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Abstract

Quinine consumption has been shown to reduce appetite and food intake in human and mice. Here, tested on
two common mouse strains, C,H/lbg and C57BL/6J, it exerted a different effect. While quinine reduced weight gain
in C,H/Ibg mice, C57BL/6J were unaffected by the bitter molecule. Among the differences between the two strains,
C57BL/6J present a blunted Melatonin production. In this study, we investigate if endogenous Melatonin is playing
any role in the different response of C57BL/6J mice to quinine. The effect of dietary supplementation with Melatonin
as well as of endogenous gastrointestinal and pineal produced Melatonin was investigated by supplementing
quinine diet with pure Melatonin, L-Tryptophan or by reversion of light/dark cycle, respectively. The consumption of
Melatonin reverts the phenotype and makes C57BL/6J mice sensitive to quinine. Similarly, quinine potency in C,H/
Ibg mice augments upon supplementation with exogenous Melatonin or upon increase of Melatonin endogenous
levels. In vivo, as well as in in vitro cell cultures, Melatonin Receptor modulation inhibits quinine dependent secretion
of Ghrelin, while potentiates quinine dependent secretion of Cholecystokinin. Acting via Melatonin Receptors,
Melatonin tunes the effect of quinine, reducing and potentiating its effect in enteroendocrine cells of the upper and
the lower digestive tract, respectively. Our results indicate that signaling pathways activated by Melatonin tunes the

activity of Bitter Receptors located in the gastrointestinal tract.

Keywords: Melatonin; Quinine; Melatonin receptor; Bitter taste
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Introduction

Quinine is a bitter tasting molecule extracted from the bark of the
cinchona tree and commonly used as food additive to flavor tonic water
and bitter lemon.

Like most of the bitter tastants, quinine binds to the members of
the Bitter Taste Receptor Family (TAS2Rs), a family of GPCR expressed
in taste receptor cells (TRCs) of the oral cavity [1]. TAS2Rs recognize
bitter molecules (mostly alkaloids) and warn from the ingestion of these
potentially toxic exogenous substances [2]. More TAS2Rs coexist in the
same TRC and trigger a unique intracellular response independently
from the nature of the bitter tastant [3-5]. Ligand binding activates
heterotrimeric G proteins (Gustducin or Transducin), stimulates
Phospholipase C 2 (PLC-B2) and synthesis of Inositol-3-phosphate
(IP3), ultimately resulting in the release of Ca** from internal stores
and secretion of neurotransmitters. Some TAS2Rs are broadly tuned
and bind to a wide range of structurally distinct compounds, while
others are more narrowly tuned. Quinine has been shown to bind and
stimulate the activity of 9 members of the TAS2Rs family.

TAS2Rs are not only expressed in TRCs but also in lungs, brain
and testis [6-12]. Recently, several TAS2Rs, including those binding to
quinine, have been shown to be expressed in the enteroendocrine cells
(EECs) of the Gastrointestinal (GI) Tract [13-16]. In EECs, TAS2Rs
stimulation by bitter tastants induces secretion of gut hormones like
Ghrelin, Cholecystokinin and affects gastric mobility [17-20].

It has been widely demonstrated that consumption of quinine affects
appetite in human and rodents and affect body weight gain in mouse
and rats [21,22]. Quinine effect on food intake goes beyond palatability
or aversion to the bitterness of the molecule and mostly relies on the
signaling elicited upon quinine binding to TAS2Rs localized in EECs
[20]. In virtue of the peculiar ability of quinine to induce weight loss,
extracts from cinchona tree can be allocated among those nutraceuticals
endowed with anti-obesity potential.

In order to identify the quinine dosage necessary to achieve maximal
reduction of weight gain, we planned a dose-response analysis of the
effect of quinine on two common mouse strains, namely C,H/Ibg and
C57BL/6]. In our study, the two mouse strains responded differently to
quinine consumption. Quinine supplemented food affected weight gain
of C,H/Ibg but not of C57BL/6] mice.

We here show that one the reason behind the different response of
C57BL/6] mice is their inability to produce Melatonin and prove, to the
best of our knowledge for the first time, the existence of an interplay
between TAS2Rs’ and Melatonin signaling.

