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ABSTRACT
Objectives: Imbalanced nutrition and obesity are risk factors for depression, a relationship that in
rodents can be modeled by depression-like behavior in response to high-fat diet (HFD). In this work,
we examined the role of the intestinal microbiota and the adipocytokine leptin as potential
mediators of the effects of HFD to induce anhedonia-like behavior and reduce self-care in mice.
Methods: Male mice were fed a control diet or HFD (60 kJ% from fat) for a period of 4 weeks, after
which behavioral tests and molecular analyses (gut microbiome composition, intestinal metabolome,
fecal fatty acids, plasma hormone levels) were performed. The role of the intestinal microbiota was
addressed by selective depletion of gut bacteria with a combination of non-absorbable antibiotics,
while the implication of leptin was examined by the use of leptin-deficient ob/ob mice.
Results: Antibiotic treatment reduced the HFD-induced weight gain and adiposity and prevented
HFD-induced anhedonia-like behavior and self-care reduction. These effects were associated with a
decrease in fecal fatty acids and intestinal microbiota-related metabolites including short-chain fatty
acids, glucose and amino acids. Gut microbiota depletion suppressed the HFD-induced rise of plasma
leptin, and the circulating leptin levels correlated with the anhedonia-like behavior and reduced self-
care caused by HFD. The anhedonic effect of HFD was absent in leptin-deficient ob/ob mice although
these animals gained more weight and adiposity in response to HFD than wild-type mice.
Discussion: The results indicate that anhedonia-like behavior induced by HFD in mice depends on the
intestinal microbiome and involves leptin as a signaling hormone.

KEYWORDS
Depression; diet; intestinal
microbiota; obesity; leptin;
gut hormones; peptide YY;
depression-like behavior

Introduction

Epidemiological studies have revealed that obesity and
imbalanced nutrition increase the risk for depressive dis-
orders [1,2]. Likewise, long-term exposure of rodents to
an obesogenic diet leads to a depression-like phenotype
which includes anhedonia [3–7]. Anhedonia is a core
symptom of depression [8,9], and comprehension of
the mechanisms underlying anhedonia in animal models
of obesity may explain the interrelationship between
obesity and depression.

Obesity is a multifactorial health problem that is
influenced not only by diet but also by genetic and
environmental factors including the gut microbiota
[10,11]. Several studies have shown that the gut micro-
biota composition is crucial for the development of obes-
ity and metabolic syndrome [10,11]. In addition, the gut
microbiota seems to play a role in the behavioral changes
induced by high-fat diet (HFD) in rodents, given that

transfer of the intestinal microbiota from HFD-fed
obese mice to lean mice leads to anxiety-like behavior
and cognitive impairment in the recipient mice [12,13].

The modulatory effects of the intestinal microbiota on
the secretion of centrally acting hormones have been
suggested to contribute to the influence of the gut micro-
biota on weight gain and behavior [14,15]. Such a role
may be attributed to hormones such as glucagon-like
peptide-1 (GLP-1), peptide YY (PYY), gastric inhibitory
peptide (GIP), insulin and leptin [14,15]. Short-chain
fatty acids (SCFAs), which are produced by the intestinal
bacteria from indigestible fibers, are thought to play a
pivotal role in microbial-endocrine communication. In
particular, the enteroendocrine L-cells in the lower intes-
tine, which produce GLP-1 and PYY, express receptors
for SCFAs [16]. SCFAs can, in addition, stimulate the
release of leptin from adipocytes [17]. Apart from their
influence on food intake and metabolism, these
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endocrine factors are able to influence emotional-affec-
tive behavior [18–20].

HFD induces anhedonia-like behavior in mice which
is associated with distinct alterations in the intestinal
microbiota and brain metabolome [3]. The major aims
of the current work were (i) to obtain conclusive evi-
dence that the gut microbiota plays an indispensable
role in HFD-induced anhedonia-like behavior and (ii)
to identify a hormonal mechanism that links diet and
intestinal microbiota to anhedonia-like behavior. These
aims were addressed in two experimental setups. (i)
The involvement of the intestinal microbiota in HFD-
induced anhedonia-like behavior was probed by
depletion of gut bacteria with a combination of non-
absorbable antibiotics. (ii) The implication of particular
hormones in HFD-induced anhedonia was examined
by correlation of anhedonia-like behavior with circulat-
ing hormone levels (insulin, GLP-1, GIP, leptin) and
by using leptin-deficient (ob/ob) mice.

Methods

Experimental animals

Experimental protocol 1 (see below) was carried out with
male C57BL/6J mice obtained from Charles River (Sulz-
feld, Germany). Experimental protocol 2 was performed
with male homozygous B6.Cg-Lepob/J (ob/ob) mice and
C57BL/6J wild-type (WT) mice obtained from Jackson
Laboratory (Bar Harbor, ME, USA) through Charles
River (Sulzfeld, Germany). The animals arrived at the
age of 8 weeks and were housed two per cage (unless
otherwise stated) under controlled conditions of temp-
erature (set point 21°C) and air humidity (set point
50%) under a 12 h light/dark cycle (lights on at 6:00 h,
lights off at 18:00 h). Mice were habituated for 10 days
in the animal facility while being fed a control diet before
starting the experiments.

