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Short-chain fatty acids (SCFA) can regulate appetite by stimulating the secretion of satiety hormones.
However, the impact of short-chain fatty acid propionate on the release of gut satiety hormones and
appetite regulation in pigs is not completely understood. In this study, 16 pigs were infused with saline or
sodium propionate through a fistula in the caecum during a 28-day experimental period. We charac-
terized the effects of propionate administration on peptide YY (PYY) and glucagon-like peptide 1 (GLP-1)
secretion from colonic tissue, and investigated the role of propionate infusion on the expression of
appetite-related genes in the colon and hypothalamus. Further, the direct impact of propionate
administration on the expression of orexigenic neuropeptide agouti-related protein (AgRP) in hypotha-
lamic N38 cells was also examined. The results showed that intra-cecal infusion of propionate reduced
the short-term feed intake (P < 0.05) but not the long-term feed intake in pigs (P > 0.05). Propionate
administration stimulated PYY and GLP-1 release from colon tissue in vivo and ex vivo (P < 0.05). It also
upregulated PYY expression in the colonic mucosa (P < 0.05). Meanwhile, the GLP-1 and PYY levels in the
blood were increased after intra-cecal infusion of propionate at d 28 (P < 0.05). Additionally, intra-cecal
infusion of propionate upregulated the mRNA and protein expression of free fatty acid receptor 2/3
(FFAR2/FFAR3) in the colonic mucosa (P < 0.05). Propionate infusion also downregulated the orexigenic
AgRP mRNA expression (P < 0.05) and upregulated the anorexigenic cocaine-and amphetamine-regu-
lated transcript (CART) mRNA expression (P ¼ 0.09) in the hypothalamus. Moreover, propionate
administration directly downregulated AgRP expression in hypothalamic N38 cells in a dose-dependent
manner (P < 0.05). Collectively, these findings demonstrated that cecal propionate stimulated colonic
secretion of satiety hormones and suppressed appetite to reduce the short-term feed intake in pigs. This
study highlights that microbial-derived propionate exerts an important role in regulating the physical
functions of the host.
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1. Introduction

Over the past decades, increasing evidence has shown that gut
microbiota influences energy metabolism and the development of
obesity. Subsequently, researchers have found that microbiota-
generated metabolites, such as short-chain fatty acids (SCFA),
partly determine the effects of gut microbes on host metabolism
(Krautkramer et al., 2021; Van der Hee andWells, 2021). SCFA are a
class of the most important metabolites, mainly derived from mi-
crobial fermentation of dietary fibers in the large intestine. The
ishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an
s/by-nc-nd/4.0/).
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total concentration of SCFA in the proximal colon of humans ranges
from 70 to 140 mmol/L based on the diet type (Mortensen and
Clausen, 1996). The molar ratio of acetate, propionate, and buty-
rate is approximately 60:25:15 (Cummings et al., 1996; Mortensen
and Clausen, 1996). Recently, several studies have reported that
SCFA can modulate energy homeostasis by stimulating gut hor-
mone secretion to suppress appetite in humans (Chambers et al.,
2015) and rodents (Frost et al., 2014). However, the effects of
SCFA on pig appetite and gastrointestinal hormone secretion are
still lacking.

Gastrointestinal (GI) hormones, such as peptide YY (PYY),
glucagon-like peptide 1 (GLP-1), cholecystokinin (CCK) and ghrelin,
are secreted by different enteroendocrine cells, which play a key
role in modulating feed intake (Han et al., 2021). Interestingly,
several studies have demonstrated that gut hormone secretion
correlates with the fermentation of dietary fibers, especially satiety
hormones, such as PYY and GLP-1 (Cani et al., 2004; Wanders et al.,
2014; Koh et al., 2016). Further studies have also indicated that
microbial-derived SCFA stimulate the secretion of gut hormones
both in vitro and in vivo (Tolhurst et al., 2012; Psichas et al., 2015).