Materials and Methods

Reagents

Chemicals and reagents used were HPLC grade. Melatonin and
L-Tryptophan were from FARMALABOR (Italy). Quinine-HCIl and
Luzindole were from AlfaAesar (U.K). Mother stock solutions of the
compounds were dissolved in absolute ethanol or water.

Animals

All experiments were performed according to Italian legislation for
the protection of animals. C57BL6/J and C,H/Ibg mice were purchased
from Charles River (Germany). All experiments were performed with
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3.3 months old mice. Twenty-four groups of 8 mice each were studied.
Animals were housed under conventional conditions with access to
food and water as described in the text. For study 1, mice were fed
a AIN 93 G diet supplemented or not with 0.1% or 0.01% quinine
HCI for 80 days. For study 2, beverages were supplemented with
Melatonin [2.4mg/Kg/die]. For study 4 beverages were supplemented
with L-Tryptophan [0.4g/Kg/die]. Body weight and body composition
were measured throughout the study. No blinding was done and no
randomization was used. For study 5, overnight-fasted C,H/Ibg mice
received an intra-gastrically gavage of either 200 pL of sterile H,O or
of quinine HCI (0.1% w/v). At the indicated time points, mice were
anesthetized with 3% isoflorane and blood was collected from the
abdominal aorta for measurement of Ghrelin and Cholecystokinin
levels. C,H/lbg mice from study 1-3 were used for study 5 as described
in the text.

Cell cultures

CaCo-2, and AGS cells were grown in DMEM (#41965-039,
GIBCO, Thermo Fisher Scientific) supplemented with 10% FBS
(#10270, GIBCO), Glutamax (#35050-061, GIBCO) and Pen/Strep
(#15070-063, GIBCO). When indicated media were replaced with
serum-free medium containing Melatonin (1uM), quinine (1 mM)
and/or Luzindole (10 pM) or a combination of them. After 6 hours
of treatment 200 pl of tissue supernatants were transferred to ELISA
NUNC Maxisorb plates for 16 hours at 4°C and processed to measure
Ghrelin and Cholecystokinin levels.

ELISA: Ghrelin and Cholecystokinin measurements in tissue
supernatant and blood samples were performed using a Human
Ghrelin ELISA KIT ( Millipore) and a Human CCK ELISA KIT
(Sigma), respectively. Anti-Ghrelin antibody (SantaCruz (California)
was used at the dilution of 1:250 and anti-Cholecystokinin (SantaCruz
(California) was used at the dilution of 1:250.

Statistical analysis

Results are presented as means + S.E.M. Data were analyzed
with ANOVA test followed by a Tukey-Kramer post hoc test for the
estimation of stochastic probability in intergroup comparisons (PRISM
6.0). Significance was accepted at the 5% level.

Results

Quinine affects weight gain and fat mass in C,H/Ibg but not
in C57BL/6] mice (study 1)

Male C57BL/6] and C,H/Ibg mice were fed quinine supplemented
pellets for 80 days. Quinine percentage in the food was 0.01% w/w
(which is the highest concentration allowed in drinks for human
consumption) or 0.1% w/w [21,22]. 0.01% quinine had no effect on
the body weight, independently from the mouse strain tested (Figure
1A-1B). On the contrary, at the dosage of 0.1% w/w, quinine affected
body weight gain of C,H/Ibg but not of C57BL/6] mice (Figure 1A-1B).
Compared with C,H/Ibg mice consuming a regular diet, C,H/Ibg mice
consuming 0.1% quinine supplemented diet gained less body weight
(5.20 + 0.30 g vs. 3.40 + 0.21 g; p<0.05, Figure 1A) and less fat mass
(5.10 + 0.20 g vs. 2.10 + 0.17 g; p<0.05, Figure 1C). On the contrary,
there was no significant difference in lean mass between C,H/Ibg
mice fed a normal or a 0.1% quinine diet (Figure 1D). No significant
differences could be measured in body weight, fat mass or lean mass
(data not shown) between C57BL/6] mice consuming regular diet and
those consuming quinine supplemented diet (Figure 1B).

