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Metformin Promotes Anxiolytic and Antidepressant-Like
Responses in Insulin-Resistant Mice by Decreasing
Circulating Branched-Chain Amino Acids
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Epidemiological studies indicate that insulin resistance (IR), a hallmark of type 2 diabetes, is associated with an increased risk of major
depression. Here, we demonstrated that male mice fed a high-fat diet (HFD) exhibited peripheral metabolic impairments reminiscent of
IR accompanied by elevated circulating levels of branched-chain amino acids (BCAAs), whereas both parameters were normalized by
chronic treatment with metformin (Met). Given the role of BCAAs in the regulation of tryptophan influx into the brain, we then explored
the activity of the serotonin (5-HT) system. Our results indicated that HFD-fed mice displayed impairment in the electrical activity of
dorsal raphe 5-HT neurons, attenuated hippocampal extracellular 5-HT concentrations and anxiety, one of the most visible and early
symptoms of depression. On the contrary, Met stimulated 5-HT neurons excitability and 5-HT neurotransmission while hindering
HFD-induced anxiety. Met also promoted antidepressant-like activities as observed with fluoxetine. In light of these data, we
designed a modified HFD in which BCAA dietary supply was reduced by half. Deficiency in BCAAs failed to reverse HFD-induced
metabolic impairments while producing antidepressant-like activity and enhancing the behavioral response to fluoxetine. Our
results suggest that Met may act by decreasing circulating BCAAs levels to favor serotonergic neurotransmission in the hippocam-
pus and promote antidepressant-like effects in mice fed an HFD. These findings also lead us to envision that a diet poor in BCAAs,
provided either alone or as add-on therapy to conventional antidepressant drugs, could help to relieve depressive symptoms in
patients with metabolic comorbidities.
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Significance Statement

Insulin resistance in humans is associated with increased risk of anxiodepressive disorders. Such a relationship has been also
found in rodents fed a high-fat diet (HFD). To determine whether insulin-sensitizing strategies induce anxiolytic- and/or
antidepressant-like activities and to investigate the underlying mechanisms, we tested the effects of metformin, an oral antidia-
betic drug, in mice fed an HFD. Metformin reduced levels of circulating branched-chain amino acids, which regulate tryptophan
uptake within the brain. Moreover, metformin increased hippocampal serotonergic neurotransmission while promoting
anxiolytic- and antidepressant-like effects. Moreover, a diet poor in these amino acids produced similar beneficial behavioral
property. Collectively, these results suggest that metformin could be used as add-on therapy to a conventional antidepressant for
the comorbidity between metabolic and mental disorders.
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Introduction
Insulin resistance (IR), defined as declined sensitivity of tissues to
the action of insulin, is associated with the development of seri-
ous health concerns such as overweight, hypertension, hyperlip-
idemia, cardiovascular disease, and type 2 diabetes (T2D).
Evidence also suggests the existence of a positive correlation be-
tween IR and major depression (Rasgon and Kenna, 2005). In-
deed, the induction of IR in rats or mice, using prolonged
exposure to high-fat diet (HFD), causes some hallmark symp-
toms of depression including anxiety, anhedonia, and despair
(Miyata et al., 2004; Ho et al., 2012; André et al., 2014; Gupta et
al., 2014; Dutheil et al., 2016; Yang et al., 2016; Zemdegs et al.,
2016; Hassan et al., 2018) and exacerbates behavioral abnormal-
ities observed in animal models of depression (Abildgaard et al.,
2011; Liu et al., 2014).

Although the neurobiological mechanisms underlying the re-
lationship between IR and depression have yet to be identified,
impairments of brain plasticity have been incriminated. In hu-
mans, associations between the severity of IR and the reduction of
brain volume have been unveiled (Last et al., 2007; Phillips et al.,
2018). In keeping with these results, mice or rats developing IR
display deficits in adult hippocampal neurogenesis (Lindqvist et
al., 2006; Stranahan et al., 2008; Lang et al., 2009; Park et al., 2010)
in a manner similar to that observed in animal models of depres-
sion (Surget et al., 2008; David et al., 2009). In marked contrast,
insulin-sensitizing strategies exert neuroprotective/neurotrophic
effects in rodents (Zhong et al., 2018). This has been reported
with the antidiabetic agents liraglutide, glyburide, and metformin
(Wang et al., 2012; Su et al., 2017; Weina et al., 2018). Given the
beneficial role of the serotonin (5-HT) system in the enhance-
ment of brain plasticity (Quesseveur et al., 2013), the possibility
that deficits in 5-HT neurotransmission underlie the comorbid-
ity between T2D/IR and depression, has been raised. Consistent
with this hypothesis, decreased levels of tryptophan were detected
in the CNS of patients with T2D (Kloiber et al., 2010; Herrera-
Marquez et al., 2011) or in rodents fed an HFD (Kim et al., 2013;
Derkach et al., 2015). Using intracerebral microdialysis, we
showed that mice fed an HFD displayed lower basal hippocampal
extracellular 5-HT concentrations (Zemdegs et al., 2016). Exag-
gerated stimulation of the monoamine oxidase activity—the en-
zyme responsible for 5-HT degradation— or the indoleamine
2,3-dioxygenase—the enzyme that metabolizes tryptophan along
the kynurenine pathway—are putative explanations for such
neurochemical changes (André et al., 2014; Dinel et al., 2014;
Gupta et al., 2014). We recently proposed that an increased sen-
sitivity of inhibitory somatodendritic 5-HT1A autoreceptors in
the dorsal raphe (DR) could be an alternative mechanism by

which IR might hinder hippocampal serotonergic transmission
(Zemdegs et al., 2016). Despite these possibilities, the role of
branched-chain amino acids [BCAAs; leucine (Leu), isoleucine
(Ile), and valine (Val)] in the relationship between IR and brain
extracellular 5-HT concentrations is gaining interest. Indeed, el-
evated circulating BCAA levels predict the severity of IR (New-
gard et al., 2009; Gannon et al., 2018) while limiting the uptake of
tryptophan into the brain through the blood– brain barrier
(BBB) by the large neutral amino acid transporter 1 (LAT1;
Pardridge, 1998). Thus, the rate of 5-HT production may be
affected by BCAAs, thereby leading to anxiodepressive symp-
toms, as shown in clinical (Fellendorf et al., 2018) and preclinical
studies (Coppola et al., 2013; Scaini et al., 2014; Asor et al., 2015).

On this backdrop, the present study determined whether met-
formin (an insulin-sensitizing drug belonging to the class of bi-
guanides) exerts beneficial effects on glucose metabolism, on the
electrical activity of DR 5-HT neurons, on the 5-HT release at the
nerve terminals, and on emotional behavior in a mouse model of
comorbid T2D/IR and depression. Moreover, given the associa-
tion among BCAAs, IR, and depression, and in light of their
negative impact on 5-HT neurotransmission, we also tested the
possibility that the antidepressant-like effects of metformin rely
on an attenuation of circulating BCAA levels.

