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ORIGINAL ARTICLE

Butyrate reduces appetite and activates brown
adipose tissue via the gut-brain neural circuit
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ABSTRACT

Objective Butyrate exerts metabolic benefits in mice
and humans, the underlying mechanisms being still
unclear. We aimed to investigate the effect of butyrate
on appetite and energy expenditure, and to what extent
these two components contribute to the beneficial
metabolic effects of butyrate.

Design Acute effects of butyrate on appetite and its
method of action were investigated in mice following an
intragastric gavage or intravenous injection of butyrate.
To study the contribution of satiety to the metabolic
benefits of butyrate, mice were fed a high-fat diet with
butyrate, and an additional pair-fed group was included.
Mechanistic involvement of the gut-brain neural circuit
was investigated in vagotomised mice.

Results Acute oral, but not intravenous, butyrate
administration decreased food intake, suppressed the
activity of orexigenic neurons that express neuropeptide
Y in the hypothalamus, and decreased neuronal

activity within the nucleus tractus solitarius and dorsal
vagal complex in the brainstem. Chronic butyrate
supplementation prevented diet-induced obesity,
hyperinsulinaemia, hypertriglyceridaemia and hepatic
steatosis, largely attributed to a reduction in food

intake. Butyrate also modestly promoted fat oxidation
and activated brown adipose tissue (BAT), evident from
increased utilisation of plasma triglyceride-derived fatty
acids. This effect was not due to the reduced food intake,
but explained by an increased sympathetic outflow to
BAT. Subdiaphragmatic vagotomy abolished the effects
of butyrate on food intake as well as the stimulation of
metabolic activity in BAT.

Conclusion Butyrate acts on the gut-brain neural circuit
to improve energy metabolism via reducing energy intake
and enhancing fat oxidation by activating BAT.

INTRODUCTION

A positive energy balance, which occurs when
energy intake exceeds energy expenditure, leads
to the development of obesity. The prevalence of
obesity has been increasing steadily over the past
two decades, and obesity is becoming a global
health concern. Obesity and obesity-initiated
diseases are associated with high mortality and
morbidity, mainly related to diabetes mellitus and
cardiovascular disease." Obese individuals have
enhanced appetite’ and/or reduced energy expen-
diture, mainly due to insufficient physical activity

Significance of this study

What is already known on this subject?

» Endogenous short-chain fatty acids mainly
come from bacterial fermentation of dietary
fibre in the colon.

> Butyrate supplementation exerts multiple
metabolic benefits, the underlying mechanisms
being still unclear.

» Brain plays a central role in requlating energy
metabolism. The Gl tract is intimately connected
to the brain, with the vagal nerve as the key
neural connection.

What are the new findings?

» Butyrate reduces appetite. This effect
contributes dominantly to the various metabolic
benefits of butyrate, including prevention
of obesity, dyslipidaemia, insulin resistance
and the development of hepatic steatosis.

In addition, butyrate modestly promotes fat
oxidation, by activating brown adipose tissue.

» The gut-brain neural circuit, that is, vagal nerve
signalling, is necessary for the butyrate-induced
appetite reduction and brown adipose tissue
activation.

How might it impact on clinical practice in the

foreseeable future?

» Our collective data show that butyrate
induces sustained satiety and enhances fat
oxidation, thereby effectively preventing
diet-induced obesity, insulin resistance,
hypertriglyceridaemia and hepatic steatosis,
without inducing any apparent unfavourable
effects.

» We propose butyrate supplementation via the
oral route as a promising strategy to combat
obesity and related cardiometabolic diseases.

and impaired brown adipose tissue (BAT) activity.” *
BAT contributes substantially to energy expenditure
by combusting large amounts of triglycerides (TG)
and glucose in humans (reviewed in refs ° ©), and
its activity is mainly regulated through the sympa-
thetic nervous system (SNS) under the control of
the hypothalamus.” ® The hypothalamus is also
the central key regulator of food intake’ and
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energy intake, receiving hormonal and neural signals emanating
from the GI tract, adipose tissue and other peripheral organs.
Although several pharmaceutical agents have been approved for
the treatment of obesity, the clinical application of these agents
for long-term body weight management is hampered due to the
high incidence of adverse events.!® The fundamental approach
for combating against obesity is still lifestyle intervention,
including diet adjustment.