Ethics statement

All experiments were approved by an ethical committee
at the Federal Ministry of Education, Science and
Research of the Republic of Austria (permit BMWFW-
66.010/0050-WF/V/3b/2017 issued on 18 April 2017
and permit BMBWF-66.010/0146-V/3b/2018 issued on
August 31, 2018).

Antibiotic treatment

In order to specifically deplete intestinal bacteria, mice
were treated with a combination of 3 non-absorbable
antibiotics: meropenem [AstraZeneca, Vienna, Austria;

1 mg/ml], neomycin [Sigma-Aldrich, Vienna, Austria;
5 mg/ml] and vancomycin [Sigma-Aldrich, Vienna,
Austria; 0.3 mg/ml]. The antibiotics were administered
via the drinking water. The respective control animals
received plain drinking water. These three antibiotics
are neither detectable in the plasma nor in the brain
after 10 days of oral administration in mice [21].

Diet

Mice were fed either a high-fat diet (HFD; S9003-E710;
60 kJ% from fat, with refined palm oil as main source,
24 kJ% from carbohydrate, 16 kJ% from protein) or con-
trol diet (control; S5745-E7022; 12 kJ% from fat, 65 kJ%
from carbohydrate, 23 kJ% from protein) for 4 weeks.
The diets were purchased from ssniff (Soest, Germany).
The detailed composition of the two diets is given in
supplementary table S1.

Study design

Two experimental protocols were used in this work, each
being carried out with 40 mice (10 in each treatment
group). The timelines of the two protocols are shown in
supplementary figure S1. In protocol/experiment 1 the
mice were allocated to four groups: group 1 received con-
trol diet + tap water; group 2 received control diet + anti-
biotics in the drinking water; group 3 received HFD + tap
water; and group 4 received HFD + antibiotics in the
drinking water. Antibiotic treatment (ABT) begun 5
days before the diet was changed to HFD. In protocol/
experiment 2 mice were fed control diet or HFD without
concomitant ABT. Feeding with control diet orHFD con-
tinued for 4 weeks after which the animals underwent
behavioral testing. The mice were allocated to four
groups: group 1 involved WT mice that received control
diet; group 2 involved ob/ob mice that received control
diet; group 3 involved WT mice that received HFD; and
group 4 involved ob/ob mice that received HFD.

Tap water and the respective chow were provided ad
libitum, and mice continued to receive the same diet
throughout the study and during behavioral testing.
Mice were weighed once weekly, and the weekly food
intake of the two mice housed in one cage was calculated
from the change in the weight of food pellets.

After the 4-week feeding period animals were subjected
to a sequence of behavioral tests (one test per day) which
were performed during the light cycle. The order of
behavioral tests is described in supplementary figure
S1. The behavioral tests included the open field (OF)
test, elevated plus maze (EPM) test and light–dark box
test to assess anxiety-like behavior [22]. After these tests
mice were individually housed for the sucrose preference
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test (SPT) to measure the hedonic effect of sucrose [9,23].
The SPT took two days: the first day was used as training
day, while the second day was the test day. No antibiotics
were added to the drinking water during the training day
and the test day whereas ABT was continued during all
other behavioral tests. Single housing of male mice can
influence several aspects of behavior, but has no effect
on SPT after 7, 14, and 21 days [24]. Two days after the
SPT, the splash test was performed to measure self-care
and motivational behavior [25]. The mice were sacrificed
on the next day before tissue collection. Details of the
behavioral tests and tissue collection procedures are
described in supplementary information.

Fatty acid analysis

Stool fatty acids were analyzed with gas chromatography
as described previously [26] and detailed in supplemen-
tary information.

Microbiome analysis

The microbiome composition of cecal contents was ana-
lyzed by 16S rRNA sequencing as described previously
[21,27] and detailed in the supplementary information.

Hormone assay

Plasma insulin, GLP-1,GIP and leptinweremeasuredwith
the MILLIPLEX MAP Mouse Metabolic Hormone Mag-
netic Bead Panel (Merck) according to the manufacturer’s
instructions. The assaywas readwith theBio-Plex 200mul-
tiplex suspension array system in combination with the
Bio-Plex 5.0 Software (Bio-Rad, Hercules, CA, USA).

Metabolic profiling of the cecal contents

Metabolic profiling of cecal contents was performed with
1H nuclear magnetic resonance (NMR) as described in
the supplementary information.

Real time qPCR

Colonic levels of mRNA encoding preproglucagon and
PYY were assessed with qPCR using TaqMan gene
expression assay as described previously [21,28] and
detailed in the supplementary information.