The hypothalamus is the major neural center for sensing energy
status and controlling feeding behavior, which receives, integrates,
and transmits appetite signals. The neuronal appetite core of the
hypothalamus consists of anorexigenic and orexigenic neurons.
They co-express the pro-opiomelanocortin precursor/cocaine
amphetamine-regulated transcript neuropeptide (POMC/CART)
and the neuropeptide Y/agouti-related protein (NPY/AgRP),
respectively, to suppress and activate appetite. Several previous
studies have revealed that gut hormones trigger neuropeptide
expression associated with appetite in the hypothalamus (Larsen
et al., 1997; Acuna-Goycolea and van den Pol, 2005; Ghamari-
Langroudi et al., 2005). For instance, PYY and GLP-1 upregulated
POMC/CART and downregulated NPY/AgRP expression in the hypo-
thalamus through the peripheral circulatory system or vagal nerves
(Abbott et al., 2005; Koda et al., 2005). Therefore, SCFA may stim-
ulate gut hormone secretion to act on the hypothalamus, thereby
regulating appetite. Additionally, a previous study has reported that
colonic acetate can cross the bloodebrain barrier to upregulate
POMC expression and downregulate AgRP expression, which led to
reduce appetite in rats, suggesting that acetate has a direct role in
central appetite regulation (Frost et al., 2014). The concentration of
intestinal propionate is the second highest among SCFA, only lower
than the concentration of acetate. Whether propionate directly acts
on the hypothalamic appetite neurons is unclear.

In this study, we investigated the impact of intra-cecal infusion
of propionate on gut hormone secretion and appetite in a pig
model. Feed intake and gastrointestinal hormone levels in the colon
and plasmawere also evaluated. The expression of appetite-related
genes in the colonic mucosa and hypothalamus were analyzed
using qPCR. Lastly, we presented a potential model of propionate
regulation of pig appetite.

2. Materials and methods

2.1. Animal ethics

This experiment followed the Chinese Experimental Animal
Care and Use guidelines and was approved by the Animal Care and
Use Committee of Nanjing Agricultural University.

2.2. Animals, housing, and sampling

Sixteen Duroc � Landrace � Large White barrows (aged 8 wk,
weighing approximately 16 kg) were raised on an experimental
farm in Jiangsu Province, China. The pigs were fed on a commercial
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diet according to National Research Council (2012) during the
experimental periods. The diet formula was as described in the
previous study (Zhang et al., 2018). A simple “T”-type fistula was
fitted at the cecum of each pig via surgery for perfusion. A jugular
vein intubation was fixed in all pigs for the collection of dynamic
blood samples. The pigs were given a 2-wk recuperation period
after surgery. During the recuperation period, the pigs were
sprayed using a tincture of iodine on the incision sites twice a day.
Additionally, they were hypodermically injected with ceftriaxone
sodium to prevent possible infection. The pigs (aged 10 wk,
weighing approximately 20 kg) were randomly divided into 2
groups based on body weight with a randomized complete block
design. Pigs in the control group (n ¼ 8) were given saline solution,
while the treatment group (n ¼ 8) were given propionate solution
(2 mmol/L, 25 mL, pH 5.8). The solutions were administered twice a
day (at 07:00 and 18:00) through a “T”-type fistula. All the pigs
were individually housed in concrete pens and had free access to
diet and water under a controlled temperature of 22 ± 2 �C, hu-
midity of 60% ± 5%, and natural light. Mental status, feed intake, and
shape of feces were observed and recorded to assess the health
status of each pig. The animal houses were cleaned 3 times per
week.