Dietary fibre is deemed to be a key component in the healthy
eating, mainly because dietary fibre is the main resource for
production of endogenous short-chain fatty acids (SCFA) during
bacterial fermentation in the colon. Interestingly, dietary supple-
mentation of SCFAs has been shown to protect from obesity,'!
making SCFAs promising candidates for the prevention of meta-
bolic disorders. Of the SCFAs, in particular butyrate supplemen-
tation was found to have profound multiple metabolic benefits,
including prevention of high-fat diet (HFD)-induced obesity,
insulin resistance and hepatic steatosis.!>™* A reasonable specu-
lation is that butyrate acts on components of the energy balance,
that is, stimulating energy expenditure, and/or reducing energy
intake, thereby reducing obesity and obesity-associated disor-
ders. A previous study indeed showed that butyrate induced
peroxisome proliferator-activated receptor-y coactivator-1o
activity, thereby enhancing mitochondrial function in BAT and
substantially promoting energy expenditure.”> On the other
hand, the effect of butyrate consumption on appetite is rather
obscure. Whereas at least one study showed a clear reduction in
food intake upon butyrate intervention,'" other studies reported
that dietary supplementation of butyrate did not alter food
intake™ ¢ in diet-induced obese mice. Interestingly, clinical
studies showed that dietary fibre, that is, oligofructose, increases
endogenous butyrate production, accompanied by a reduction in
energy intake.'” ®

By using APOE*3-Leiden.CETP mice, a well-established
translational model for developing human-like diet-induced
obesity, dyslipidaemia and metabolic syndrome,' ** we now
aimed to evaluate the effect of butyrate on energy intake and
energy expenditure with respect to BAT activity, and to dissect
the contribution of these two components of the energy balance
to the metabolic benefits of butyrate. Here we provide first
evidence that oral butyrate via the gut-brain neural circuit
reduces appetite and activates BAT.

MATERIALS AND METHODS
Please see online supplementary materials and methods for an
expanded version of this section

Animals

APOE*3-Leiden.CETP (E3L.CETP) mice were obtained as
previously described®! and housed under standard conditions
in conventional cages with free access to chow diet and water
unless indicated otherwise. At the age of 10-12 weeks, male
mice were used for experiments in accordance with the regula-
tions of Dutch law on animal welfare.

Chronic intervention experiment

Mice received an HFD (60% kcal derived from lard fat and
0.25% cholesterol (w/w), Research Diets, New Brunswick, NJ)
without (control group) or with 5% (w/w) sodium butyrate
(Sigma Aldrich; butyrate group) for 9 weeks. Since butyrate was
expected to reduce food intake, a third group of mice received
the same amount of HFD as that of the butyrate group (pair-fed

group).

Subdiaphragmatic vagotomy surgery

Mice received subdiaphragmatic vagotomy surgery** or sham
surgery as controls. After a recovery period of 1week after the
surgery, mice received an HFD alone or supplemented with 5%
(w/w) sodium butyrate for 7 weeks.

Statistical analysis

All data are expressed as mean+SEM. For studies including
three groups, differences between groups were determined using
one-way analysis of variance test. When significant differences
were found, Fisher’s least significant difference test was used as a
post hoc test to determine the differences between two indepen-
dent groups. For studies including two groups, statistical differ-
ences between groups were calculated using a two-tail unpaired
Student’s t-test. A P value less than 0.05 was considered statisti-
cally significant.

RESULTS

Oral rather than intravenous butyrate decreases food intake
and inhibits orexigenic neuron activity in hypothalamus

We first evaluated the effect of butyrate on appetite. In over-
night fasted mice, butyrate administration via intragastric gavage
significantly prevented food intake within 1hour after refeeding,
and led to a 21% reduction in cumulative food intake over
24 hours (figure 1A). This acute reduction in food intake was
accompanied with a large decrease in number of FOS-positive
neurons within the arcuate nucleus in the hypothalamus (—73%,
figure 1B). Furthermore, oral butyrate markedly decreased the
portion of neuropeptide Y (NPY)-positive neurons that also
express c-FOS (—49%, figure 1C), while did not influence the
portion of pro-opiomelanocortin-positive neurons coexpressing
c-FOS (figure 1D). In addition, oral butyrate clearly decreased
the number of FOS-positive neurons within nucleus tractus
solitarius (NTS) and dorsal vagal complex (DVC) in brainstem
(—37%, figure 1E), without affecting the neuronal activity in
either cortical region or hippocampal region (data not shown).
Notably, 1hour after gavage, oral butyrate supplementa-
tion raised the portal vein and peripheral circulating butyrate
concentration as compared with the control group. To elucidate
whether the increased circulating butyrate evoked the reduced
appetite, we also administered butyrate directly into the circula-
tion by intravenous injection. As a result, the circulating butyrate
concentration markedly increased (online supplementary figure
S1), however without influencing either acute refeeding or
food intake within 24 hours (figure 1F). Collectively, these data
imply that oral administration of butyrate reduces food intake
and hypothalamic neuronal signalling independent of increased
circulating butyrate levels, indicating a mechanism involving the
gut-brain neural circuit.