Statistical analysis

The results of the behavioral tests, qPCR and hormone
assays were analyzed with SPSS 22 (SPSS Inc., Chicago,
IL, USA) and SigmaPlot 14 (Systat Software GmbH,

Erkrath, Germany). Data were subjected to two-way
analysis of variance (ANOVA), with diet and ABT as
the two factors analyzed in experiment 1, and diet and
genotype as the two factors analyzed in experiment
2. Post-hoc testing applying the Bonferroni correction
was performed once a significant interaction between
the factors was disclosed. In order to meet the equal var-
iance requirement of two-way ANOVA, a log transform-
ation of the data was employed. If the log transformation
did not fulfill the equal variance assumption, Welch’s
ANOVA followed by the Games-Howell post-hoc test
was performed. Correlations between gut hormones
and behavioral readouts were evaluated with the Spear-
man rank-order correlation coefficient. An α significance
level of 0.05 was used to reject the null hypothesis in all
the aforementioned statistical tests.

The analysis of microbiome and metabolic profiling
data is described in the supplementary information.

Results

Antibiotic treatment attenuated the effect of HFD
on ingestion, caloric intake, weight gain and
adiposity

Two-way ANOVA revealed that both HFD and ABT had
a significant main factor effect on the weekly water
intake, which was significantly reduced in response to
both factors (Figure 1(a,b)). In contrast, HFD enhanced
the weekly caloric intake relative to that of mice on con-
trol diet during weeks 1–2 of the 4-week intervention
period (Figure 1(c,d)). During weeks 3–4 there was a sig-
nificant interaction between ABT and diet in modifying
absolute caloric intake: mice receiving water and anti-
biotic-treated mice on HFD consumed more calories
compared to the respective mice on control diet, but
ABT reduced caloric intake only in animals on HFD
(Figure 1(c)). In contrast, the caloric intake normalized
to body weight did not significantly differ between the
experimental groups during weeks 3–4 (Figure 1(d)).
Body weight, however, increased over the 4-week HFD
intervention period (Figure 1(e)). While there were no
significant group differences in body weight at the begin-
ning of ABT and diet change (day 0), HFD increased
body weight in a cumulative fashion during weeks 1–4
of the dieting intervention. Notably, ABT significantly
blunted the weight gain in mice on HFD but had no sig-
nificant effect on body weight in mice on control diet
(Figure 1(e)). Adiposity evaluated by the weight of epidi-
dymal fat was also significantly enhanced by HFD
(F(1,36) = 17.7, p < 0.001), an effect that was largely pre-
vented by ABT (F(1,36) = 15.6, p = 0.001), with no signifi-
cant interaction between the two factors (Figure 1(f)).
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Antibiotic treatment blunted the fecal fatty acid
rise due to HFD

HFD enhanced the stool content of total fatty acids
and the percentage of saturated fatty acids, these
effects being blunted by ABT (Figure 1(g,h)). Welch’s
ANOVA disclosed significant group differences in
total fatty acids (Welch’s F(3,17.2) = 22.0; p < 0.001)
and the percentage of saturated fatty acids (relative

to total fatty acids) in the stool (Welch’s F(3,17.6) =
578.5; p < 0.001). The Games-Howell post-hoc test
revealed that the fecal content of total and saturated
fatty acids in mice on HFD was significantly higher
than in mice on control diet independently of whether
they received water or antibiotics, while ABT reduced
both the total and saturated fatty acid content inde-
pendently of diet (Figure 1(g,h)).

Figure 1. Effect of high-fat diet (HFD), relative to control diet (CD), in control mice (‘water’) and mice treated with antibiotics (ABT) on
water intake per cage (each cage housing 2 mice) (a), water intake per body weight (b), caloric intake per cage (c), caloric intake per
body weight (d), body weight (e), epididymal fat weight (f), total fatty acids per gram dry weight stool (g), saturated fatty acids in stool
(h), crossing of threshold (CT) values (16S rRNA qPCR of cecal contents) (i) and arbitrary bacterial units in wet weight cecal contents (j).
The parameters shown in panels a-e were measured during the four-week intervention whereas the parameters in panels f-j were
recorded at the end of the experiments. Means + SEM, n = 5 per group in panels a-d and n = 8–10 per group in all other panels. Stat-
istical analysis was performed with two-way ANOVA followed by Bonferroni’s post-hoc test in panels a-d,f and with Welch’s ANOVA and
Games-Howell post-hoc test in panels e,g-i. +p < 0.05 significant diet main factor effect, §p < 0.05 significant ABT main factor effect, **p
< 0.01, ***p < 0.001 compared to the respective ‘water’/ABT group on control diet, #p < 0.05, ##p < 0.01, ###p < 0.001 compared to the
‘water’ group on the same diet.
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Antibiotic treatment depleted the cecal
microbiota and modified the effect of HFD on
microbial composition