Materials and Methods
Animals, diets, and drugs. The 5- to 7-week-old C57BL/6J male mice
(Elevages Janvier Farms) were housed four to five mice per cage under
standard conditions with a 12 h light/dark cycle. After 1 week of acclima-
tization, mice were randomly assigned to receive free access to a standard
diet (STD; STD A04, SAFE), an HFD (D12451, Research Diets) or a
half-BCAA-HFD (HFD-BCAA �/�; MD.1610 version, ENVIGO) up to
16 weeks (Table 1). We ensured that tryptophan quantity, the precursor
for 5-HT synthesis, was equivalent between STDs and HFDs. In a specific
experiment, STD and HFD mice were chronically administered with the
insulin-sensitizing agent metformin at the active dose of 300 mg/kg/d
(Sigma-Aldrich) or the selective serotonin reuptake inhibitor (SSRI) flu-
oxetine (Flx) at a dose of 18 mg/kg/d (Biotrend Chemikalien). Both drugs
were dissolved and given in the drinking water. The water consumption
per mouse per day (24 h) was monitored during the course of treatments.
Because daily water consumption might have differed between STD and
HFD mice, metformin and fluoxetine concentrations in drinking water
were adjusted accordingly to achieve comparable dosing. The purpose of
giving the metformin and fluoxetine in drinking water was to maintain a
constant level of these pharmacological compounds. For example, met-
formin is typically given to patients in an extended-release form so that
its effects can be sustained over long durations. All experimental proce-
dures were conducted in accordance with the European directive 2010/
63/UE and were approved by the French Ministry of Research and local
ethic committees (C2EA Grand Campus de Dijon N°105, APAFIS
#12342-2017082111489451 v6, and CE2A Université de Bordeaux N°50,
Apafis #8928).
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Table 1. Composition of the standard and high-fat diets

Diet composition STD HFD
HFD-
BCAA �/�

HFD-
BCAA �/�

Proteins (kcal%) 26 20 20 19
Carbohydrates (kcal%) 60 35 34 35
Lipids (kcal%) 3 45 46 46
Amino acids (g/kg)

BCAAs
Leucine 18.7 18.7 18.7 9.35
Isoleucine 11.7 11.7 11.7 5.85
Valine 14 14 14 7

Tryptophan 1.9 2.1 2.3 2.3
Energy content (kcal/kg dry diet) 2790 4720 4570 4590
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Metabolic parameters: glucose tolerance test. Animals were individually
housed, weighed, and fasted for 5 h with free access to water. Blood
glucose level was measured from tail prick (Accu-Chek Performa Glu-
cometer, Roche) at 0 min (basal), 15, 30, 45, 60, 90, and 120 min after the
administration of glucose (2 g/kg) in an intraperitoneal glucose tolerance
test (ipGTT). During ipGTT, the area under the curve (AUC) was calcu-
lated using the coordinate axis set at 100. For plasma insulin levels, blood
samples were collected through tail prick in heparinized capillary tubes
(Microvette CB 300 K2E, Sarstedt). Blood was centrifuged (10,000 rpm;
10 min), and plasma was collected and stored at �80°C before analysis.
Insulin was measured using the AlphaLISA method, according to man-
ufacturer instructions (human insulin kit; catalog #AL204C, PerkinEl-
mer). The homeostasis model assessment (HOMA) of IR (HOMA-IR)
scores were calculated from glucose and insulin concentrations obtained

from mice after 5 h of fasting. The following
equation was used: fasting blood glucose (in
milligrams per deciliter) � fasting insulin (in
nanograms per milliliter)/405. HOMA-IR
�2.8 represents an insulin resistance state
(Matthews et al., 1985).

Plasma amino acids analysis. The BCAA con-
centration from plasma samples was measured
using a BCAA (leucine, isoleucine, and valine)
assay kit (catalog #MAK003, Sigma-Aldrich)
according to manufacturer instructions using a
coupled enzyme reaction, which results in a
colorimetric (450 nm) product, proportional
to the BCAA present.

In vivo single-unit recordings of 5-HT neu-
rons in the dorsal raphe nucleus. Mice were
anesthetized with chloral hydrate (400 mg/kg,
i.p.) and placed in a stereotaxic frame with the
skull positioned horizontally. To maintain a
full anesthesia, chloral hydrate supplements of
100 mg/kg, i.p., were given as needed. Extracel-
lular recordings in the DR were performed
using single glass micropipettes (Stoelting Eu-
rope) pulled on a pipette puller (Narishige)
and preloaded with a 2 M NaCl solution (im-
pedances from 2.5 to 5 M�). Micropipettes
were positioned 0.2– 0.5 mm posterior to the
interaural line on the midline and lowered into
the DR, attained at a depth between 2.5 and 3.5
mm from the brain surface. 5-HT neurons
were identified using the following criteria: a
slow (0.5–2.5 Hz) and regular firing rate and a
long-duration positive action potential. In
each mouse, several tracts were performed to
measure the spontaneous firing rate of DR
5-HT neurons. Firing rates were determined by
monitoring the average discharge frequency of
DR 5-HT neurons under each experimental
condition. The number of neurons recorded
per track was also determined.

Brain slice patch-clamp recordings of DR
5-HT neurons. Patch-clamp recordings were
performed on brain slices from Pet1-cre-
mCherry mice obtained by crossing Pet1-cre
mice (a gift from Dr. P. Gaspar, Institut du
Fer à Moulin, Inserm, UMR-S 839, Paris,
France; Kiyasova et al., 2011) with B6.Cg-
Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J mice
(The Jackson Laboratory). Briefly, 4-month-
old mice fed an STD or HFD for 16 weeks were
intracardially perfused during the killing of the
mice (exagon/lidocaine, 300/30 mg/kg, i.p.)
with ice-cold NMDG solution [containing the
following (in mM): 1.25 NaH2PO4, 2.5 KCl, 7
MgCl2, 20 HEPES, 0.5 CaCl2, 28 NaHCO3, 8
D-glucose, 5 L(�)-ascorbate, 3 Na-pyruvate, 2

thiourea, 93 NMDG, and 93 HCl 37%; pH 7.3–7.4, osmolarity, 305–310
mOsM]. Brains were quickly removed, and 250 �m slices containing the
DR were prepared with a vibratome (catalog #VT1000S, Leica) in ice-
cold oxygenated NMDG solution before recovery for 12–15 min into at
34°C in the oxygenated NMDG solution. Slices were then transferred at
room temperature into an aCSF solution [containing the following (in
mM): 124 NaCl, 2.5 KCl, 1.25 NaH2PO4, 2 MgCl2, 2.5 CaCl2, 2.5
D-glucose, and 25 NaHCO3; pH 7.3–7.4, osmolarity, 305–310 mOsM] for
at least 1 h.