Butyrate consumption prevents HFD-induced obesity and
hepatic steatosis, mainly via reducing food intake

To evaluate the contribution of reduced food intake to the meta-
bolic benefits of chronic butyrate treatment, we fed E3L.CETP
mice an HFD without or with sodium butyrate for 9 weeks, and
included an additional group that was pair-fed to the butyrate
group while receiving HFD. In line with the acute reduced appe-
tite effect of a single oral butyrate administration, chronic dietary
butyrate supplementation also caused a sustained reduction in
food intake during the 9-week intervention period (figure 2A),
resulting in 22% less food intake as compared with that of the
control group (figure 2B).
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Figure 1

Oral but not intravenous butyrate decreases appetite and suppresses the activity of orexigenic neurons expressing NPY in the

hypothalamus. After overnight fasting and randomisation based on body weight, mice received vehicle or butyrate via the intragastric gavage (IG,

A) or intravenous injection (IV, F). Food intake was measured during 24 hours. One hour after receiving butyrate IG, mice were anaesthetised and
brains were collected immediately. FOS staining was performed in cryostat sections of frozen brains. The number of c-FOS-positive neurons within the
arcuate nucleus in the hypothalamus (B) and nucleus tractus solitarius (NTS) and dorsal vagal complex (DVC) in the brainstem (E) was quantified. The
colocalisation percentages of NPY/c-FOS-positive neurons (C) and POMC/c-FOS-positive neurons (D) were quantified, with representative pictures as
shown. Data are means+SEM (n=8-9); *P<0.05, ***P<0.001 compared with control group. NPY, neuropeptide Y; POMC, pro-opiomelanocortin.

We observed that butyrate completely prevented HFD-in-
duced body weight gain (figure 2C), accompanied by decreased
fat mass gain (figure 2D) without affecting lean mass as compared
with the control group. Of note, during the first 7 weeks, food
restriction per se by pair feeding diminished diet-induced obesity
to a similar extent as observed by butyrate supplementation
(figure 2C). After 9 weeks of intervention, as compared with
control group, butyrate supplementation decreased body weight
by —27% (figure 2E) and the weight of the gonadal (g) white
adipose tissue (WAT) pad by —69% (figure 2F); while pair
feeding decreased body weight by —18% (figure 2E) and the
weight of the gWAT pad by —42% (figure 2F). This suggests
that the antiobesity action of butyrate is largely dependent on
reduction of food intake.

Butyrate also decreased liver weight (—25%, figure 2G),
hepatic TG and phospholipid content (figure 2H) as compared

with the HFD control group. Chronic butyrate consumption did
not alter the levels of acetate, propionate and butyrate in periph-
eral blood, nor in portal vein blood (online supplementary figure
S2). Pair-fed mice showed the same reduction in liver weight
and lipid content as that of butyrate-treated mice (figure 2G,H).
Representative pictures of liver sections confirmed that butyrate
prevents HFD-induced hepatic steatosis through lowering of
food intake (figure 2I).

Butyrate consumption improves lipid and glucose
metabolism, in part by reduced food intake

Butyrate supplementation significantly decreased plasma TG
levels (figure 3A), tended to decrease plasma glucose levels
(P=0.05; figure 3B) and markedly decreased fasting insulin
levels (figure 3C) and homeostatic model assessment of insulin

Li Z, et al. Gut 2018;67:1269-1279. doi:10.1136/gutjnl-2017-314050

1271

"1ybuAdoo Aq parosloid 1sanb Aq 202 ‘22 Idy uo ywod fwgnby:dny wolj papeojumoq ‘2 T0Z JOWSAON € U0 0SOFTE-2T0Z-UhNB/9ETT 0T Se paysiignd 1siij 1N


https://dx.doi.org/10.1136/gutjnl-2017-314050
https://dx.doi.org/10.1136/gutjnl-2017-314050
http://gut.bmj.com/

Gut microbiota

A B

Cc

*kk
34 . 3 15
3 2% 3* —_ )
[e] 3_ 3*3* 3*3* 2% Py g 9 3*
g ® 2 24 = 104
=) = O [
b £ E o
2 21 ) e
g 83 1 o 51
£ O Control l.e ) ®
3 11 ® Butyrate =~ 3
g, A Pair Fed oll— : z0
T v T T T > @ > 2 1 3 5 7 9
‘0 X ) m
1 3 5 7 9 & & -5 week(s)
week(s) Q ]
D E F
E& fat mass
15+ E=& lean mass 3 ududal
_ kk T *kk HHt
=) A50 Kk ok i —_ I_I —
2 B, HEH 3 | T
‘& 101 - E 24
o 2301 3
ol | =
£ 5- %20 <;‘:1_
3 2 o] 4 N
0- 0 r 7
€ &
& o
o @ <Q