Dynamic blood samples were collected through jugular vein
intubation at 0, 15, 30, 60, and 120 min after seven days of propi-
onate infusion at 07:00. The blood samples were then stored at
room temperature for 4 h, and centrifuged at 3,000 � g for 15 min
to obtain the blood serum. The serum was stored at �20 �C for the
determination of hormone concentration. All the pigs were
slaughtered and weighed at d 28. The gastrointestinal tract was
immediately isolated from enterocoelia, and a 2-cm segment of
colonic tissue was obtained, washed, and rinsed using phosphate
buffer solution, then stored in liquid nitrogen. The colonic mucous
membrane was scraped off from colon tissue with a clean glass
slide, collected in a microtube, and stored in liquid nitrogen. The
skull of pigs was cut open using an electric saw to remove the
hypothalamus, which was store in liquid nitrogen.

2.3. Measurement of feed intake

All the pigs were fed on a commercial diet after propionate
administration. Before feeding, the weight of the initial feed was
recorded, and the remaining feedwas weighed at 22:00 to calculate
the intraday feed intake, which was used to determine the average
weekly and daily feed intake. Feed efficiency was expressed as the
average daily feed intake and average daily gain ratio. The
remaining feed was weighed at 1, 2, and 4 h after feeding and used
to calculate feed intake at different time intervals.

2.4. In vitro stimulation of PYY and GLP-1 release from colonic
tissue after propionate administration

2.4.1. Preparation of dose solutions
SCFA propionate was obtained from SigmaeAldrich (Sigma Inc,

MO, USA). The propionate powder was dissolved in warm Krebs'
Ringer bicarbonate (KRB, 37 �C) buffer (NaCl, 118 mmol/L; KCl, 4.75
mmol/L; KH2PO4, 1.18 mmol/L; MgSO4, 1.18 mmol/L; CaCl2, 2.5
mmol/L; NaHCO3, 25 mmol/L; Glucose, 11 mmol/L) with 25 mmol/L
N-2-hydroxyethylpiperazine-N0-2-ethanesulfonic acid (HEPES,
adjusted pH 7.2 to 7.4). The propionate solution was then diluted to
0, 5, 20, and 100 mmol/L solutions. The pH of all the solutions was
adjusted to 7.2 to 7.4 before analysis.

2.4.2. Colonic tissue collection and sample preparation
The fresh colonic tissues were obtained from pigs and stored in

ice-cold KRB/HEPES solution for further use. The colonic tissues



Table 1
Primer sequences used in this study.

Item1 Sequence (50 to 30) Reference

For pigs
FFAR2 Forward: CTGCCTGGGATCGTCTGTG Li et al. (2014)

Reverse: CATACCCTCGGCCTTCTGG
FFAR3 Forward: CCACGCTGCTCAACTTCCT Li et al. (2014)

Reverse: GTCTCCACTCGGGGCTTTT
PYY Forward: AGATATGCTAATACACCGAT Haenen et al. (2013)

Reverse: CCAAACCCTTCTCAGATG
GLP-1R Forward: CACAGGCTTGTTCTGCAACC Kelly et al. (2014)

Reverse: AAGACGGACAGTGCTCGAAG
GCG Forward: CAAGAGGAACAAGAATAACAT Haenen et al. (2013)

Reverse: AAGAACTTACATCACTGGTA
CART Forward: AGCCGCGAGCCCTGGACATCTACT �Ovilo et al. (2014)

Reverse: AGGGACTTGGCCATACTTCTTCTC
NPY Forward: CGTACCCCTCCAAGCCCGACAAC �Ovilo et al. (2014)

Reverse: AACATTTTCCGTGCCTTCTCT
POMC Forward: GTAACTTGCTGGCGTGCATC Wang et al. (2014)

Reverse: GAAGTGGCCCATGACGTACT
AgRP Forward: AGCCCCCACTGAAGAGGAC �Ovilo et al. (2014)

Reverse: TTGAAGAAACGGCAGTAGCAT
b-actin Forward: ATGCTTCTAGACGGACTGCG Lin et al. (2014)

Reverse: GTTTCAGGAGGCTGGCATGA
For N38 cells
AgRP Forward: CCACGAAACTACCTTCAACTC this study