ABT and HFD had complex effects on the cecal micro-
biota in terms of bacterial load, bacterial diversity and
microbiome composition (Figures 1(i,j) and 2(a–d).
Welch’s ANOVA was used to assess significant group
differences in both cycle threshold (CT) values (Welch’s
F(3,17) = 49.9; p < 0.001) and arbitrary bacterial units
(Welch’s F(3,17) = 31.6; p < 0.001) (Figure 1(i,j)). The
Games-Howell post-hoc test showed that ABT signifi-
cantly reduced bacterial load independently of diet, as
shown by an increase in CT values and a very pronounced
suppression of arbitrary bacterial units (Figure 1(i,j)).
Diet alone had no significant influence on these par-
ameters (Figure 1(i,j)). Calculation of the Simpson
index showed that ABT significantly lowered the α-diver-
sity of the cecal microbiome in mice on control diet while
the α-diversity in mice on HFD was not significantly
affected by ABT (Figure 2(a)). Bray–Curtis PCoA
revealed a clear separation of the microbial composition
(β-diversity) in mice receiving ABT from those without

ABT, which was confirmed by the Adonis test (R2 =
0.57, p < 0.001). In contrast, the effect of diet was less pro-
minent and the Adonis test failed to show a statistically
significant effect of diet (Figure 2(b)). However, when
mice without ABT andmice receivingABTwere analyzed
in separate plots, Bray–Curtis PCoA disclosed an effect of
diet independently of ABT, which was confirmed by the
Adonis test for the diet effect in both mice receiving nor-
mal drinkingwater (R2 = 0.19, p < 0.001) andmice receiv-
ing antibiotics (R2 = 0.31, p < 0.05) (Figure 2(c,d)).

Antibiotic treatment and HFD had a profound
influence on the cecal metabolome

The effects of ABT and HFD on the cecal metabolome
were investigated by PCA and orthogonal projection to
latent structure-discriminant analyses (O-PLS-DA) of
1H-NMR metabolic profilings. The first two PCA com-
ponents explained 64% of the total metabolomic vari-
ation and indicated a clear clustering of samples
depending on ABT (Figure 3(a)), whereas no clustering
based on diet was observed (Figure 3(a)). A further

Figure 2. Microbial community profile based on 16S rRNA sequencing of cecal contents in control mice (‘water’) and mice treated with
antibiotics (ABT) fed either a control diet (CD) or high-fat diet (HFD) for 4 weeks (n = 9–10 per group). The panels show alpha-rarefac-
tion curves using the Simpson’s index of diversity (a), Bray-Curtis Principle Coordinate Analysis (PCoA) of the four study groups (b), PCoA
of the two control groups (CD + ‘water’, HFD + ‘water’) (c) and PCoA of the two groups that received ABT (CD + ABT, HFD + ABT) (d).
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10% of the metabolomic variation was explained by the
third and fourth PCA components, but no sample clus-
terings were detected in this case. No outliers were
observed in the PCA analysis but one sample of the
CD + water group clustered with the samples from
mice receiving ABT (Figure 3(a)). In a sub-sample analy-
sis, this sample was detected as outlier in the first two
PCA components and therefore removed (Figure 3(d)).

To maximize group separation and concurrently
investigate the impact of diet and ABT, an O-PLS-DA
was performed using 4 response vectors of binary values
(0 or 1), each ‘discriminating’ one group against the
remaining three. A 3D scatter O-PLS-DA plot (Figure
3(b)) confirmed the group separation based on ABT pre-
viously detected by PCA. In addition, the analysis
revealed a separation based on diet, which had gone
undetected in the PCA. Moreover, O-PLS-DA showed
that the separation induced by HFD (Figure 3(b), blue
circles and purple diamonds) was softened by ABT, indi-
cating the two groups were metabolically closer (Figure 3
(b), red circles and yellow diamonds). As shown in
Figure 3(c), a number of metabolites, including SCFAs,
lactate, glucose, uracil, tyrosine, tryptophan, phenyl-
alanine, hypoxanthine and 4-hydroxyphenylacetate,
were associated with the group without ABT, indicating
a higher metabolic activity in the water group.

In order to detect any interference of ABT with diet-
related metabolic changes, we performed OPLS-DA
models on sub-samples obtained either from mice
receiving water (Figure 3(d)) or antibiotics (Figure 3
(e)). In mice receiving water, diet led to metabolic
changes, the HFD + water subgroup being associated
with lower levels of glucose, succinate, propionate and
4-hydroxyphenylacetate (Figure 3(f)). In contrast, this
HFD-induced effect was not observed in antibiotic-trea-
ted animals (Figure 3(e)), indicating a counteracting
influence of ABT on diet-induced changes.