@
I

900+

2.0 kK -
= Lm— 8T
o c 0
~ 1.51 o+
= o 2 600-
2 - o
g 1.0+ -]
= £
@ L= -
£ 05 g5 300
o<
0.0~ = T
&‘o\ & &
® & Qf&“

Fedek,

—

i [ Control

= Il Butyrate
E3 Pair Fed

Figure 2 Butyrate consumption prevents high-fat diet (HFD)-induced obesity and hepatic steatosis, mainly via reducing food intake. Mice were
individually housed and receive an HFD without (control group), or with 5% (w/w) sodium butyrate (butyrate group) for 9 weeks. A third group of
mice received the same amount of HFD as consumed by the butyrate group (pair-fed group). Food intake was measured weekly (A), and average food
intake per group through the whole intervention period was calculated (B). Body weight was measured weekly, and fat mass and lean mass were
measured every other week by EchoMRI to calculate the body weight gain (C) and fat mass gain (D). At the end of this study, body composition (E),
gonadal white fat pad weight (F), liver weight (G) and liver triglycerides (TG), total cholesterol (TC) and phospholipid (PL) content (H) were measured.
Representative pictures of liver sections in H&E staining are shown (). Data are means+SEM (n=9-10); *P<0.05, **P<0.01, ***P<0.001 as control
group compared with butyrate group; #P<0.05, ##P<0.01, ###P<0.001 as pair-fed group compared with butyrate group. gWAT, gonadal white

adipose tissue.

resistance (figure 3D) as compared with controls, indicating
that butyrate improves plasma lipid metabolism and insulin
sensitivity. The beneficial effects of butyrate on plasma TG and
glucose metabolism could be only partially attributed to the
reduced food intake by butyrate, as pair feeding only reduced
the plasma glucose level, and had no effects on plasma levels of
TG and insulin (figure 3B).

To determine the organs involved in the TG and glucose
lowering effects of butyrate, we injected mice with [*H]TO-la-
belled TRL-like particles” and ["*C]DG. In parallel with a
decreased plasma TG level, butyrate accelerated the clearance
of PH]TO from the circulation as evidenced by reduced half-
life of PH]TO (figure 3E). The accelerated [PH]TO clearance
was caused by a large increase in the uptake of [’H]TO-derived
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Figure 3 Butyrate consumption improves lipid and glucose metabolism, partially by reducing food intake. After 9 weeks of treatment with butyrate,
plasma was assayed for TG (A), glucose (B) and insulin (C), and homeostatic model assessment of insulin resistance (HOMA-IR) (D) was calculated.
At the end of this study, a combined TG and glucose clearance test was performed. Conscious mice were intravenously injected with [*H]TO-labelled
TRL-like particles and ["*C]DG. Subsequently, the plasma half-life of [*H]TO (E) and ["*C]DG (G) was calculated, and 15 min after injection, the uptake
of 3H (F) and "C (H) by various tissues was assessed. Data are means+SEM (n=8-9); *P<0.05, **P<0.01, ***P<0.001 as control group compared
with butyrate group; #P<0.05, ##P<0.01, ###P<0.001 as pair-fed group compared with butyrate group. gWAT, gonadal white adipose tissue; iBAT,
interscapular brown adipose tissue; sBAT, subscapular brown adipose tissue; SWAT, subcutaneous white adipose tissue; TG, triglyceride.

activity by BAT depots (+174% for interscapular BAT (iBAT)
and +123% for subscapular BAT; figure 3F), and to some extent
by muscle and WAT (figure 3F). In contrast, food restriction per
se by pair feeding did not increase the uptake of [*H]TO-de-
rived activity by BAT, muscle and WAT as compared with the
control group. As may be expected, both butyrate treatment
and pair feeding reduced the half-life of ["*C]DG (figure 3G) as
compared with control group, indicating that butyrate acceler-
ates the clearance of circulating ['*C]DG and could be explained
by the reduction of food intake. Indeed, pair feeding increased
the uptake of [*C]DG by muscle and WAT to the same extent as
that of butyrate treatment.

Butyrate consumption promotes fat oxidation at the expense
of carbohydrate oxidation

Since the effects of butyrate on body fat and lipid metabolism
could only be partly attributed to reduction of food intake,
indirect calorimetry was performed to determine the effects of
butyrate on energy expenditure. In the first week of the interven-
tion, when body weight of the mice was still comparable between

the butyrate and control groups, mice were housed in fully auto-
mated metabolic cages. Butyrate treatment did not affect the
spontaneous physical activity of the mice (figure 4A). Although
no effect on total energy metabolism was detected (figure 4B),
butyrate significantly decreased the respiratory exchange ratio
during daytime (figure 4C). This was reflected by an increase in
fat oxidation (figure 4D), mostly at the expense of carbohydrate
oxidation (figure 4E) during daytime.