Reverse: TGATCTCCTTCTGCATCCTGT
b-actin Forward: CTTTGGCGGAGGTGCTAGAT this study

Reverse: TGCGACTACAGAGGTTCGTG

1 FFAR2 ¼ free fatty acid receptor 2; FFAR3 ¼ free fatty acid receptor 3;
PYY ¼ peptide YY; GLP-1R ¼ glucagon-like-peptide-1 receptor; GCG ¼ glucagon;
CART ¼ cocaine-amphetamine regulated transcript; NPY ¼ neuropeptide Y;
POMC ¼ pro-opiomelanocortin; AgRP ¼ agouti-related protein.
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were cut longitudinally and washed using KRB/HEPES. Colonic
tissue (2 cm) was obtained from the proximal colon and cut into
pieces into a sterile culture vessel as described by Wang et al.
(2018). Finally, a sample of the diced colonic tissues weighing 0.4
g was used to perfusion system.

2.4.3. Perfusion technique and process
The perfusion system established in the previous study (Zhao et

al., 2018) consisted of a media reservoir, a peristaltic pump, a tissue
chamber, an oxygen bomb (a mixture of 95% O2 and 5% CO2), a
water bath, silicone hose (inside diameter; 1 mm), and collection
tubes. The tissue chambers were incubated in a water bath at 37 �C
for 30 min before perfusion. KRB/HEPES solution with the mixture
of 95% O2 and 5% CO2 was pumped into the tissue chamber using a
peristaltic pump. The colonic tissue samples were randomly put
into the chamber to start the test. During the perfusion stages, the
tissue chambers were put in a water bath at 37 �C, and the solution
was gassed with a mixture of 95% O2 and 5% CO2.

All the samples were perfused with KRB/HEPES solution for 60
min before propionate stimulation to obtain stable physiology. The
samples were then perfused with different propionate concentra-
tions (0, 5, 20, and 100 mmol/L). The speed of the peristaltic pump
was adjusted to 6 mL/h. The perfusate samples were collected at 30
and 60 min to analyze PYY and GLP-1 concentrations.

2.5. Cell culture

A N38 cell line encoding AgRP gene was isolated from an em-
bryonic mouse hypothalamus and cultured in a low-glucose DMEM
solution (Gibco, CA, USA) with 10% fetal bovine serum (FBS) (Gibco,
CA, USA) and 1% penicillin-streptomycin solution (Gibco, CA, USA).
The cells were cultured thrice at 37 �C in a humidified atmosphere
containing 5% CO2, then treated with 0, 10, 50, 100, and 500 mmol/L
propionate for 4 and 12 h to explore the dose effect of propionate
on AgRP expression. The cells werewashed thrice using phosphate-
buffered saline before sampling. Then, the total RNA of the cells was
extracted for qPCR analysis.

2.6. Gastrointestinal hormone analysis

The levels of GI hormones (PYY, GLP-1, CCK, Ghrelin, and Insulin)
in the blood and perfusate samples were measured using the
enzyme-linked immunosorbent assay (ELISA) kits (Function Bio Co
Ltd, Beijing, China) for pigs following the manufacturer's in-
structions. PYY, GLP-1, CCK, ghrelin, and insulin levels were 10 to
600 pg/mL, 2 to 100 pg/mL, 10 to 200 ng/L, 50 to 3,000 ng/L, and 1.5
to 40 mIU/L, respectively. For GI hormone levels in colonic tissue, 1
g of colonic tissue was added to 9 mL PBS (0.1 mol/L, pH 7.4), ho-
mogenized using grinders, centrifuged at 3,000 � g for 5 min to
obtain supernatant. Similarly, ELISA kits were used to determine
the GI hormone levels in colonic tissue following the manufac-
turer's instructions.