Antibiotic treatment and HFD had distinct effects
on anxiety-like behavior and locomotion,
respectively

When examined after the 4-week dieting intervention in
experiment 1, HFD caused a slight, but significant
reduction of locomotion as deduced from the total tra-
veling distance in the OF (F(1,36) = 5.3; p = 0.028), with
no significant effect of ABT and no significant inter-
action between the two factors (Figure 4(a)). HFD did
not induce any behavioral effects in the OF, EPM or
light–dark box tests (Figure 4(b–f)). In contrast, ABT
attenuated anxiety-like behavior on the EPM, as the
time spent on the open arms of the EPM was prolonged
(F(1,35) = 6.6; p = 0.014) without significant interaction

with diet (Figure 4(d)). No other behavioral effects
were induced by ABT in the OF or light–dark box test
(Figure 4(a–c,e,f)).

Antibiotic treatment suppressed the anhedonic
effect of HFD

Four-week feeding of mice with HFD induced anhedo-
nia-like behavior as deduced from a blunted sucrose pre-
ference and mitigated self-care assessed in the splash test
(Figure 4(g,h)). ABT prevented these effects of HFD
(Figure 4(g,h)). Welch’s ANOVA was used to evaluate
significant group differences in the SPT (Welch’s
F(17,3) = 8.2; p = 0.0014). The Games-Howell post-hoc
test revealed that HFD without ABT reduced sucrose
preference, whereas ABT suppressed this effect of HFD
(Figure 4(g)). Two-way ANOVA of the splash test data
(Figure 4(h)) revealed a significant main factor effect of
HFD (F(1,34) = 8.5; p = 0.006) but not ABT, with a signifi-
cant interaction between the two factors (F(1,34) = 6.0; p
= 0.027). Post-hoc testing highlighted a significant
reduction of grooming time in mice on HFD, an effect
that was prevented by ABT (Figure 4(h)).

Antibiotic treatment and HFD modified
circulating leptin, insulin and GLP-1, but not GIP

Four-week feeding of mice with HFD significantly
increased plasma insulin (F(1,32) = 9.1, p = 0.005) without
a significant effect of ABT and without significant inter-
action between the two factors (Figure 4(i)). In contrast,
plasma GLP-1 was significantly increased by ABT
(F(1,32) = 6.8, p = 0.014) without a significant effect of
diet and without a significant interaction between the
two factors (Figure 4(j)). While the circulating levels of
GIP were not significantly altered by ABT and HFD
(Figure 4(k)), plasma leptin (Figure 4(l)) was signifi-
cantly affected by both diet (log transformed data:
F(1,32) = 67.2, p < 0.001) and ABT (log transformed
data: F(1,32) = 59.4, p < 0.001), with a significant inter-
action between the two factors (log transformed data:
F(1,32) = 17.7, p < 0.001). Post-hoc testing revealed that
HFD significantly increased leptin in the absence and
presence of ABT and that ABT suppressed plasma leptin
only in mice on HFD (Figure 4(l)).

Spearman rank correlation analysis was used to evalu-
ate associations between the plasma levels of the four
hormones analyzed and three behavioral readouts
affected by the interventions (percent time spent on the
open arms of the EPM, sucrose preference in the SPT,
grooming time in the splash test). None of the four hor-
mones was significantly correlated with the EPM read-
out. There was, however, a statistically significant
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Figure 3. Antibiotic treatment strongly affects mice fecal metabolome and counteracts the impact of HFD. Analysis of cecal contents in
control mice (‘water’) and mice treated with antibiotics (ABT) fed either a control diet (CD) or high-fat diet (HFD) for 4 weeks. (a) Prin-
cipal component analysis (PCA) scores plot; blue-circle: water-control diet; red-circle: ABT-control diet; yellow-diamond: ABT-HFD; pur-
ple-diamond: ‘water’-HFD. (b) 3D OPLS-DA score plots using diet and treatment as vector response. The calculated scores are plotted
against each other on the 3 axes. R2Y: [0.7649 0.5692 0.8818 0.4201]; R2Ycum: 0.6590; Q2Y: [0.2584 0.2665 0.5386 0.2094]; Q2cum:
0.3182. (c) Loadings plot derived from the above OPLS-DA model (panel b), describing the metabolic differences driving the separation
along the x axis based on the treatment. Downward pointing metabolites: ABT; upwards pointing metabolites: ‘water’. (d) OPLS-DA
scores plot using diet as response vector on ‘water’ only sub-group. Blue-circle: control diet; purple-diamond: HFD; R2Y: 0.8217;
Q2Y: 0.6824. (e) OPLS-DA scores plot using diet as response vector on ABT only sub-group. Red-circle: control diet; yellow-diamond:
HFD; R2Y: 0.7062; Q2Y: 0.0686. (f) Loadings plot derived from OPLS-DA model (panel d) describing the metabolic differences driving
the separation between CD and HFD in mice receiving ‘water’. Upwards pointing metabolites: CD; downward pointing metabolites:
HFD.
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inverse correlation of plasma leptin with sucrose prefer-
ence (ρ =−0.642, n = 34, p < 0.001). There was also a
weak, but statistically significant inverse correlation of

plasma leptin and plasma insulin with grooming time
in the splash test (leptin: ρ =−0.430, n = 32, p = 0.014,
insulin: ρ =−0.364, n = 32, p = 0.04).