Butyrate consumption increases BAT thermogenic capacity
and sympathetic outflow towards BAT

Next we followed up on the stimulating effect of butyrate on
PH]TO uptake by BAT and fat oxidation by studying BAT in
more detail. Butyrate markedly decreased the weight of the iBAT
pad (figure 5A), accompanied by a decrease in intracellular lipid
vacuole content as compared with the control mice (figure 5B,E).
The protein content of uncoupling protein (UCP)-1 per area of
BAT was increased (figure SC,E), suggesting increased ther-
mogenic capacity of BAT. Furthermore, butyrate increased
sympathetic outflow towards BAT, as evidenced by increased

Li Z, et al. Gut 2018;67:1269-1279. doi:10.1136/gutjnl-2017-314050
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Figure 4 Butyrate promotes fat oxidation at the expense of carbohydrate oxidation. In the first week of the intervention, mice were housed in fully
automated metabolic cages, and physical activity (A), energy expenditure (B) and respiratory exchange ratio (C) were monitored. Fat oxidation rate
(D) and carbohydrate oxidation rate (E) were calculated. For bar graphs, data are shown as means+SEM (n=7-8); for line graphs, data are shown as

the mean for each group (n=7-8) during a 24-hour cycle (07:00-07:00).

protein expression of tyrosine hydroxylase (TH), a marker of
sympathetic nerve activity (figure SD,E). As compared with the
pair-fed group, butyrate-treated mice still showed reduced iBAT
pad weight (figure 5A), intracellular lipid content (figure 5B) and
increased UCP-1 protein content (figure 5C), suggesting butyrate
consumption improves BAT thermogenic capacity only partly
via a reduction in food intake.

In both subcutaneous WAT and gWAT, butyrate did not
induce mRNA expression of the beige adipocyte markers Ucp-1
and Cidea (online supplementary figure S3A,B). Furthermore,
we could not detect any UCP-1 protein expression in either
WAT depot, suggesting that butyrate treatment does not induce
browning of WAT.

The gut-brain neural circuit is necessary for the butyrate-
induced satiety and BAT activation

To further investigate the mechanistic involvement of the
gut-brain neural circuit in the beneficial effects of butyrate
on energy metabolism, we performed the subdiaphragmatic

vagotomy and sham surgery, followed by a dietary butyrate
intervention for 7 weeks. Again, in the sham-operated group,
butyrate reduced cumulative food intake (online supplementary
figure S2A) as well as average food intake per se (online supple-
mentary figure S2B) during the 7-week intervention period,
and accelerated the clearance of [*H]TO from the circulation
(online supplementary figure S2C) as well as increased the
uptake of [PH]TO-derived activity by BAT (online supplemen-
tary figure S2D). Also, in mice receiving sham surgery, butyrate
reduced iBAT pad weight (online supplementary figure S2E)
most likely due to a decrease in intracellular lipid vacuole
content (online supplementary figure S2F) and enhanced BAT
thermogenic capacity as shown by an increased UCP-1 protein
content (online supplementary figure S2G). However, after the
subdiaphragmatic vagotomy, butyrate failed to reduce the cumu-
lative food intake (figure 6A), and the average food intake per
se between the control group and butyrate-treated group was
equal (figure 6B). In vagotomised mice, butyrate treatment also
did not influence the clearance of [PH]TO from the circulation
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Figure 5 Butyrate increases brown adipose tissue (BAT) thermogenic capacity and sympathetic outflow towards BAT. After 9 weeks of intervention,
the interscapular BAT (iBAT) pad was weighed (A) and sectioned. The lipid content within the iBAT was quantified after H&E staining (B). After
immunostaining, the expression of UCP-1 (C) and TH (D) in iBAT was quantified with representative pictures shown (E). Data are means+SEM (n=8—
9); *P<0.05, **P<0.01, ***P<0.001 as control group compared with butyrate group; #P<0.05, ##P<0.01 as pair-fed group compared with butyrate

group. TH, tyrosine hydroxylase; UCP, uncoupling protein.

(figure 6C), nor the tissue uptake of [PH]TO-derived activity
(figure 6D). The weight of iBAT (figure 6E), the intracellular
lipid vacuole content of iBAT (figure 6F) and UCP-1 protein
content in iBAT (figure 6G) in the vagotomised mice received
butyrate treatment that was comparable to that of control group.
Taken together, these data indicate that the gut-brain neural
circuit is necessary for the beneficial effects of butyrate on both
satiety and BAT activation.

