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The gut microbiome is an established regulator of aspects of host
metabolism, such as glucose handling. Despite the known impacts
of the gut microbiota on host glucose homeostasis, the underlying
mechanisms are unknown. The gut microbiome is also a potent
mediator of gut-derived serotonin synthesis, and this peripheral
source of serotonin is itself a regulator of glucose homeostasis.
Here, we determined whether the gut microbiome influences
glucose homeostasis through effects on gut-derived serotonin.
Using both pharmacological inhibition and genetic deletion of
gut-derived serotonin synthesis, we find that the improvements
in host glucose handling caused by antibiotic-induced changes in
microbiota composition are dependent on the synthesis of peripheral
serotonin.
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Intervention studies using germ-free (GF) mice or antibiotic-
associated microbiota perturbation have demonstrated a causal

role of the gut microbiome in regulating host metabolism (1–4).
Treatment of mice with antibiotics improves host glucose toler-
ance, and reduces fat mass and obesity (5, 6), while colonization
of GF mice with microbiota from obese mice (1) and humans (4)
conveys glucose intolerance in the host. How this occurs remains
unknown. Resident cells within the gut wall are leading candi-
dates, as their location enables them to convey microbial signals
to the host. Approximately 90% of total body serotonin (5-
hydroxytryptophan [5-HT]) is synthesized in nonneuronal cells
lining the gut wall, called enterochromaffin (EC) cells (7). The
gut microbiome signals to EC cells through microbial metabo-
lites, including short-chain fatty acids and secondary bile acids
(8–10), with mucosal 5-HT substantially reduced in GF and
antibiotic-treated mice due to decreased EC cell numbers and
reduced 5-HT biosynthesis (10). EC cells provide all circulat-
ing 5-HT via the rate-limiting enzyme of nonneuronal 5-HT
synthesis, tryptophan hydroxylase 1 (TPH1). The 5-HT regu-
lates glucose homeostasis (11–13), with depletion conveying
protection against diet-induced obesity and glucose intolerance
(14). Circulating 5-HT is also increased in obese humans (15). In
this study, we assessed the host metabolic profile, including
glucose homeostasis, of mouse models of antibiotic (Abx)-
associated microbiota perturbation in combination with either
genetic or pharmacological 5-HT depletion to determine whether
the gut microbiome affects host metabolism through its effects
on gut 5-HT.
An intraperitoneal (i.p.) glucose tolerance test (IPGTT) was

used to examine the links between peripheral 5-HT and the gut
microbiome on host glucose homoeostasis. Comparisons within
the same animal over time were used to remove potentially
confounding interanimal variance. Glucose tolerance was un-
changed after 28 d in vehicle-treated control mice (Fig. 1A) but

improved significantly in mice treated with LP533401 (Fig. 1B),
Abx (Fig. 1C), or combined LP533401 and Abx treatment
(Fig. 1D). Importantly, these positive effects of inhibiting 5-HT
synthesis and antibiotic-associated microbiota perturbation on
glucose tolerance were not additive, as seen using paired com-
parisons within each mouse over time (Fig. 1E), demonstrating
their interdependence. Importantly, all treatments had similar
effects in reducing both serum (Fig. 1F) and colonic mucosal
(Fig. 1G) 5-HT levels. The effects of 5-HT inhibition and
antibiotic-associated microbiota perturbation on glucose ho-
meostasis are not due to differences in energy expenditure (Fig.
1H), substrate use (Fig. 1I), activity (Fig. 1J), or body weight
(Fig. 1K).
In mice fed a control chow diet, the genetic deletion of Tph1

(Tph1−/−) improved glucose clearance compared to controls
(Tph1+/+) (Fig. 2 A and B). This effect differed from previous
results in which there was no difference in glucose tolerance
between chow-fed Tph1−/− and Tph1+/+ mice and was likely due
to the greater glucose load (4 mg/kg compared to 2 mg/kg; ref.
14) and shorter fasting period (4 h compared to 24 h; ref. 16).
Importantly, 28 d of Abx treatment improved glucose clearance
in Tph1+/+ but not Tph1−/− mice (Fig. 2 A and B). There was no
difference in insulin sensitivity between groups before or after
treatment with Abx (Fig. 2C). No difference in energy expendi-
ture (Fig. 2E), substrate use (Fig. 2F), physical activity (Fig. 2G),
or body weight (Fig. 2H) was observed between Tph1+/+ and
Tph1−/− mice treated with Abx.
The outcomes of our study address a question which has long