2.7. Total RNA extraction and quantitative real-time PCR

Total RNA was extracted from the colonic mucosa and hypo-
thalamus of pigs and N38 cells using an RNeasy kit (Aidlab Bio Co.,
Ltd, Beijing, China) following the manufacturer's protocols. Total
RNA concentration and purity were detected by Nano-Drop 1000
spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA).
All RNA samples were performed to electrophoresis through a 1%
agarose-formaldehyde gel to verify integrity. PrimerScript TM RT
Reagent kit (Takara Bio, Dalian, China) was used to convert RNA to
cDNA for quantitative real-time PCR. Quantitative real-time PCR
was performed to analyze the mRNA expression of free fatty acid
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receptor 2 (FFAR2), free fatty acid receptor 3 (FFAR3), glucagon
(GCG), PYY, and glucagon-like-peptide-1 receptor (GLP-1R) in
colonic mucosa and AgRP, NPY, POMC, CART, GCG, and GLP-1R in the
hypothalamus of pigs. In addition, the mRNA expression of AgRP in
N38 cells was quantified by qPCR. Beta-actin was used as the con-
trol gene to standardize the results. The relative expression levels
were analyzed using the 2�DDCt method. The sequences of primers
are listed in Table 1.
2.8. Western blot

The Western blotting of SCFA receptors (FFAR2 approximate 43
kDa and FFAR3 approximate 41 kDa) in the colonic mucosa was
performed as described in the previous study (Yu et al., 2017).
Briefly, the colonic mucosa samples were lysed with lysis buffer
(Sigma Inc., MO, USA), following the manufacturer's instructions.
Protein concentration was measured using Bradford's method. The
protein samples were degenerated in boiling water. Approximate
40 mg protein sample was loaded on sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, and then transferred to poly-
vinylidene fluoride membranes (Merck Millipore, WWLP, USA). The
membrane was blocked using a 5% free-fat milk solution and then
incubated with primary antibody (anti-FFAR2, or FFAR3; dilution
1:1,000) at 4 �C overnight. The membrane was then incubated with
a secondary antibody (dilution 1:500). Electrochemiluminescence
(Tanon, Zhejiang Province, China) was used to develop bands.
ImageJ software (National Institutes of Health, MD, USA) was used
to determine band density.
2.9. Statistical analysis

All data were analyzed with SPSS 20.0 software (IBM, NY, USA).
The data were expressed as mean ± SEM. The student's t-test was
used to determine statistical differences between groups. P < 0.05
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were considered as significant differences. All data were visualized
using Graphpad Prism 7.0 (Graphpad Inc, CA, USA).

3. Results

3.1. Propionate reduces acute feed intake in pigs

We first assessed whether propionate influences body weight
gain and feed intake in pigs using a pig model with intestinal fistulas
and jugular vein cannulation. Cecal infusion of propionate did not
affect the average daily gain and feed conversion ratio in the 4 wk
feeding experiment (P > 0.05) (Fig. 1A and C). Average weekly feed
intake was not significantly different between the propionate and
saline control groups (P > 0.05) (Fig. 1B). In contrast, cecal infusion of
propionate significantly reduced acute feed intake at both 1 and 2 h
post-injection (P < 0.05) (Fig. 1D). The feed intake of propionate-
treated pigs returned to the normal level after 4 h post-infusion.

3.2. Propionate stimulates the release of GLP-1 and PYY and
upregulates the expression of SCFA receptors in the colon

To determine whether in vivo intra-cecal administration of
propionate induces gut hormone secretion in pigs, we examined
GLP-1, PYY, CCK, ghrelin, and insulin levels in the colon. GLP-1 and
PYY levels were significantly higher in the propionate group than
in the control group (P < 0.05) (Fig. 2A and B). However, the release
of CCK from the colon was suppressed after propionate treatment
(P < 0.05) (Fig. 2C). Moreover, cecal infusion with propionate did
not affect the release of ghrelin and insulin (P > 0.05) (Fig. 2D and
E). The relative expression of PYY and GLP-1R mRNA levels were
significantly upregulated in the propionate group (P < 0.05)
(Fig. 3A). However, GCG (regulating the expression of GLP-1)
expression was not altered in the 2 groups (P > 0.05) (Fig. 3A).
qPCR analysis also showed that cecal infusion with propionate
upregulated FFAR2 and FFAR3 expression in the colonic mucosa
(P < 0.05) (Fig. 3A). Meanwhile, Western blot analysis showed that
Fig. 1. The effects of cecal infusion of propionate on (A) average daily gain, (B) feed intake, (C
mean ± SEM. *P < 0.05.
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propionate upregulated FFAR2 and FFAR3 protein expression
(P < 0.05) (Fig. 3B).