Butyrate consumption alters gut microbiota composition

To investigate whether dietary butyrate affects the composition
of gut microbiota, total bacterial DNA was isolated from the
cecum content of sham-operated mice and vagotomised mice,
after 7 weeks of butyrate treatment. The 16S rRNA gene was
sequenced using the MiSeq platform. In sham-operated mice,
dietary butyrate did not influence the number of observed
species and the Shannon diversity index of the gut microbiota
(figure 7A). However, unweighted UniFrac distance analysis
showed a clear separation between control mice and butyr-
ate-treated mice (figure 7B). As compared with control mice,
butyrate-treated mice had a relative increased abundance of the
phylum Firmicutes at the expense of Bacteroidetes (figure 7C).

Linear discriminant analysis effect size indicated that genera
belonging to the phylum Firmicutes, class Erysipelotrichi were
significantly increased in butyrate-treated mice (figure 7D,E).
Interestingly, in vagotomised mice, dietary butyrate significantly
increased the number of observed species and the Shannon
diversity index of the gut microbiota (online supplementary
figure SSA). Unweighted UniFrac distance analysis showed a
moderate separation between control mice and butyrate-treated
vagotomised mice (online supplementary figure S5B). Similar
to the effect in non-vagotomised mice, butyrate also increased
the relative abundance of the phylum Firmicutes (online supple-
mentary figure S5C), with even more classes affected, including
Erysipelotrichi, Clostridia and Bacilli (online supplementary
figure S5D,E). Collectively, our data clearly indicate that dietary
butyrate alters the caecal microbiota composition, and in partic-
ular increasing the abundance of the phylum Firmicutes, inde-
pendent of the presence of an intact gut-brain neural circuit.

DISCUSSION

Previous findings showed that both dietary administration of
butyrate'* ** and stimulation of intestinal butyrate production via
probiotics™ % exert multiple beneficial effects on non-alcoholic

Li Z, et al. Gut 2018;67:1269-1279. doi:10.1136/gutjnl-2017-314050

1275

ybuAdoo Aq parosiold 1senb Ag £20z ‘2z Iudy uo jwod g nGy/:dny woiy papeojumoq “LTOZ J8QUIBAON € U0 0S0FTE-2T0Z-IUNB/9ETT 0T se paysignd is1y N9


https://dx.doi.org/10.1136/gutjnl-2017-314050
https://dx.doi.org/10.1136/gutjnl-2017-314050
https://dx.doi.org/10.1136/gutjnl-2017-314050
https://dx.doi.org/10.1136/gutjnl-2017-314050
https://dx.doi.org/10.1136/gutjnl-2017-314050
https://dx.doi.org/10.1136/gutjnl-2017-314050
https://dx.doi.org/10.1136/gutjnl-2017-314050
http://gut.bmj.com/

Gut microbiota

A Denervation Control
150+

A Denervation Butyrate #

Cumulative food intake (g) >

100+
50
0 1
8
= 100 A Denervation Control
2 80- A Denervation Butyrate
23
> o 604
D ©
TE 40
O g
© 20-
é
0
0
minutes
0.2+ "aé; s, 150-
G EE
e c
=] O o .
g 2 8100
] 58
o °¢
= S = 50-
< - 8
= -3
-l 0-
O
&

B

Food intake
(g/day/mouse)
i

O

w
i

[ Denervation Control
Denervation Butyrate

20+

-
A

3H activity
(%of injected dose/g organ)

2

@

iBAT UCP-1 level

Figure 6 The gut-brain neural circuit is necessary for the butyrate-induced satiety and brown adipose tissue (BAT) activation. Mice were individually
housed and received the subdiaphragmatic vagotomy surgery. One week after the surgery, mice were fed a high-fat diet (HFD) without (denervation
control) or with 5% (w/w) sodium butyrate (denervation butyrate) for 7 weeks. Food intake was measured weekly and cumulative food intake (A) and
average food intake per se (B) were calculated. At the end of this study, a triglyceride (TG) clearance test by intravenous injection of [*H]TO-labelled
TRL-like particles was performed. The clearance of [3H]TO from the circulation (C) and uptake of 34 by various tissue (D) was assessed. The weight of
iBAT pad (E) was measured and the lipid content within the iBAT was quantified after the H&E staining (F). The protein expression of UCP-1 in iBAT
was quantified after immunohistochemistry (IHC) of UCP-1 (G). Data are means=SEM (n=8-9); #P<0.05 compared with denervation control. gWAT,
gonadal white adipose tissue; iBAT, interscapular BAT; sBAT, subscapular BAT; sSWAT, subcutaneous white adipose tissue; UCP, uncoupling protein.

fatty liver disease and energy metabolism. However, the mech-
anisms underlying the regulation of energy homeostasis by
butyrate are still under debate. In this study, we showed that
butyrate reduces food intake. This effect contributes domi-
nantly to the various metabolic benefits of butyrate, including
preventing HFD-induced obesity, fat mass gain and hepatic
steatosis, and improving hyperglycaemia and insulin resistance.
In addition, butyrate also modestly promotes the oxidation of
TG, likely by enhancing TG uptake by BAT activation during
daytime.