Slices were transferred in the recording chamber placed under a mi-
croscope (Nikon) outfitted for fluorescence and IR-differential interfer-
ence contrast video microscopy and perfused with oxygenated aCSF at
2–3 ml/min in the recording chamber. Viable DR 5-HT neurons were

Figure 1. Chronic administration of metformin reverses HFD-induced glucose metabolism impairment. Two groups of mice
were fed an HFD for 16 weeks and chronically treated with Met (300 mg/kg) or its Veh in the drinking water for the last 4 weeks. The
control group of mice was fed an STD and administered the Veh. A–H, Data are the mean � SEM of body weight from week 0 to
week 16 (A), final body weight (F(2,27) � 10.4; p � 0.0004; B), fluid intake (C), basal fasting glycemia (F(2,27) � 23.9; p � 0.0001;
D), basal fasting insulinemia (F(2,27) � 10.1; p � 0.0008; E), HOMA-IR (F(2,27) � 11.2; p � 0.0005; F ), and glucose tolerance in
response to the intraperitoneal administration of glucose (for AUC0 –120: F(2,27) � 24.9; p � 0.0001; 2 g/kg; G, H ). n � 10
mice/group. *p � 0.05 and ***p � 0.001: significantly different from the STD-Veh group. #p � 0.05 and ###p � 0.001:
significantly different from the HFD-Veh group.
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visualized with a fluorescence video camera (Nikon). Borosilicate pi-
pettes (4 – 6 M�; outer diameter, 1.5 mm; Sutter Instrument) were filled
with an intracellular solution [containing the following (in mM): Kglu-
conate solution: 128 Kgluconate, 20 NaCl, 1 MgCl2, 1 EGTA, 0.3 CaCl2,
2 Na2-ATP, 0.3 Na-GTP, 0.2 cAMP, and 10 HEPES; CsCl solution: 150
CsCl, 2 MgCl2, 1 EGTA, 3 Na2-ATP, 0.3 Na-GTP, 0.2 cAMP, and 10
HEPES; pH 7.3–7.4, osmolarity, 280 –290 mOsM]. Recordings were
made using a Multiclamp 700B amplifier, digitized using the Digidata
1440A interface and acquired at 2 kHz using pClamp 10.5 software (Mo-
lecular Devices). Pipettes and cell capacitances were fully compensated,
but the junction potential was not corrected. Intrinsic properties of DR
5-HT neurons were recorded in whole-cell Iclamp mode by injecting a 10
pA current step from �80 to 110 pA on a cell held at �60 mV by constant
current injection. sEPSCs or sIPSCs were recording in Vclamp mode on
cells hold at �60 mV. Picrotoxin (100 �M) was added to the baths for
IPSC recordings. Both sEPSCs and sIPSCs were recorded for 10 min and
analyzed during the last minute of the recording.

Figure 2. Chronic administration of metformin reverses HFD-induced increase in plasma
BCAA levels. Two groups of mice were fed an HFD for 16 weeks and chronically treated with Met
(300 mg/kg) or its Veh in the drinking water for the last 4 weeks. The control group of mice was
fed an STD and administered the Veh. Data are the mean � SEM of plasma levels of BCAAs (Leu,
Val, Iso-Leu; F(2,18) � 13.7; p � 0.0003). n � 7 mice/group. **p � 0.01: significantly different
from STD-Veh group. ###p � 0.001: significantly different from the HFD-Veh group.

Figure 3. Chronic administration of metformin increases the activity of 5-HT neurons in the DR nucleus of mice fed an HFD. Two groups of mice were fed an HFD for 16 weeks and were
chronically treated with Met (300 mg/kg) or its Veh in the drinking water for the last 4 weeks. The control group of mice was fed an STD and administered the Veh. A, B, Data are the
mean � SEM of the number of presumed DR 5-HT neurons recorded per track (F(2,19) � 1.2; p � 0.31; A) and of DR 5-HT firing rate (in Hz; F(2,269) � 3.5; p � 0.031; B). C, As a validation
of the serotonergic nature of the recorded neurons in the DR, typical traces of a mouse from each experimental group are presented showing their responses to an acute subcutaneous
administration of the 5-HT1A receptor agonist 8-OHDPAT (0.1 mg/kg per injection) and the 5-HT1A receptor antagonist WAY100635 (1 mg/kg). n � 5–9 mice/group. #p � 0.05:
significantly different from the HFD-Veh group.
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Figure 4. Metformin reverses HFD-induced impairment of the electrical properties of DR 5-HT neurons. A, Two groups of Pet1-cre-mCherry mice were fed an HFD for 16 weeks and chronically
treated with Met (300 mg/kg) or its Veh in the drinking water for the last 4 weeks. The control group of mice was fed an STD and administered the Veh. A, right, Images in bright field (upper panel)
or fluorescence (lower panel) of 5-HT neurons expressing the red fluorescent protein mCherry in the DR of Pet1-cre-mCherry mice. The scale bar on each image represents 10 �m B, Mean membrane
potential (B, left) and quantification of the input resistance (B, right) in response to hyperpolarizing currents. B, left, Data are the mean�SEM of membrane potentials in response to hyperpolarizing
current step injections (ANOVA: F(14,399) � 7.463; p � 0.0001). B, right, Input resistance was calculated using linear regression from an I–V curve according to Ohm’s law. Comparison between
groups was performed using ANOVA (F(2,57) � 754.1; p � 0.0001). C–D, Representative traces of 5-HT neurons from WT (black), HFD (gray), or HFD-Met (blue) mice in response to depolarizing
currents (C). D, Quantification of the number of spikes in response to depolarizing currents from rheobase. Data are the mean � SEM of the number of spikes in response to relative current injected
(ANOVA: F(16,408) � 3.795; p � 0.0001). E, Representative traces of 5-HT neurons from STD (black), HFD (gray), and HFD-Met (blue) mice in response to phenylephrine (Figure legend continues.)
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Intracerebral microdialysis in the ventral hippocampus of awake freely
moving mice. Mice were implanted with a home-made microdialysis
probe in the ventral hippocampus (vHP). Stereotaxic coordinates from
bregma were as follows (in mm): antero-posterior (AP), �2.5; lateral (L),
�2.7; and dorso-ventral (DV), �3.0. Twenty-four hours later, probes
were connected to a microinjection pump for a continuous perfusion of
aCSF (147 mM NaCl, 2.7 mM KCl, 1 mM MgCl2, and 1.2 mM CaCl2,
adjusted to pH 7.4 with 2 mM sodium phosphate buffer) containing the
serotonin reuptake inhibitor escitalopram (1 �M) at a flow rate of 1.5
�l/min. Samples (15 �l) were collected every 15 min and analyzed with a
high-performance liquid chromatography system equipped with a 2.6
�m C18 reverse-phase analytical column (50 � 3.0 mm; Accucore,
Thermo Fisher Scientific) coupled with electrochemical detection (Di-
onex Ultimate 3000, Thermo Fisher Scientific). The mobile phase con-
taining 150 mM NaH2PO4, 4.76 mM citric acid, 50 mm EDTA, 1.5 mM

SDS, 10% methanol, and 15% acetonitrile, adjusted to pH 5.6 with
NaOH, was delivered at a flow rate of 0.3 ml/min. The amount of 5-HT in
dialysate samples was calculated by measuring the peak heights relative to
external standards and was expressed as a percentage of the basal value
measured in the four initial fractions. At the end of the experiments, the
localization of the microdialysis probes was verified histologically.