The absence of Melatonin contributes to explain the different
response of C57BL/6] mice to quinine (study 2)

Despite C,H/Ibg and C57BL/6] derive from the same inbred
C57BL/6 strain, they differ on many phenotypes [23,24]. Filtering their
differences using keywords linked to food consumption, it came out
that one of these differences is that C,H/Ibg strain produces a proficient
level of Melatonin, while the second presents a blunted Melatonin
production. This arises as consequence of a mutation occurring in
C57BL/6] mice and abolishing the expression of Arylalkylamine
N-acetyltransferase a key enzyme in the Melatonin synthesis [25].
Since Melatonin has been already involved in energy expenditure and
body weight regulation, we thought it could have been interesting to
verify if Melatonin was contributing to the different response of the
two strains [26-28].

To demonstrate that the different responses of the two strains
could partially depend on the absence of endogenous Melatonin,
beverages of C57BL/6] mice were supplemented with Melatonin
(final concentration of 2.5mg/kg/day). In the presence of Melatonin,
C57BL/6] mice consuming 0.1% quinine supplemented diet for 80
days had lower body weight than C57BL/6] fed a 0.1% quinine diet and
receiving unsupplemented beverages (3.15 + 0.40 g vs. 5.00 £ 0.38 g;
p<0.05, (Figure 2A)).

Interestingly, in the presence of Melatonin, C57BL/6] mice
consuming 0.01% quinine supplemented diet gained less weight
compared to those receiving 0.01% quinine andt unsupplemented
beverages (2.89 + 0.30 g vs. 5.70 = 0.38 g p<0.05, Figure 2A). The
presence of Melatonin in the beverages positively influenced C,H/Ibg
mice responses to quinine as well. In the presence of the Melatonin,
C,H/Ibg mice consuming 0.01% quinine supplemented diet had lower
body weight than those fed a 0.01% quinine diet and unsupplemented
beverages (4.00 £ 0.28 vs. 5.00 + 0.18, p<0.001, Figure 2A-2B). Our data
thus suggest that Melatonin reverts the phenotype of C57BL/6] mice
and, independently from the strain, it potentiates the effect of a low
dosage quinine diet.

Endogenous pineal Melatonin influences responses to quinine
(study 3)

Similarly to human, endogenous Melatonin production in
laboratory mice, like C,;H/Ibg, is triggered by darkness (pineal gland
production) [29]. More precisely, Melatonin levels in C,H/Ibg have
been finely analyzed and shown to peak at two hours before dawn.
To monitor the contribution of pineal gland produced endogenous
Melatonin on quinine activity, C,H/Ibg mice were maintained on either
a normal 12 h light/12 h dark cycle (lights on 09:00 a.m. to 09:00 p.m.)
or a reverse 12 h dark/12 h light cycle (lights on 09:00 p.m. to 09:00
a.m.). Both groups were fed at 06:00 p.m. and allowed to access food
for 12 hours. Quinine affected body weight of mice maintained in the
reversed light/dark cycle more than those maintained at normal light/
dark cycle. C,H/Ibg mice maintained in the reversed light/dark cycle
and consuming 0.01% quinine supplemented diet gained less body
weight (4.50 £ 0.30 g vs. 5.10 = 0.20 g p<0.05, Figure 3A) than mice
kept at normal light/cycle. There was no significant difference in body
weight of C,H/Ibg fed a normal diet and maintained under normal
or reversed light/dark cycle. Similarly, we did not register significant
differences in body weight of C57BL/6] mice (either in the presence or
in the absence of quinine) maintained under normal or reversed light/
dark cycle (data not shown).
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Figure 1: Effect of quinine on body weight gain in mice. Body weight increase (expressed in grams) of C3H/Ibg (A) and C57BL/6J (B) mice receiving for 80 days
pellets supplemented with the indicated amount of quinine (expressed as % w/w of total food). Fat mass (C) and lean mass (D) of C3H/Ibg mice receiving pellets
supplemented or not with the indicated amount of quinine. (Values are reported as mean + S.E.M, n=8 ('P<0.05)).