In the search for mechanisms underlying the beneficial effects
of butyrate on metabolism, we first demonstrated that both acute

and chronic butyrate administration reduce food intake. Previous
preclinical studies®” %® and clinical studies'” ** have demonstrated
that administration of dietary fibre, a main resource for intestinal
SCFA production by the gut microbiota, increases satiety and
decreases energy intake, accompanied by increased endogenous
butyrate production. However, the effect of butyrate per se on
satiety was still under debate. den Besten et al'® showed that 5%
butyrate (w/w) incorporated into an HFD, in which 45% of calo-
ries were from palm oil fat, did not alter food intake in mice. In
contrast, Lin et al'' reported that 5% butyrate incorporated into
another type of HFD in which 60% of calories were derived
from lard and soybean oil, led to a 22% reduction in cumulative
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Figure 7 Butyrate consumption alters gut microbiota composition. After 7 weeks of intervention, total bacterial DNA was isolated from the
caecum content and 165 rRNA genes were sequenced. (A) The number of observed species and the Shannon diversity of the gut microbiota. (B)
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discriminant analysis (LDA) effect size (LEfSe) (D) and the LDA score (E) showing the most differentially significant abundant taxa enriched in

microbiota from the control (red, n=8) and butyrate (green, n=9) group.

food intake over 9 days. We confirmed this finding by using the
same lard fat in the diet, showing that 5% butyrate supplemen-
tation reduces cumulative food intake by 22% over a 9-week
intervention period, without influencing spontaneous physical
activity of the mice. These data suggest that butyrate unlikely
induces systemic toxicity and abnormal motor and behaviour at
this dose. Further behavioural assays, including the conditional
aversion assay, would be needed to firmly establish whether
mice have aversion to butyrate due to its odour and/or taste.
The discrepancy between studies may be attributed to the fact
that the different dietary fat and carbohydrates distinctly impact

the composition of the gut microbiota as well as the produc-
tion of endogenous SCFAs, especially butyrate,*” therefore inter-
fering with the satiety effect induced by exogenous butyrate. Of
note, in chow-fed mice, butyrate administration via intragastric
gavage rapidly induces satiety and prevented refeeding after an
overnight fast. This finding suggests that independent of dietary
composition and intestinal SCFAs, butyrate per se induces satiety
and reduces cumulative food intake.

The GI tract is intimately connected to the central nervous
system (CNS) mainly via hormonal and neuronal pathways, with
the vagal nerve as the key neural connection between the GI tract
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and the CNS.*° Our findings that reduced food intake coincided
with reduced orexigenic NPY neuron activity in the hypothal-
amus, and decreased neuron activity within the NTS and DVC
in the brainstem, indicate that the effect of butyrate on satiety
is likely mediated via vagal inputs to NPY neurons. Indeed, we
observed that subdiaphragmatic vagotomy completely abolished
the butyrate-induced satiety. It is known that the central termi-
nals of vagal nerve innervate the brainstem, where vagal nerve
transmission such as energy status signal projects to the hypo-
thalamus, thereby forming a circuit to regulate satiety.”’ Due
to our finding that direct intravenous infusion of butyrate did
not affect food intake, hypothalamic neuronal sensing of energy
status might be a primary target for butyrate supplementation.

On the other hand, the GI tract releases a number of gut
hormones, including glucagon-like peptide 1 (GLP-1), which
primarily acts on the vagal nerve and also travels through
the circulation to directly act on the hypothalamus to regu-
late satiety signalling. In fact, several studies showed that oral
butyrate has the capacity to stimulate GLP-1 secretion.'! 3
Convincing evidence shows that GLP-1 receptor activation in
vagal afferents™ regulates food intake and energy metabolism.
Collectively, it is tempting to speculate that butyrate consump-
tion stimulates GLP-1 secretion from L cells of the GI tract,
which activates GLP-1 receptor signalling in the vagal nerve and
consequently induces hypothalamic satiety signalling. In addi-
tion, another important function of the gut-brain neural circuit
is to regulate the intestinal transit,”* which plays an important
role in nutrient harvest, thereby directly influencing host energy
metabolism. A previous study has shown that butyrate increases
colonic motility.** This may contribute to the metabolic benefits
of butyrate by reducing nutrient absorption. Furthermore, Wich-
mann et al demonstrated that gut microbiota regulate intestinal
transit via modulating GLP-1 production.’® In the present study,
it remains to be determined to what extent intestinal transit time
and motility play a role in the beneficial effects of butyrate. By
adding a pair-fed group, we could show that the reduced food
intake is the dominant mechanism responsible for multiple distal
beneficial effects of butyrate, including preventing diet-induced
hepatic steatosis and hyperglycaemia. The effects of butyrate on
body weight and fat mass gain, plasma TG and insulin sensi-
tivity were only partly (60%-70%) explained by reduction of
food intake.