Behavioral tests. Animals were tested in different behavioral paradigms
starting with the less stressful paradigm and finished with the most stress-
ful one. A 2 d recovery period between each test was respected.

An open field (OF) test was performed in Plexiglas boxes (40 � 40 cm;
Mouse Open Field Arena ENV-510, Med Associates) during a 10 min
session. The total ambulatory distance was monitored using the Activity
Monitor software (SOF-811, Med Associates) to eliminate any putative
bias link to a psychostimulant or a sedative effect.

Elevated plus maze (EPM) was performed in an apparatus manufac-
tured by Ugo Basile, with four 5-cm-wide and 35-cm-long arms, two of
which are open: the wall in the closed arms is 15 cm high. Each mouse was
allowed to explore the apparatus for 5 min. Global activity was assessed
by measuring the time and number of entries into the open arms for
which animals display innate aversion.

Novelty suppressed feeding (NSF) was performed in a white plastic
box (30 � 60 cm). Mice were food deprived for 24 h while maintaining
water ad libitum. On the day of testing, mice were removed from their
home cage and transferred to a new clean cage for 1 h. They were then
individually placed in the corner of a box with a food pellet on a white
square filter paper at the center of the arena under a bright light (	60 W).
The latency for the animal to approach and take its first bite of the food
was recorded (cutoff, 10 min). Immediately after the test, the feeding
drive of each mouse was assessed by returning it individually to the
familiar environment of the home cage and measuring the latency to eat
and the amount of food consumed over a period of 5 min. Since each
mouse was tested with their respective food pellet, the latter parameter
was calculated based on caloric value consumed using the following for-
mula [(pellet weight before (in grams) � pellet weight after (in grams) �
number of calories/gram diet (STD, 2.79 calories/g; HFD, 4.73 calories/

gram)/mouse body weight]. These parameters were determined to en-
sure the absence of differences in hunger/motivation.

A tail suspension test (TST) was performed using the Tail Suspension Test
System (BIOSEB) during a 6 min session. Immobility time was scored as an
index of resignation. Mice movements in terms of energy and power in
motion were measured to ensure the absence of any locomotor bias.

A splash test (ST) was performed for a 5 min period as previously
described (David et al., 2009). After squirting 200 �l of a 10% sucrose
solution on the snout of the mouse, grooming time was scored by a single
experimenter as an index of self-care.

Statistical analysis. Unpaired Student’s t test was used to evaluate the
metabolic and behavioral effects of metformin compared with vehicle
(Veh) in mice fed an STD. For all other experiments, mice were fed an STD
or HFD, and one- or two-way ANOVAs were applied, when appropriate, by
post hoc tests (protected least significant difference) using GraphPad Prism
(GraphPad Software). In the NSF, we used the Kaplan–Meier survival rep-
resentation to indicate the fraction of animals not eating during the test. The
accepted level of significance was set at p � 0.05.

Results
Metformin does not modify glucose metabolism and
emotionally related behaviors in mice fed an STD
In the first part of this study, the effects of 4 weeks of administra-
tion of Met, an oral antidiabetic drug displaying insulin-
sensitizing properties, were evaluated on metabolism and
behavior in mice fed an STD. Comparing STD-Veh (n � 9) and
STD-Met (n � 8) mice using an unpaired t test, we found no
statistical differences between groups on final body weight
(31.5 � 0.5 vs 30.2 � 0.6 g; p � 0.4), fasting glycemia (122 � 6 vs
110 � 4 mg/dl; p � 0.1), fasting plasma insulin (1.3 � 0.3 vs 0.7 �
0.1 ng/ml; p � 0.3), HOMA-IR (0.39 � 0.09 vs 0.19 � 0.03; p �
0.1), and glucose tolerance (AUC0 –120: 565 � 57 vs 597 � 105;
p � 0.4). Similarly, at the behavioral level, no significant differ-
ences were detected between STD-Veh and STD-Met mice re-
garding their performances in the EPM (time: 69 � 6 vs 67 � 11 s,
p � 0.8; entries in open arms: 7.4 � 1 vs 7.8 � 1 s, p � 0.8), the
NSF (latency to feed: 163 � 19 vs 202 � 46 s, p � 0.5), and the
TST (88 � 6 vs 78 � 8 s, p � 0.4).

Metformin improves glucose metabolism in mice fed an HFD
We then tested the effects of Met in mice fed an HFD for 16 weeks.
Exposure to HFD induced a significantly higher increase in body
weight from the 1st to the 12th week than that observed in control
mice fed an STD. Before the initiation of the different treatments
(12th week), HFD groups of mice were balanced, and the average
individual weights were similar (Fig. 1A). Four weeks later (16th
week), higher body weight was observed in HFD-Veh relative to
control mice fed an STD (p � 0.0003; Fig. 1A,B), whereas HFD-
Met mice had lower body weight than HFD-Veh mice (p � 0.02;
Fig. 1A,B). During this period, fluid intake was similar among
STD-Veh, HFD-Veh, and HFD-Met mice (Fig. 1C). With respect
to the other metabolic measures, an HFD increased fasting glyce-
mia (p � 0.0001), insulinemia (p � 0.0006), and the HOMA-IR
(p � 0.0004) relative to controls (Fig. 1D–F). All of these param-
eters were decreased in HFD-Met mice compared with HDF-Veh
mice, albeit not statistically significant for insulinemia (p �
0.0001; p � 0.13; p � 0.04; Fig. 1D–F). In keeping with the latter
observations, HFD-Veh mice displayed glucose intolerance (p �
0.0002), and this effect was reversed by Met (p � 0.0002; Fig.
1G,H). Together, these data show that HFD-fed mice displayed
obvious metabolic disturbances, whereas chronic treatment with
Met reversed these metabolic impairments through insulin-
sensitizing properties.