Figure 4. Effect of high-fat diet (HFD), relative to control diet (CD), in control mice (‘water’) and mice treated with antibiotics (ABT) on
readouts in the open field (OF) test (a,b), elevated plus maze (EPM) test (c,d), light-dark (L/D) box test (E,F), sucrose preference test (g)
and splash test (h) as well as on circulating levels of insulin (i), GLP-1 (j), GIP (k) and leptin (l) and relative mRNA expression of pre-
proglucagon (m) and PYY (n) in the colonic wall. Means + SEM, n = 8–10 per group. Statistical analysis was performed with Welch’s
ANOVA and Games-Howell post-hoc test in panel g and with two-way ANOVA and Bonferroni’s post-hoc test in case of a significant
interaction in all other panels. +p < 0.05 diet main factor effect, §p < 0.05 ABT main factor effect, *p < 0.05, **p < 0.01, ***p < 0.001
compared to the respective ‘water’/ABT group on control diet, ##p < 0.01, ###p < 0.001 compared to the ‘water’ group on the same diet.
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Antibiotic treatment, but not HFD, modified the
colonic expression of preproglucagon and PYY

ABT enhanced the relative expression of preproglucagon
mRNA (F(1,34) = 5.97; p = 0.02) and PYY mRNA (F(1,33)
= 4.2; p = 0.03) independently of diet and without signifi-
cant interaction between the two factors (Figure 4(m,n)).

Leptin deficiency in ob/ob mice modified caloric
intake and increased weight gain and adiposity in
response to HFD

The caloric intake of WT and leptin-deficient ob/obmice
depended on both diet and genotype (Figure 5(a,b)). In
WT mice the caloric intake was increased by HFD, rela-
tive to control diet, both when calculated per cage and
per gram body weight (Figure 5(a,b)). In contrast, the
caloric intake of leptin-deficient ob/ob mice was mark-
edly increased by HFD only when calculated per cage
(Figure 5(a)). When calculated per gram body weight,
the caloric intake of ob/ob mice on control diet and
HFD was lower than the respective caloric intake of
WT mice (Figure 5(b)). Throughout the experiment
the body weight of ob/ob mice was significantly higher
than that of WT mice, and over weeks 2–4 both WT
and ob/ob mice gained significantly more weight when
on HFD than when on control diet (Figure 5(c)). Adi-
posity reflected by epididymal fat mass was significantly
increased both by HFD (F(1,35) = 10.11; p = 0.003) and in
particular by the ob/ob genotype (F(1,35) = 624.71; p <
0.001) without significant interaction between the two
factors (Figure 5(d)).

Leptin deficiency in ob/ob mice affected
locomotion and anxiety-like behavior in response
to HFD

Both HFD and leptin deficiency reduced locomotion
(total traveling distance) in the OF and light–dark box
tests, but not in the EPM test (Figure 5(e,g,i)). In the
OF, the total traveling distance depended on diet
(F(1,35) = 10.65; p = 0.002) and genotype (F(1,35) = 33.46;
p < 0.001) without significant interaction between the
two factors (Figure 5(e)). Likewise, in the light–dark
box, the total traveling distance varied with diet (F(1,35)
= 5.69; p = 0.023) and genotype (F(1,35) = 170.1; p <
0.001) without significant interaction of the two factors
(Figure 5(i)).

Anxiety-like behavior in the OF (shortened time spent
in central zone) was observed when ob/ob mice were fed
with HFD, whereas anxiety-like behavior in the light–
dark box (shortened time spent in light compartment)
was seen in response to both HFD and leptin deficiency

(Figure 5(f,j)). Two-way ANOVA showed that anxiety-
like behavior in the OF was increased in ob/ob mice
(F(1,35) = 19.77; p < 0.001) without a diet main factor
effect but with a significant interaction between the two
factors (F(1,35) = 5.9; p = 0.02) (Figure 5(f)). Post-hoc test-
ing revealed that HFD augmented anxiety-like behavior
only in ob/ob mice (Figure 5(f)). In contrast, in the
light–dark box, anxiety-like behavior was enhanced by
both leptin deficiency (F(1,35) = 20.61; p < 0.0001) and
HFD (F(1,35) = 6.05; p = 0.019) without a significant inter-
action between the two factors (Figure 5(j)). Behavioral
testing on the EPM failed to reveal any significant
group differences in anxiety-like behavior (shortened
time spent on open arms) (Figure 5(h)).

Leptin deficient ob/ob mice did not develop
anhedonia in response to HFD

Unlike WT mice, ob/ob mice were protected from the
development of anhedonia-like behavior (reduction of
sucrose preference) induced by HFD (Figure 5(k)).
Because of the heteroscedasticity of the SPT data,
Welch’s ANOVA was applied to assess significant
group differences (Welch’s F(15,3) = 10.4; p < 0.001). The
Games-Howell post-hoc test showed that HFD led to a
significant reduction of sucrose preference in WT mice
but not in leptin-deficient ob/obmice (Figure 5(k)). Con-
sequently, ob/ob mice on HFD exhibited a significantly
higher sucrose preference than WT mice on HFD.
There were no significant differences in sucrose prefer-
ence betweenWT and ob/obmice on control diet (Figure
5(k)). The time spent grooming in the splash test
remained unaffected by diet and genotype (Figure 5(i)).