In addition to inducing satiety, butyrate also promoted the
oxidation of fatty acids at the expense of carbohydrates, in
particular during conditions of reduced feeding at daytime. An
increase in fatty acid oxidation is characteristic for BAT acti-
vation’” and we have previously reported a similar metabolic
shift from glucose to lipid oxidation after central administration
of the GLP-1 receptor agonist exendin-4.*® Therefore, it was
not unexpected to find that butyrate accelerates the clearance
of plasma TG by activated BAT. BAT functionality is primarily
driven by hypothalamus via the action of the SNS.* We speculate
that dietary butyrate reaching the GI tract most likely activates
the gut-brain neural circuit, thereby stimulating hypothalamic
control of the SNS outflow towards BAT. Consequently, butyrate
activates BAT and increases oxidation of intracellular fatty acids
resulting in a compensatory influx of TG-derived fatty acids. In
fact, butyrate increased in BAT the protein level of TH, which is
a marker of SNS activity.”” In vagotomised mice, butyrate failed
to increase the uptake of TG-derived fatty acids by BAT, the util-
isation of lipid in BAT as well as the protein level of UCP-1, a
positive marker for BAT activation. Butyrate also increased the
flux of TG-derived fatty acids and glucose into WAT, at least per
gram tissue, but did not induce browning of WAT. Since butyrate

markedly decreased the size of adipocyte in WAT (online supple-
mentary figure S3C,D), thereby increasing the number of adipo-
cytes per gram tissue, butyrate probably does not affect the
uptake capacity of white adipocytes per se. Although the relative
volume of BAT in humans may be limited compared with skel-
etal muscle, the uptake of fatty acids per gram tissue by BAT
exceeds that by skeletal muscle by >10-fold (figure 3F). Also, a
recent paper redefined whole-body BAT distribution in humans
and concluded that its metabolic capacity is substantially higher
than usually reported.* The effects of butyrate on fatty acid
uptake and oxidation by BAT we observe in mice may thus well
be relevant for humans.

In addition to butyrate, administration of other SCFAs has
been reported to induce satiety.*! ** Like butyrate, propionate
induces satiety in ruminants probably also via the action of
the vagal nerve,* while acetate may directly regulate hypotha-
lamic satiety signalling after crossing the blood-brain barrier.*
Notably, a recent study showed that an increased production of
intestinal acetate due to a high fat-diet feeding led to the devel-
opment of obesity and insulin resistance through activation of
the vagal nerve.** This suggests that dietary acetate acts differ-
ently on energy metabolism compared with acetate derived from
intestinal bacteria fermentation. In this study, dietary butyrate
clearly altered the caecal microbiota composition and increased
the abundance of the phylum Firmicutes. Previously, increased
abundance of the phylum Firmicutes has been associated with a
less beneficial metabolic profile.* However, the specific species
amplified within this phylum by butyrate may beneficially affect
host energy metabolism. Future studies are needed to investi-
gate the specific contribution of the altered gut microbiota to
the beneficial effects of butyrate on host energy metabolism, for
example, via faecal microbiota transplantation.

Undoubtedly, weight loss-enhancing strategies are among
the most effective interventions for obesity-related diseases,
that is, diabetes and cardiovascular disease. Body weight loss
can be achieved by decreasing energy intake, that is, decreasing
the consumption or absorption of food, and/or by increasing
energy expenditure. Although bariatric surgery results in clini-
cally significant weight loss and other beneficial effects, it suffers
from a number of adverse events, including surgical compli-
cations, perioperative technical outcomes and mortality.*® +/
Several antiobesity agents have been developed and are clinically
applied with significant benefits, but do have a high probability
of developing adverse effects, in particular in the application for
long-term weight management.'® Butyrate is currently widely
emerging as a potential strategy for treatment of cancer, IBD,
inherited disorders and neurodegeneration.*® Our collective
data now show that butyrate also induces sustained satiety and
enhances fat oxidation, thereby effectively preventing diet-in-
duced obesity, insulin resistance, hypertriglyceridaemia and
hepatic steatosis, without inducing any apparent unfavourable
effects. Therefore, we propose oral butyrate administration as
a promising strategy to combat obesity and related cardiometa-
bolic diseases.
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