4

(Figure legend continued.) application (5 �M; left) and quantification of action potential
frequency during the last minute of the recordings (right). Data are the mean � SEM of firing
rate frequency in response to phenylephrine (5 �M; ANOVA: F(2,21)&10,24; p � 0.0008). F, G,
Representative action potential (AP) of 5-HT neurons from STD (black), HFD (gray), and HFD-
Met (blue) mice (F); and quantification of AP threshold, amplitude, afterhyperpolarization, rise
time, and decay time (G). Data are the mean � SEM of neuron AP intrinsic properties. ANOVA:
AP threshold (F(2,60) � 0.3278; p � 0.7218); AP amplitude (F(2,60) � 24.33; p � 0.0001); AHP
amplitude (F(2,60) � 8.657; p � 0.0005); AP rise time (F(2,60) � 8.314; p � 0.0007); AP decay
time Kruskal–Wallis test (K � 7.149; p � 0.0280). H, I, Representative traces and quantifica-
tion of the frequency and amplitude of IPSCs (H) or EPSCs (I) onto 5-HT neurons from STD (black)
and HFD (gray) mice. Data are the mean � SEM of sIPSC frequency (Mann–Whitney test: U �
399.5; p � 0.9588) and peak amplitude (U � 359; p � 0.4888). I, Data are the mean � SEM
of sEPSC frequency (U � 155.5; p � 0.7106) and peak amplitude (unpaired t test, p � 0.2220).
*p � 0.05; **p � 0.01; ***p � 0.001: significantly different from STD-Veh group. #p � 0.05;
##p � 0.01; ###p � 0.001: significantly different from HFD-Veh group.
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Metformin decreases plasma levels of BCAAs in mice fed
an HFD
Because elevated circulating BCAAs levels have been correlated
with the severity of insulin resistance (Gannon et al., 2018) and
neurobehavioral abnormalities (Coppola et al., 2013), we mea-
sured the plasma levels of these amino acids. As expected, HFD-
Veh mice displayed a marked increase in plasma BCAAs (p �
0.0038) compared with STD-Veh mice, and this rise in plasma
BCAA content was significantly attenuated in HFD-Met mice
(p � 0.0003; Fig. 2).

Metformin positively influences the
serotonergic system in mice fed an HFD
Because BCAAs share the same transport
protein into the brain with aromatic
amino acids such as tryptophan, the sole
precursor of centrally produced 5-HT, we
then questioned the impact of these
changes in plasma levels of amino acids on
the serotonergic system. We first studied
the activity of presumed DR 5-HT neu-
rons using in vivo electrophysiology. Re-
sults indicated that the average number of
cells recorded per track was not different
among the experimental groups (Fig. 3A).
However, although the firing rate of DR
5-HT neurons was not modified in HFD-
Veh mice compared with STD-Veh mice,
the statistical analysis revealed a signifi-
cant increase in the firing rate of these
neuronal populations in HFD-Met mice
compared with HFD-Veh mice (p �
0.032; Fig. 3B,C).

Using patch-clamp electrophysiology
on brain slices from Pet1-cre-mCherry
mice to selectively visualized DR 5-HT
neurons (Fig. 4A), we found decreased in-
put resistance in these neurons in HFD-
Veh mice compared with STD-Veh mice
without modification of the number of
spikes evoked by depolarizing currents
(p � 0.0001; Fig. 4B–D). Met treatment
increased the input resistance (p � 0.0001;
Fig. 4B) and the number of spikes in re-
sponse to depolarizing currents of 5-HT
neurons compared with STD- or HFD-
fed mice (p � 0.0001; Fig. 4C,D). In HFD-
Veh mice, an attenuated response to
phenylephrine application was also ob-
served (p � 0.0006; Fig. 4E) whereas Met
treatment reversed this parameter (p �
0.0339). Of particular note are the impair-
ments of some of the intrinsic properties
of 5-HT neuron action potentials in HFD-
Veh mice, which were partially reversed in
HFD-Met mice (Fig. 4F,G). Interestingly,
the frequency and amplitude of sEPSCs or
sIPSCs in 5-HT neurons was not affected
by HFD feeding (p � 0.7106 and p �
0.2220 for sEPSCs, respectively; p �
0.9588 and p � 0.4888 for sIPSCs, respec-
tively; Fig. 4H, I). These data suggest that
the effects of the diet on the electrical
properties of 5-HT neurons were not

due to changes in glutamate or GABA presynaptic inputs.
To determine whether changes in electrical properties of DR

5-HT neurons have in vivo consequences on basal extracellular
5-HT levels ([5-HT]ext) in the vHP, we conducted intracerebral
microdialysis experiments (Fig. 5). This brain region is endowed
with a dense serotonergic innervation from the DR and is partic-
ularly important in anxiolytic-like/antidepressant-like responses.
Basal [5-HT]ext levels were significantly decreased in the HFD-
Veh mice (p � 0.04) and HFD-Met mice (p � 0.03; Fig. 5A,B)
compared with STD-Veh mice. Testing the effect of a challenge

Figure 5. Chronic administration of metformin modulates 5-HT release in the ventral hippocampus of mice fed an HFD. Two
groups of mice were fed an HFD for 16 weeks and were chronically treated with Met (300 mg/kg) or its Veh in the drinking water
for the last 4 weeks. The control group of mice was fed an STD and administered the Veh. A, B, Data are the mean � SEM of basal
extracellular 5-HT levels in the vHP (pg/15 �l) on a 0 –120 min period (F(2,13) � 4.5; p � 0.03). C, Data are the mean � SEM of
[5-HT]ext levels in vHP, expressed as percentages of the respective basal values following exposure to an intraperitoneal admin-
istration of fluoxetine (18 mg/kg). D, AUC (mean � SEM) values calculated for the amount of 5-HT in the vHP outflow measured
during the 135–180 min after Flx administration and expressed as percentages of baseline (F(2,13) � 7.4; p � 0.007). E, Coronal
sections of a C57BL/6 mouse brain showing the location of the concentric microdialysis probes tips in the hippocampus. The black,
gray, and blue lines indicate the brain zone of the membrane from STD-Veh, HFD-Veh, and HFD-Met mice, respectively. *p � 0.05:
significantly different from the STD-Veh group. ##p � 0.01: significantly different from the HFD-Veh group. $p � 0.05: signifi-
cantly different from the 100% value.
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dose of Flx to produce an acute inactiva-
tion of the serotonin transporter (SERT),
we observed that this pharmacological
compound significantly increased the
percentage of [5-HT]ext over baseline in
STD-Veh and HFD-Met mice (p � 0.013
and p � 0.0011, respectively), but such a
response was not apparent in HFD-Veh
mice (p � 0.46; Fig. 5C,D). Interestingly
the neurochemical effect of Flx was higher
in HFD-Met than that observed in the
other groups (Fig. 5C,D).