Discussion

Summary of main findings

In analyzing the role of gut microbiota, intestinal metab-
olites and endocrine factors in HFD-induced anhedonia-
like behavior we obtained four major findings. First, gut
microbiota depletion by ABT attenuated caloric intake,
weight gain, and adiposity in response to HFD and
diminished the intestinal/fecal content of fatty acids
and several metabolites including SCFAs, tryptophan
metabolites and glucose. Second, ABT prevented HFD
from inducing anhedonia-like behavior in the sucrose
preference test, which attests to an indispensable role
of the gut microbiota in HFD-induced anhedonia-like
behavior. Third, ABT prevented the rise of plasma leptin
caused by HFD. Furthermore, we observed that the cir-
culating leptin levels were closely correlated with the
behavioral parameters of sucrose preference. Fourth,
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evidence for an important implication of leptin in HFD-
induced anhedonia was obtained by the use of leptin-
deficient ob/ob mice which in spite of being more
obese did not develop anhedonia-like behavior in
response to HFD.

Antibiotic treatment depleted the cecal
microbiota and metabolome and prevented HFD-
induced obesity

ABT significantly suppressed the bacterial load and cur-
tailed the β-diversity of the microbiome in the cecum of
mice on control diet and HFD. In addition, PCoA of
the microbiome of antibiotic-treated mice displayed a
relatively high inter-individual variability as has also
been reported in another study [29]. Antibiotic-treated

mice gained less weight, which is consistent with previous
reports in both germ-free and antibiotic-treated rodents
[30]. Microbiota depletion reduces body weight by several
mechanisms such as reduced energy harvesting from the
diet, redirection of metabolic pathways, browning of
white adipose tissues and mitigated endotoxemia
[10,30–32]. In our work, ABT reduced the fecal content
of total and saturated fatty acids, especially in mice on
HFD, which indicates that the attenuated weight gain
induced by ABT is unlikely the result of fat malabsorption.

The profound microbiota depletion caused by ABT
resulted in a marked dilution of the cecal metabolome,
with a significant decrease in the concentrations of
SCFAs, lactate, glucose, uracil, tyrosine, tryptophan,
phenylalanine, hypoxanthine and 4-hydroxyphenylace-
tate. These results are consistent with a recent report

Figure 5. Effect of high-fat diet (HFD), relative to control diet (CD), in wild-type (WT) and ob/ob mice on caloric intake per cage (each
cage housing 2 mice) (a), caloric intake per body weight (b), body weight (c), epididymal fat weight (d), behavior in the open field (OF)
test (e,f), behavior in the elevated plus maze (EPM) test (g,h), behavior in the light-dark (L/D) box test (i,j), sucrose preference (k) and
behavior in the splash test (l). The parameters shown in panels a-c were measured during the four-week intervention whereas the
parameters in panels d-l were recorded at the end of the experiments. Means + SEM, n = 4–5 per group in a-b, n = 8–10 per group
in c-l. Statistical analysis was performed with two-way ANOVA followed by Bonferroni’s post-hoc test in case of a significant interaction,
except in panel c and k in which Welch’s ANOVA and Games-Howell post-hoc test were performed. +p < 0.05 diet main factor effect, §p
< 0.05 genotype main factor effect, **p < 0.01, ***p < 0.001 compared to respective genotype on control diet, #p < 0.05, ##p < 0.01, ###p
< 0.001 compared to WT.
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that antibiotics reduce aromatic amino acid levels in the
feces and blood and diminish the concentrations of aro-
matic amino acids and neurotransmitters derived from
aromatic amino acids in the hypothalamus of piglets
[33]. Since the availability of carbohydrates in the hindgut
of piglets also influences hypothalamic neurotransmitter
synthesis [34], the effect of the gut microbiome on carbo-
hydrate and aromatic amino acid levels in the hindgut
warrants further study as a link between microbiome
and behavior. The change in the intestinal metabolome
is likely to have an impact on several of the metabolic
and behavioral alterations caused by ABT. Glucose and
SCFAs are important caloric sources, and SCFAs contrib-
ute to the regulation of gut hormone release, immune
function and metabolic profile [2,35].

Antibiotic-induced microbiota depletion
prevented HFD-induced anhedonia

Based on previous work [3] we hypothesized that the
effect of HFD to alter the brain metabolome and cause
anhedonia-like behavior is due to a change in the intes-
tinal microbiota. The current findings provided conclus-
ive evidence for such a relationship, since the HFD-
induced decrease in sucrose preference and self-care
was absent in antibiotic-treated mice. This finding is in
keeping with several lines of evidence for an involvement
of the intestinal microbiota in mood disturbances. Com-
pared with healthy subjects, patients suffering from
depression present with a disrupted composition of the
intestinal microbiota [36–40], and microbiota transfer
from depressed patients induces a depression-like phe-
notype in the recipient rodents [38,39].