3.3. Effects of propionate on the release of GI hormones from
intestinal tissue of pig ex vivo

An ex vivo model of the porcine colon was developed to assess
gut hormone secretion after propionate exposure. Colon tissue
was incubated with propionate (0, 5, 20, and 100 mmol/L). Pro-
pionate significantly stimulated PYY secretion after 30 min of
incubation (P < 0.05) (Fig. 4A, 5 and 20 mmol/L propionate).
Furthermore, propionate solutions (5 and 20 mmol/L) signifi-
cantly induced GLP-1 release after 60 min of incubation (P < 0.05)
(Fig. 4B). However, 100 mmol/L propionate did not significantly
affect GLP-1 and PYY release compared with the saline control
(P > 0.05) (Fig. 4).

3.4. Intra-cecal administration of propionate influences plasma
hormone levels after feed intake

To evaluate the effects of propionate on plasma gut hormone,
we determined the GLP-1, PYY, CCK, ghrelin and insulin concen-
tration using blood samples collected on d 7 and d 28. The blood
samples on d 7 were collected at different time points (0, 15, 30,
60, and 120 min) post-feeding after intra-cecal administration of
propionate. The blood samples on d 28 were collected after intra-
cecal administration of propionate for 30 min. Propionate treat-
ment did not affect plasma GLP-1, CCK, and ghrelin levels at d 7
(P > 0.05) (Fig. 5A, C, and D). Nonetheless, propionate decreased
plasma insulin level at 15 min after the meal (P < 0.05) (Fig. 5E).
Plasma PYY level was significantly higher in the propionate group
than in the control group at 0 min after the meal (P < 0.05)
(Fig. 5B), possibly due to the propionate administration before d 7.
Additionally, propionate significantly increased PYY concentra-
tion compared with saline treatment at d 28 (P < 0.05) (Fig. 5G).
GLP-1 level showed an increasing trend in the propionate group
) feed-to-gain ratio, and (D) short-term feed intake in pigs. The data were expressed as



Fig. 2. The effects of cecal infusion of propionate on the secretion of gastrointestinal hormones from colon tissue in pigs. (A) Glucagon-like peptide 1 (GLP-1); (B) peptide YY (PYY);
(C) cholecystokinin (CCK); (D) insulin; (E) ghrelin. The data were expressed as mean ± SEM. **P < 0.01; ***P < 0.001.

Fig. 3. The effects of cecal infusion of propionate on (A) the mRNA expression of genes involved in free fatty acid receptors and appetite control and (B) the protein expression of free
fatty acid receptors in the colonic mucosa. The data were expressed as mean ± SEM. *P < 0.05; **P < 0.01. FFAR2 ¼ free fatty acid receptor 2; FFAR3 ¼ free fatty acid receptor 3;
GCG ¼ glucagon; PYY ¼ peptide YY; GLP-1R ¼ glucagon-like-peptide-1 receptor.

Fig. 4. The different levels of propionate stimulating (A) peptide YY (PYY) and (B) glucagon-like peptide 1 (GLP-1) secretion from colonic tissue ex vivo. The data were expressed as
mean ± SEM. *P < 0.05; **P < 0.01.
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Fig. 5. The effects of cecal infusion of propionate on plasma gastrointestinal (GI) hormone concentration on d 7 (A to E) and d 28 (F to J). The data were expressed as mean ± SEM.
*P < 0.05. GLP-1 ¼ glucagon-like peptide 1; PYY ¼ peptide YY; CCK ¼ cholecystokinin.
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(P ¼ 0.09) (Fig. 5F). Similarly, plasma CCK, ghrelin, and insulin
levels were not different between the 2 groups at d 28 (P > 0.05)
(Fig. 5HeJ).