Metformin promotes anxiolytic/
antidepressant-like activities in mice
fed an HFD
Finally, we sought to determine how these
properties reverberated at the behavioral
level. The SSRI Flx was used as positive
control. We first control the locomotor
activity of mice using the OF, and we
showed that this parameter was not signif-
icantly different between groups (Fig. 6A).
In the EPM, HFD-Veh mice displayed de-
creased time (p � 0.0045) and entries in
open arms (p � 0.0002) compared with
STD-Veh mice. These anxiogenic-like re-
sponses were partially reversed in HFD-
Met-treated mice (p � 0.04 and p � 0.09)
but not in HFD-Flx-treated mice (p �
0.99 and p � 0.99; Fig. 6B,C). In the NSF,
an increased latency to feed, which can be
also used as a readout for anxiety, was de-
tected in HFD-Veh mice (p � 0.0001).
This behavior was significantly attenuated
in HFD-Met mice (p � 0.015) and HFD-
Flx mice (p � 0.0001) compared with
HFD-Veh mice (Fig. 6D). In an attempt to
verify that the latter results could not be
attributable to changes in hunger, we ver-
ified that the latency to eat in the home
cage was the same in all experimental
groups (Fig. 6E). Interestingly, food home
cage consumption based on caloric value
consumed was significantly higher in HFD-Veh mice (p �
0.0001), HFD-Met mice (p � 0.0001), and HFD-Flx mice (p �
0.0001) compared with STD-Veh mice (Fig. 6F), thereby rein-
forcing the idea that the increased latency to eat during the test
was not related to the fact that HFD mice were less starved. We
also evaluated other symptoms of depression such as despair in
the TST. No changes in the time of immobility was detected in
HDF-Veh mice (p � 0.69) compared with controls. However, we
found a decrease of this parameter in HFD-Met mice (p � 0.04)
and HFD-Flx mice (p � 0.04) relative to HFD-Veh mice (Fig.
6G). Overall, these results indicated that mice fed an HFD har-
bored a robust anxious phenotype. In this model, Met elicited
both anxiolytic- and antidepressant-like responses.

BCAA deficiency in diet exerts anxiolytic-/antidepressant-like
effects without improvement of glucose metabolism in mice
fed an HFD
As Met improves glucose metabolism, decreases plasma BCAA
levels, and elicits anxiolytic-/antidepressant-like activities in mice

fed an HFD, we tested the possibility that deficiency in these
specific amino acids could exert beneficial effects both on periph-
eral parameters and neurobehavioral responses. With this pros-
pect, we designed a modified HFD in which the BCAA dietary
supply was reduced by half. The plasma levels of BCAAs was
reduced by 	40% in HFD-BCAA�/� mice compared with HFD-
BCAA�/� mice (p � 0.0001; Fig. 7A).

Exposure to HFD-BCAA�/� for 16 weeks induced a signifi-
cant increase in body weight, fasting glycemia, and insulinemia
(p � 0.0001; p � 0.04; p � 0.04); and resulted in a significant
glucose intolerance (p � 0.0001) compared with control mice fed
an STD (Fig. 7B–G). The same phenotype was observed in HFD-
BCAA�/� mice (p � 0.0001, p � 0.008, p � 0.04, and p �
0.0001), and no differences between HFD-BCAA�/� and HFD-
BCAA�/� mice (p � 0.73; p � 063; p � 0.99 and p � 0.91; Fig.
7B–G) were detected, showing that the partial deficiency in BCAA is
not sufficient to reverse glucose metabolism impairments.

As regards behavioral consequences, we reported that the lo-
comotor activity was similar in the different experimental groups

Figure 6. Chronic administration of metformin reverses HFD-induced anxiety-/depressive-like effects. Three groups of mice
were fed an HFD and administered Met (300 mg/kg), or Flx (20 mg/kg) or its Veh in the drinking water for 4 weeks. The control
group of mice was fed an STD and administered the Veh. A–G, Data are the mean � SEM of the total distance traveled in the open
field for 10 min [F(3,36) � 2.8; p � 0.06]; A), time spent, and number of entries in open arms in the EPM (F(3,36) � 6.7, p � 0.0011;
and F(3,36) � 10.2, p � 0.0001; B, C), latency to feed in the NSF (F(3,36) � 22.8, p � 0.0001; D), latency to feed in the home cage
(F(3,36) � 0.22, p � 0.88; E), food home cage consumption based on caloric value consumed (F(3,36) � 17.6; p � 0.0001; F), and
time of immobility in the TST (F(3,36) � 6.4; p � 0.0013; G). n � 10 mice/group. **p � 0.01 and ***p � 0.001: significantly
different from STD-Veh group. #p � 0.05, ##p � 0.01 and ###p � 0.001: significantly different from HFD-Veh group.
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(Fig. 8A). In the EPM, HFD-BCAA�/� and HFD-BCAA�/� mice
displayed a decrease in time (p � 0.04 and p � 0.03) and/or
entries in open arms (p � 0.53 and p � 0.013; Fig. 8B,C) com-
pared with STD mice. No differences between HFD-BCAA�/�

and HFD-BCAA�/� mice were detected (p � 0.82 and p � 0.12).
In the NSF, although a significant increase in latency to feed was
detected in HFD-BCAA�/� and HFD-BCAA�/� mice compared
with STD mice (p � 0.0002 and p � 0.0065; Fig. 8D), both groups
displayed similar responses in this paradigm (p � 0.35). The
latency to eat in the home cage was the same in all experimental
groups (Fig. 8E), whereas food home cage consumption based on
caloric value consumed was higher in HFD-BCAA�/� and HFD-
BCAA�/� mice compared with STD mice, but did not reach
statistical significance (Fig. 8F). In the TST, a significant decrease
in the time of immobility was detected in HFD-BCAA�/� mice
compared with HFD-BCAA�/� mice (p � 0.021; Fig. 8G). Fi-
nally, we showed a higher latency of first grooming in HFD-

BCAA�/� mice (p � 0.04) but not in
HFD-BCAA�/� mice (p � 0.61) com-
pared with STD mice in the ST, and a sig-
nificant difference was observed between
the latter groups (p � 0.019; Fig. 8H).
Together, these results led us to envision
that deficiency in BCAA might exert
antidepressant-like properties while main-
taining a high level of anxiety.

In a last series of experiments, we asked
how such deficiency in amino acids im-
pacts the response to an acute administra-
tion of Flx in the TST. A few days after the
first session of TST, we resubmitted the
same animals to this procedure and found
that a single administration of Flx signifi-
cantly decreased the percentage of time of
immobility in controls (p � 0.03) but not
in HFD-BCAA�/� mice (p � 0.37; Fig.
9). The antidepressant-like effect of Flx
was fully restored in HFD-BCAA�/� mice
(p � 0.009; Fig. 9).

Discussion
This study was designed to determine the
neurobehavioral effects of Met in mice fed
an HFD and to decipher its putative
mechanism of action focusing on the se-
rotonergic system and its projections to
the hippocampus, a brain region morpho-
logically and functionally affected in ma-
jor depression (MacQueen and Frodl,
2011). One of the most remarkable results
reported herein is the fact that HFD-
induced peripheral IR was accompanied
by elevated levels of circulating BCAAs. In
the CNS, HFD impaired both the electri-
cal properties of DR 5-HT neurons and
5-HT release, resulting in altered emo-
tionally related behaviors, whereas Met
improved all these peripheral and central
parameters. Because changes in plasma
BCAAs are known to limit tryptophan
availability into the brain, we also pro-
vided evidence that partial deficiency of
BCAAs in diet is sufficient to exert
antidepressant-like activity.