Endogenous GI Melatonin influences responses to quinine
(study 4)

Melatonin is synthesized in EECs throughout the gut, and these
cells have been reported to be the major source of L-Tryptophan
(L-Trp) induced increase of circulating Melatonin [30,31]. Production
is controlled by feeding and is increased by meal enriched in L-Trp,
the Melatonin precursor. Oral administration of L-Trp caused a rapid
and dose-dependent elevation of circulating Melatonin in murine
models [32]. In the GI, Melatonin acts as paracrine gut hormone

even if the consequence of its activity is far from being clear and
fully elucidated [29]. To monitor the contribution of GI produced
endogenous Melatonin on quinine effect, beverages of C,H/Ibg mice
were supplemented with L-Trp (0.4 g/kg/die). In the presence of
L-Trp, quinine affected mice body weight more than those receiving
unsupplemented water as beverage. As seen in study 3, in the presence
of L-Trp, the 0.01% quinine diet exerted an appreciable effect on body
weight. C,H/Ibg mice fed a 0.01% quinine diet and L-Trp gained less
weight (4.30 £ 0.58 g vs. 5.00 + 0.18 g p<0.05, Figure 3B) than those fed
a 0.01% quinine diet and receiving unsupplemented beverages. L-Trp
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Figure 2: Melatonin reverts the phenotype of C57BL/6J mice. Body weight increase (expressed in grams) of C3H/Ibg (A) and C57BL/6J (B) mice receiving
for 80 days pellets supplemented with the indicated amount of quinine (expressed as % w/w of total food). When indicated mice were watered with Melatonin
containing beverages (2.5mg/kg/day). (Values are reported as mean + S.E.M, n=8 ('P<0.05)).
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Figure 3: Endogenously produced Melatonin potentiates quinine effect on C57BL/6J mice weight increase. Body weight increase (expressed in grams) of C3H/
Ibg mice receiving for 80 days pellets supplemented with the indicated amount of quinine (expressed as % w/w of total food). When indicated beverages were
supplemented with L-Trp (0.4mg/kg/day). When indicated mice were kept in a reverse light dark cycle. (Values are reported as mean + S.E.M, n=8 (‘P<0.05)).

did not affect body weight of C,H/Ibg maintained under normal diet.
Similarly, we did not register significant differences in body weight of
C57BL/6] mice (both in the presence and in the absence of quinine)
maintained under unsupplemented or L-Trp supplemented beverages
(data not shown).

Melatonin tunes bitter-induced gut hormone secretion

To monitor the effect of quinine and Melatonin on gut hormones
levels in blood, CH3/lbg mice received an intragastric gavage of
a solution of 0.1% quinine supplemented or not with Melatonin.
Compared to gavages of pure water, mice receiving 0.1% quinine
presented increased level of both Ghrelin (1h upon gavage, 1480 + 90
pg/ml vs. 1990 + 130 pg/ml; p<0.05, Figure 4A) as well as in CCK blood
levels (2h upon gavage, 200 + 60 pg/ml vs. 820 + 60 pg/ml; p<0.05,Figure
4B), as already shown [17]. Mice receiving a solution containing only
Melatonin showed no significant differences in Ghrelin and CCK
blood level compared to control mice (medians of 1520 + 190 pg/ml
and 330 + 60 pg/ml for Ghrelin and CCK, respectively). Surprisingly,
intragastric gavage of a solution 0.1% quinine supplemented with
Melatonin resulted in Ghrelin and CCK blood levels diminished and
increased, respectively (medians of 1480 + 160 pg/ml and 1130 + 60 pg/
ml for Ghrelin and CCK, respectively).

These results seem to indicate that, at least in C3H/lbg mice,
Melatonin potentiates quinine dependent CCK secretion, while
reduces quinine dependent Ghrelin secretion.

Melatonin receptor influences TAS2R receptor activity in
cultured cells

Melatonin signaling acts via MNTRIA and MNTRIB, two
Melatonin Receptor localized on the Plasma Membrane of the cells
[33,29]. Melatonin binding to MNTRs has been shown to reduce cAMP
levels by activation of inhibitory heterotrimeric Go/i proteins as well
to stimulate Inositol-3-phosphate (IP3) by activation of Gq proteins.
The outcome of Melatonin stimulation is often cell dependent, with
cells particularly enriched in MNTR1A primarily linked to inhibitory
signaling while MNTRI1B expressing cells activating the Gq pathway
[34-36].