been unanswered. We used genetic and pharmacological models
to provide evidence that gut-derived serotonin is the link through
which the gut microbiome affects host glucose metabolism. The
key evidence supporting this conclusion is that the combination
of depleted EC cell 5-HT and gut antibiotic-associated microbiota
perturbation did not show any additive effect compared to
the individual treatments alone, demonstrating that the gut
microbiome and EC cell 5-HT act via the same pathway to in-
fluence host glucose metabolism. If the microbiome were regulat-
ing host glucose homeostasis via another route, we would have
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seen improved glucose tolerance in the LP533401 + Abx group
compared to Abx alone or in the Tph1−/− day 0 vs. day 28
comparisons. These impacts of antibiotic-associated microbiota
perturbation in the presence or absence of gut-derived 5-HT
on glucose handling are not driven by potentially confounding
factors such as altered basal energy expenditure, physical activity,
substrate use, or body weight. This is consistent with previous
findings from mice with gut-specific Tph1 ablation, which ex-
hibit no change in energy expenditure compared to wild-type
(WT) mice (17), and with other studies using LP533401 on a
standard chow diet (17, 18), which show no change in total body
weight. Our finding is indicative that, on a control chow diet, the
gut microbiome controls glucose homeostasis through regula-
tion of EC cell serotonin synthesis.

Methods
Animal Housing and Breeding.Male C57BL/6 were bred and maintained at the
South Australian Health and Medical Research Institute, and Tph1+/+ and
Tph1−/− mice (14, 19) were maintained at McMaster University (both under
specific-pathogen–free conditions). All mice were fed water and standard

chow diet ad libitum and were housed under 12-h light−dark cycle. Exper-
iments were performed in accordance with the South Australian Health
and Medical Research Institute and the McMaster Animal Care Committee
(Animal Utilization Protocol 16-12-41) guidelines.

Animal Experiments. At 8 wk to 12 wk of age, mice were randomized and
separated into groups and placed on an antibiotic mixture (1 g/L ampicillin,
0.5 g/L neomycin; Sigma) to induce a dysbiosis model (20, 21) or on control
water for 28 d. Mice were weighed daily in the morning. Mice in the TPH
inhibitor group received a daily oral gavage of LP533401 (30 mg/kg; Dalton
Pharma Services) as previously described (22), while control mice received
a vehicle gavage.

Glucose Tolerance Test. Mice were fasted for a period of 4 h by housing in
bedding- and feed-free cages with fasting trays. Baseline fasting blood
glucose was measured via tail vein bleed. Glucose (4 g/kg; Tph1+/+ and
Tph1−/−, 2 g/kg; C57/BL6) was administered via i.p. injection, and blood
glucose levels were taken at 15-min intervals for 2 h.

Metabolic Cage Analysis. Animals were placed in Promethion (C57/BL6 mice;
Sable Systems International) and Comprehensive Lab Animal Monitoring

Fig. 1. Antibiotics improve host glucose handling by reducing gut-derived 5-HT. Paired day 0 and day 28 comparisons of blood glucose, following an IPGTT,
in (A) control, (B) LP533401-treated, (C) Abx-treated, and (D) combined LP533401- and Abx-treated mice. (E) Paired comparisons of GTT area under the curve
(AUC) at day 0 and day 28. (F) Serum and (G) colonic 5-HT levels at day 28. (H) Energy expenditure, (I) respiratory exchange ratio (RER), (J) horizontal motor
activity, and (K) body weight at day 28. Data are shown as mean ± SEM; ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Numbers in
bars are individual mice per group.

Fig. 2. Antibiotic-induced improvements in glucose tolerance require Tph1. (A) Paired day 0 and day 28 blood glucose and (B) area under the curve
following i.p. glucose injection (4 mg/kg) in Tph1+/+ and Tph1−/−mice. (C ) Paired day 0 and day 30 blood glucose following i.p. insulin injection (0.75 U/kg)
in Tph1+/+ and Tph1−/−mice. Mean (D) energy expenditure, (E ) RER, and (F ) horizontal motor activity measured from days 32 to 34. (G) Body weight
measured at day 36. Data are shown as mean ± SEM; *P < 0.05; **P < 0.01; ****P < 0.0001; ††††P < 0.001 genotype. Numbers in bars are individual mice
per group.
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System (Tph1WT and Tph1 knockout mice; Columbus Instruments) metabolic
cages to assess oxygen consumption, carbon dioxide emission, and resting
energy expenditure. Mice were acclimatized over a 24-h period before data
were drawn.

The 5-HTMeasurements. Serumand colonicmucosal tissue serotoninwasdetected
by ELISA (BA E-5900; Labor Diagnostika Nord) as previously described (15, 23).

Statistical Analysis. Data were analyzed using PRISM (GraphPad, v7.0). Sta-
tistical significance was reported when P < 0.05 and was determined using

a paired 2-tailed t test for single comparisons, or 1-way ANOVA and Tukey’s
post hoc test for multiple comparisons.
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