It is now well accepted that in homogenous C57BL/6J mice,
HFD feeding leads to IR (Burcelin et al., 2002). In agreement with
this finding, we reported that exposure to an HFD for 16 weeks
elicits glucose metabolic impairments. Met, which belongs to a
class of insulin-sensitizing drugs, significantly decreased body
weight and improved peripheral IR in mice fed an HFD. Its ben-
eficial effects on peripheral metabolism have been attributed to
several peripheral processes including the activation of AMP-
activated protein kinase (AMPK) pathway, reduction in hepatic
gluconeogenesis, and stimulation of glucose uptake in skeletal
muscle (Graham et al., 2011). Interestingly, increased IR drives
higher circulating fasting BCAA levels (Mahendran et al., 2017),
while rats fed a diet high in BCAAs displayed increased rates of IR
(Newgard et al., 2009; Zhao et al., 2016). Here, we demonstrated
that HFD mice displayed elevated plasma levels of BCAAs,
whereas Met reversed this parameter. Interestingly, 5-HT synthe-

Figure 7. Partial deficiency in BCAAs does not improve glucose metabolism in mice fed an HFD. Two groups of mice were fed an
HFD with a normal or reduced content of branched-chain amino acids (HFD-BCAA �/� and HFD-BCAA �/�; respectively). The
control group of mice was fed an STD. A–G, Data are the mean � SEM of plasma levels of BCAAs (Leu, Val, Iso-Leu; F(2,27) � 26.1;
p � 0.0001; A), body weight from week 0 to week 16 (B), final body weight (F(2,27) � 18.8; p � 0.0001; C), basal fasting glycemia
(F(2,27) � 5.6; p � 0.008; D), basal fasting insulinemia (F(2,27) � 4.6; p � 0.02; E), glucose tolerance in response to the
intraperitoneal administration of glucose (2 g/kg; for AUC0 –120: F(2,27) � 14.7; p � 0.0001; F, G). n � 10 mice/group. *p � 0.05,
**p � 0.01 and ***p � 0.001: significantly different from STD-Veh group. ###p � 0.001: significantly different from HFD-
BCAA �/� mice.
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sis in neurons can be influenced by tryp-
tophan uptake into the brain, which
occurs through the LAT1 on the BBB that
it shares with the BCAAs (Yamamoto and
Newsholme, 2000; Fernstrom, 1983,
2013). Thus, we hypothesized that
chronic exposure to an HFD could raise
plasma BCAA concentrations sufficiently
to limit the uptake of tryptophan into the
brain as a result of the competition be-
tween amino acids, and thereby reduce
neuronal 5-HT synthesis and release from
nerve terminals. This is consistent with
findings reporting that supplementation
in BCAAs reduced brain 5-HT content in
rats (Choi et al., 2013) and induced
depressive-like symptoms in rodents such
as anxiety (Coppola et al., 2013) or anhe-
donia (Scaini et al., 2014). By attenuating
circulating BCAA levels, Met could favor
tryptophan availability in the brain and
thereby positively reverberate on central
5-HT tone. In an attempt to confirm this
assumption and to provide a more valu-
able insight into the impact of the modu-
lation of circulating BCAAs on the activity
of the serotonergic system, electrophysio-
logical and microdialysis experiments
were conducted.

In vivo electrophysiological experiments
indicated that an HFD did not modify the
basal firing rate of DR 5-HT neurons,
whereas patch-clamp recordings pointed
out that the intrinsic properties of these
neurons were significantly impaired. It is
plausible that the altered excitability ob-
served in patch-clamp recordings would not
affect the basal firing rate but would rather
limit DR neuron activation in response to
diverse stimuli that notably increased nor-
epinephrine release, which is known to ac-
celerate the pacemaker activity of 5-HT
neurons in an �1 adrenoceptor-dependent
manner (Aghajanian, 1985). Accordingly,
we found that the phenylephrine-induced
increased firing rate is blunted after HFD feeding. Met increased the
firing rate of DR 5-HT neurons and reversed the impairments of
electrical parameters detected in HFD mice. These electrophysiolog-
ical data parallel the altered extracellular 5-HT levels ([5-HT]ext) in
the vHP of mice fed an HFD. Indeed, using in vivo microdialysis, we
reported a twofold decrease in basal extracellular [5-HT]ext in HFD
mice. However, Met failed to reverse this neurochemical response.
Because 5-HT outflow measured by microdialysis reflects a balance
between 5-HT uptake and release (Guiard et al., 2006), we assumed
that any increase in 5-HT release at the nerve terminals may be
counterbalanced by an active 5-HT reuptake process. If this assump-
tion is correct, the stimulating effects of Met on basal extracellular
5-HT levels would be revealed in the presence of a SERT inhibitor.
Accordingly, we showed that the acute administration of Flx elicited
a greater increase in hippocampal [5-HT]ext in HFD-Met mice than
in HFD-Veh.

We next questioned the effects of Met on anxiety- and
depressive-like phenotypes, which are finely regulated by 5-HT

Figure 8. Partial deficiency in BCAAs promotes antidepressant-like effects in mice fed an HFD. Two groups of mice were fed an
HFD with a normal or reduced content of branched-chain amino acids (HFD-BCAA �/� and HFD-BCAA �/�; respectively). A–H,
The control group of mice was fed an STD. Data are the mean � SEM of total distance traveled in the open field for 10 min (F(2,27)

� 0.3; p � 0.74; A), time spent and the number of entries in open arms (F(2,27) � 4.4, p � 0.02; and F(2,27) � 4.7, p � 0.016; B,
C), latency to feed in the novelty suppressed feeding (F(2,27) � 11.9, p � 0.0002; D), latency to feed in the home cage (F(2,27) �
1.4, p � 0.25; E), food home cage consumption based on caloric value consumed (F(2,27) � 1.2, p � 0.3; F), time of immobility in
the tail suspension test (F(2,27) � 4.2, p � 0.025; G), and latency of first grooming in the splash test (F(2,27) � 4.5, p � 0.02; H).
n � 10 mice/group. *p � 0.05, **p � 0.01 and ***p � 0.001: significantly different from STD-Veh group. #p � 0.05: signifi-
cantly different from HFD-BCAA �/� mice.