Antibiotic-induced depletion of the cecal microbiota
also had an anxiolytic effect, which was seen only in
the EPM test. HFD, in contrast, did not affect anxiety-
like behavior, which is not unexpected in view of the
inconsistent influence of HFD on this behavior [41].
The antibiotic-induced reduction of anxiety-like behav-
ior seen here is in line with other observations in
germ-free and antibiotic-treated mice [29,42].

Antibiotic-induced microbiota depletion had
distinct effects on colonic and circulating
hormone levels

Several endogenous hormones are likely to contribute to
the communication between the intestinal microbiota
and the brain [43]. While the colonic expression of pre-
proglucagon and PYY mRNA remained unaltered by
HFD, the expression of both hormones was enhanced
by antibiotic-induced microbiota depletion. This change
needs to be seen in relation with the ability of the

intestinal microbiota to regulate the transcriptome of
L-cells including that for preproglucagon and PYY
[16,44]. Like preproglucagon expression in the colon,
plasma GLP-1 was enhanced by ABT in a diet-indepen-
dent manner, which speaks against a mediator role of
GLP-1 in HFD-induced anhedonia-like behavior. The
elevated plasma GLP-1 in antibiotic-treated mice, how-
ever, may contribute to the reduced water and caloric
intake and the diminished weight gain seen in these ani-
mals, given that GLP-1 acts as satiety signal [45] and
blunts water intake [46].

Both plasma insulin and leptin were enhanced by
HFD, but while ABT had no effect on plasma insulin,
ABT prevented the surge of plasma leptin in response
to HFD. This observation attributes leptin a significant
role in the link between HFD, microbiota and behavior,
a relationship that is corroborated by the correlation of
high circulating leptin levels with anhedonia-like behav-
ior and reduced self-care caused by HFD. The effect of
ABT on leptin levels can be explained not only by the
lower fat mass in antibiotic-treated mice but also by
the reduced production of SCFAs, which stimulate leptin
secretion from adipocytes [17]. The proposed impli-
cation of leptin in HFD-induced anhedonia-like behav-
ior is in keeping with the role of endogenous leptin as
a regulator of the rewarding effects of nutrients through
peripheral and central mechanisms. Peripherally, leptin
inhibits mouse taste cell responses to sweet compounds
[47] while, centrally, leptin suppresses the ability of
sucrose to drive taste-independent dopaminergic neur-
onal activation in the midbrain [48].

Anhedonia induced by HFD was absent in leptin-
deficient mice

The implication of leptin as a mediator of HFD-induced
behavioral changes was directly probed by the use of lep-
tin-deficient ob/ob mice. Anhedonia-like behavior
induced by HFD is, unlike effects on anxiety-like behav-
ior, a robust finding that was reproduced in many studies
involving various mouse lines [3–7] including the WT
line used in the present study. The observation that ob/
ob mice did not develop anhedonia-like behavior in
response to HFD in spite of consuming more calories
and being more obese provides evidence that leptin is
an essential signal linking HFD, gut microbiota and
anhedonia. Since, however, WT and homozygous ob/ob
mice are phenotypically different, we cannot rule out
that physiologic differences other than leptin deficiency
have a bearing on the genotype-dependent difference
in HFD-evoked anhedonia-like behavior.

In view of the reported antidepressant activity of
exogenous leptin [49,50] and the association between
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leptin resistance and depression-like behavior [50,51],
the question arises as to whether increased leptin per se
gives rise to anhedonia. It has previously been reported
that ob/ob mice exhibit despair behavior [50], whereas
the present study showed that ob/ob mice do not exhibit
anhedonia-like behavior and are even protected from the
anhedonic effect of HFD in spite of being more obese.
These observations are in keeping with the notion that
endogenous leptin has a differential impact on distinct
domains of depression-like behavior, since a pegylated
leptin receptor antagonist is able to cause despair behav-
ior, but not anhedonia [52]. It is worth noting that ob/ob
mice exhibited anxiety-like behavior, which confirms a
previous report [53]. The anxiety-like behavior of ob/
ob mice seen in the OF test was enhanced by HFD,
which points to a protective role of endogenous leptin
against anxiety-like behavior especially in mice on HFD.

Conclusions

The anhedonia-like behavior induced by HFD in mice
depends on the presence of the intestinal microbiota
and involves leptin as a signaling hormone. SCFAs
may represent a link between the gut microbiota and lep-
tin, given that SCFAs are produced by gut bacteria and
are able to release leptin from adipocytes. These findings
highlight a new line of communication between gut
microbiota and brain, which may be relevant to thera-
peutic considerations.
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