked about the interaction
between tyramine and insulin on carbohydrate metabolism
in human fat cells. Only quantitative analyses of the fate of
radiolabeled glucose and its metabolites, such as those per-
formed on rat adipocytes [29], could determine the actual
role of tyramine in the handling of glucose load by human
adipocytes.

Regarding the physiological relevance of our in vitro
observations, another limitation arises considering that
tyramine pharmacokinetics have shown a maximal plasma
concentration of approximately 0.2 uM in humans after
200 mg tyramine ingestion [68]. This issue has already
been discussed when we reported the antilipolytic effect
of tyramine in human adipocytes [12], which occurs in
the same sub-millimolar range concentration. Not only the
targets of tyramine are multiple since it is a catecholamine
releaser, a substrate of various amine oxidases and an ago-
nist at TAARs, but also its metabolic pathways are inas-
much complex once tyramine, together with other dietary
amines, are ingested and facing to the intestinal microbiota
[47]. These aspects are beyond the scope of the present
approach limited to in vitro experiments. Nevertheless, it is
worth mentioning that tyramine urinary concentrations were
significantly reduced in patients with metabolic syndrome
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compared to controls in a recent metabolomic study on a
total of 48 subjects [59]. This might suggest an indirect link
between tyramine metabolism and glucose handling.

Even when refocusing on the direct putative effects of
tyramine on adipose tissue, this issue deserves further stud-
ies, especially when considering that numerous insulin-like
agents, which facilitate in vitro glucose utilization, also
hamper the actions of the pancreatic hormone when com-
bined with it. Further studies dealing with the influence of
tyramine on adipose tissue are also necessary because of the
discrepancy between contradictory results about its meta-
bolic actions. Indeed, the present results contrast with those
reporting a pro-lipolytic effect of 50 uM tyramine in rat
adipocytes when prestimulated by forskolin or isoprenaline
[62]. Similarly, the effects of tyramine on vascular reactiv-
ity around adipose depots are also controversial. The amine
has been demonstrated to increase noradrenaline release
from rat renal perivascular adipose tissue and to increase
the contraction of renal arteries [63]. Conversely, the same
perivascular adipose tissue has been proposed to contribute
to an anti-contractile effect under the influence of tyramine
on noradrenaline uptake and metabolism [4]. At least, the
present study confirmed that the capacity of high doses
of tyramine to activate glucose uptake in rodent fat cells
was applicable to humans. In view of (1) the presence of
tyramine in daily consumed food items or beverages [3, 39]
and (2) the beneficial effects of tyramine in the metabolic
and immune responses of prawns to deleterious challenges
[36], it is still pertinent to unravel the roles played by this
molecule on the vascular reactivity as well as on carbohy-
drate and lipid metabolisms in the consumers.
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