Figure 9. Partial deficiency in BCAAs restores normal response to the antidepressant fluox-
etine in mice fed an HFD. Two groups of mice were fed an HFD with a normal or reduced content
of branched-chain amino acids (HFD-BCAA �/� and HFD-BCAA �/�, respectively). The control
group of mice was fed an STD. Data are the mean � SEM of the percentage time of immobility
relative to the corresponding control group of mice injected with NaCl 0.9% in the tail suspen-
sion test. Mice were tested 30 min after the intraperitoneal administration of NaCl 0.9% (�) or
Flx (18 mg/kg; two-way ANOVA: F(2,54) � 2.3, p � 0.65; and F(1,54) � 30.2, p � 0.0005 for diet
and treatment factors, respectively). n � 10 mice/group. *p � 0.05 and **p � 0.01: signifi-
cantly different from the corresponding group of mice injected with NaCl 0.9%.
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projections. Our results indicate that mice fed an HFD are prone
to develop anxiety, as shown in the EPM and NSF. This result is
particularly interesting since anxiety manifests as a predominant
feature of depression and can also precede the onset of the pa-
thology (Malhi and Mann, 2018). In a marked contrast, HFD did
not influence the time of immobility in the TST, but this result
does not rule out the possibility that such a diet caused depressive
symptoms beyond anxiety. Indeed, the TST and the forced swim
stress have been developed to screen antidepressant-like activity
rather than to ascertain depressive-like behavior (Nestler and

Hyman, 2010). The observation that HFD leads to anhedonia and
decreased self-care (Dutheil et al., 2016; Zemdegs et al., 2016)
reinforces the idea that core symptoms of depression can be also
affected by HFD-induced IR (Miyata et al., 2004; Abildgaard et
al., 2011; Ho et al., 2012; André et al., 2014; Gupta et al., 2014; Liu
et al., 2014; Dutheil et al., 2016; Yang et al., 2016; Zemdegs et al.,
2016; Hassan et al., 2018). These data mirror the clinical obser-
vations that people experiencing type 2 diabetes and IR are twice
as likely to develop depression compared to people without dia-
betes (Anderson et al., 2001; de Groot et al., 2001). Interestingly,

Figure 10. Model underpinning the effects of metformin on depressive symptoms in mice fed an HFD. Peripheral insulin resistance has been associated with anxiogenic-like response, one of the
most visible and early symptoms of depression. This metabolic impairment is also responsible for an increase in plasma BCAA (Val, Leu, Isoleu) levels, which limit tryptophan availability in DR 5-HT
neurons due to a lower brain penetration across LAT1 expressed on the BBB. A, Such effects are believed to impair DR 5-HT neuronal activity and 5-HT release at the nerve terminals, thereby leading
to despair, another symptom of depression. The ability of Met to ameliorate insulin sensitivity represents an important process to promote anxiolytic effects whereas its antidepressant-like effects
could rely on both direct (i) and indirect (ii) mechanisms converging toward lower levels of circulating BCAAs. B, The latter mechanism would favor 5-HT neuronal activity and 5-HT release at the
nerve terminals, which are key for the antidepressant response. Owing to an active 5-HT reuptake process in the hippocampus of HFD mice treated with Met, the association of this antidiabetic drug
with an SSRI could be a new potentiation strategy exerting a wide spectrum of action. Alternatively, the combination of SSRI with a diet poor in BCAAs might be used to relieve depressive symptoms
in depressed patients with or without comorbid metabolic disorders.
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the improvement of metabolic parameters induced by prolonged
administration of Met in mice fed an HFD were accompanied by
a reduction of both anxiety and despair, whereas fluoxetine, the
conventional antidepressant drug used herein as a positive con-
trol, failed to exert beneficial effects in the EPM. These results
concur with previous preclinical studies pointing out that differ-
ent classes of antidiabetic agents or adiponectin, a hormone ex-
erting insulin-sensitizing action, produces antidepressant-like
activities (Ho et al., 2012; Liu et al., 2012; Gupta et al., 2014; Su et
al., 2017). In humans, a recent study also reported that Met favors
depression recovery in patients with comorbid diabetes unveiling
a strong correlation between improvement in plasma glycated
hemoglobin levels and depression score (Guo and Lu, 2014).

In light of the latter results, we generated an HFD with a
partial deficiency in BCAAs (i.e., HFD-BCAA�/�) for which a
significant reduction of these plasma amino acids content by 40%
was detected. As previously reported, we found that an HFD
deficient in BCAAs did not display an improvement of peripheral
IR (White et al., 2016), but reduced despair, and improvement of
self-care was detected in HFD-BCAA�/� mice. Finally, we inves-
tigated to what extent HFD-BCAA�/� influences the response of
a single administration of Flx in the TST. Although acute admin-
istration of Flx failed to exert an antidepressant-like effect in
HFD-BCAA�/� mice, a normal response was observed in HFD-
BCAA�/� mice. The efficacy of antidepressant drugs in a context
of T2D and IR both in humans and rodents has been subjected to
only few investigations, and no consistent conclusions have been
provided (Anderson et al., 2010; Bryan et al., 2010; Isingrini et al.,
2010; Gois et al., 2014; Zemdegs et al., 2016).

The present study proposes a new antidepressant strategy
based on chronic treatment with Met, which acts, at least in part,
by reducing circulating levels of BCAAs and by stimulating 5-HT
release in the vHP (Fig. 10). It is important to emphasize that an
improvement of brain IR could represent another mechanism
underlying the beneficial action of Met. Indeed, the brain is en-
dowed with a high density of insulin receptors (Kleinridders et
al., 2014), and growing evidence emphasizes their role in the
regulation of brain monoaminergic transmission (Kleinridders et
al., 2015) and signaling (Papazoglou et al., 2015). It should also be
borne in mind that Met crosses the BBB and has several beneficial
effects in the brain such as anti-inflammatory and neuroprotec-
tive effects (Łabuzek et al., 2010). A possible mechanism under-
pinning the anxiolytic- and antidepressant-like effects of Met
could thus also recruit such properties. Overall, this study sup-
ports the fact that the association of Met or a diet poor in BCAAs
with an SSRI could be a relevant “add-on” strategy for the comor-
bidity of metabolic and mental disorders. This hypothesis has
been recently tested showing that the association of Flx and Met
produced greater improvement of depressive symptoms in rats
exposed to chronic stress and an HFD (Khedr et al., 2018). In
light of these data, clinical and preclinical studies are also war-
ranted to further evaluate the efficacy of such a potentiation strat-
egy in depressed patients or in relevant animal models without
metabolic comorbidities. In this prospect, a recent study shows
that Met produces antidepressant-like activities given either
alone (Liu et al., 2019) or in combination with Flx (Poggini et al.,
2019) in chronically stressed animals.

References
Abildgaard A, Solskov L, Volke V, Harvey BH, Lund S, Wegener G (2011) A

high-fat diet exacerbates depressive-like behavior in the flinders sensitive
line (FSL) rat, a genetic model of depression. Psychoneuroendocrinology
36:623– 633.

Aghajanian GK (1985) Modulation of a transient outward current in sero-
tonergic neurons by alpha 1-adrenoceptors. Nature 315:501–503.

Anderson RJ, Freedland KE, Clouse RE, Lustman PJ (2001) The prevalence
of comorbid depression in adults with diabetes: a meta-analysis. Diabetes
Care 24:1069 –1078.

Anderson RJ, Gott BM, Sayuk GS, Freedland KE, Lustman PJ (2010) Anti-
depressant pharmacotherapy in adults with type 2 diabetes: rates and
predictors of initial response. Diabetes Care 33:485– 489.
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