We thought that a possible biochemical explanation for Melatonin
and quinine interplay could have been a crosstalk between their cognate
receptors MNTRs and TAS2Rs. To test this hypothesis we moved to in
vitro models of GI cells.

Human gastric adenocarcinomas AGS cells express TAS2Rs and
have been shown to respond to stimulation by secreting Ghrelin [37].
Moreover, they express MNTRs and thus represents a suitable in vitro
biological system for our analysis [38,39]. As expected, treatment with
quinine induced Ghrelin secretion in AGS cells (Figure 4C). However,
Ghrelin secretion was inhibited when quinine was supplemented
together with Melatonin. To prove Melatonin effect on quinine activity
being dependent on MNTRS’ activity, we pre-incubated AGS cells
with Luzindole, a Melatonin Receptor inhibitor. In the presence of
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Figure 4: Melatonin tunes quinine dependent gut hormones secretion in vivo and in vitro. (A-B). Ghrelin (A) and of CCK (B) blood levels in C3H/Ibg mice receiving
intragastric gavages of 0.01% quinine and/or 1 yM Melatonin. (C-D) Increase in the amount of gut hormones secreted by AGS (C) and CaCo-2 (D) cells upon
stimulation with 1 mM quinine, 1 yM Melatonin, 10 uM Luzindole or combinations of them. (Values indicate the fold increase in gut hormone secretion compared
to untreated cells (-). Fold increase are reported as mean + S.E.M., n=3 ('P<0.05)).
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the presence or in the absence of Melatonin. These data all suggest that
supplementation of quinine does not affect food intake permanently.

Discussion and Conclusion

Sensory receptors localized on taste buds couple toxic compounds
binding to a bitter sensation. This represents, undoubtedly, a successful
strategy to avoid noxious food ingestion. While i) TAS2Rs localization
in EECs and ability to accelerate ii) gastric emptying and iii) secretion
of satiety hormones can all be explained as an additional level of
defense against intoxication, the real function of bitter receptors
in the GI is not yet complete. It is nowadays widely accepted that is
necessary to attribute more than a simple sensory activity to TAS2Rs
and start reconsidering their function in the context of non-gustatory
environments [12,18,19].

Consumption of the bitter molecule quinine has been shown to
reduce appetite and food intake in humans. In virtue of this activity,
extracts from cinchona tree can be allocated among those supplements
endowed with anti-obesity potential. Here, while trying to identify
a plausible explanation for the different response to quinine of two
mouse strains, we ended up proving that Melatonin and quinine have
a synergistic effect on weight gain reduction in mice. According to our
data, this is due to an in vivo interplay between Melatonin and TAS2Rs.
Considering the plethora of different signaling pathways controlling
the activity of receptors localized on the EECs and orchestrating gut
hormone secretion in the G.I, an analysis of the signaling network
linked to TAS2Rs will definitely help to clarify the scenario in which
these receptors act. Upon binding to MNTRs, Melatonin potentiates
quinine dependent release of the satiety hormone CCK, while inhibits
quinine dependent release of the appetite hormone Ghrelin. The
different outcome of the synergism between Melatonin and Quinine
is intriguing and definitely worthy of further investigation. It could be
possible to envisage, however, that the different G proteins involved
in the signaling elicited by MNTRs might play a role in the different
influence that Melatonin/quinine synergism may exert on CCK and
Ghrelin secreting EECs, respectively.

The overall outcome of our research is that Melatonin potentiates
quinine effect on weight gain reduction in mice. Melatonin has been
already involved in energy expenditure and body weight regulation
[28]. Melatonin inhibits release of insulin from pancreatic B-cells
[41]. Pinealectomy in rats causes body weight gain while, on the
contrary, selective agonists of MTNRs like piromelatine (NEU-P11)
and Ramelteon, body weight loss [42]. Our data suggest that the
consumption, in combination, of alimentary doses of quinine
(0.01% w/w, which is the concentration allowed in drinks for human
consumption) and Melatonin could represent a useful dietary
supplement to control compulsive hunger and weight gain in people
affected by obesity, nocturnal food craving, and other food-related
diseases.
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