3.5. Propionate regulates the expression of appetite neuropeptide-
related genes in the hypothalamus

The changes in hypothalamic neuropeptide expression after
intra-cecal propionate administration were also investigated. Pro-
pionate significantly decreased AgRP expression (P < 0.05) and
increased CART expression (P ¼ 0.09) (Fig. 6A). Meanwhile, NPY and
POMC expressions were not significantly different between the
propionate and control groups (P > 0.05) (Fig. 6A). Additionally,
intra-colonic propionate administration did not affect GCG and GLP-
1R expression in the hypothalamus (P > 0.05) (Fig. 6A).
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Furthermore, hypothalamic N38 cells were used to investigate
the effect of propionate administration on the mRNA expression of
AgRP. In vitro (12 h) propionate treatment dose-dependently
decreased the mRNA levels of AgRP in N38 cells (P < 0.05)
(Fig. 6B), consistent with previous in vivo results. However, in vitro
low-dose propionate treatment (10 mmol/L) did not affect the AgRP
expression (P > 0.05) (Fig. 6B). Nevertheless, the AgRP mRNA
expression level was not changed after propionate treatment for
4 h (P > 0.05) (Fig. 6B).

4. Discussion

Microbial-derived SCFA have been reported to regulate a variety
of physical functions of the host, including appetite (Murphy and
Bloom, 2006; Canfora et al., 2015; Kasubuchi et al., 2015). In this



Fig. 6. The effects of propionate on the mRNA expression of (A) genes involved in appetite regulation in the hypothalamus of pigs and (B) AgRP in N38 cells. The data were expressed
as mean ± SEM. *P < 0.05. AgRP ¼ agouti-related protein; NPY ¼ neuropeptide Y; POMC ¼ pro-opiomelanocortin; CART ¼ cocaine-amphetamine regulated transcript;
GCG ¼ glucagon; GLP-1R ¼ glucagon-like-peptide-1 receptor.
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study, we explored the effect of cecal infusion with propionate on
the secretion of satiety hormones and feed intake in a pig model.
The results demonstrated that cecal infusion with propionate
stimulated the secretion of satiety hormones from colonic tissue
in vivo and ex vivo, and short-term feed intake was suppressed
after intra-cecal infusion of propionate. Additionally, propionate
activated the free fatty acid receptors in the colon and down-
regulated the expression of orexigenic genes in the hypothalamus.
These results indicate that cecal infusion with propionate can
directly or indirectly regulate pig appetite to suppress short-term
feed intake.

Feed intake is a classic index to directly reflect the appetite of a
host. In the present study, intra-cecal administration of propionate
decreased short-term feed intake in pigs, indicating that propionate
play a role in inhibiting pig appetite � which is consistent with
previous studies in other animal models. For instance, a diet sup-
plemented with propionate reduces the feed intake in mice (Lin
et al., 2012). Additionally, Goswami et al. reported that intraperi-
toneal injection of propionate as well suppresses feed intake in
mice in a time-dependent manner (Goswami et al., 2018). Inter-
estingly, propionate infusion did not reduce long-term feed intake
in pigs, possibly because the non-continuous infusion failed to
cause long-term appetite suppression effects. Propionate in the
gastrointestinal tract can be absorbed into the portal vein and
transferred to the liver for gluconeogenesis (Yu et al., 2019). Thus,
the rapid metabolism of propionate weakens the appetite sup-
pressing effect. However, serval studies argued that propionate has
no effect on feed intake (Darzi et al., 2012, 2016). The inconsistent
results may be due to experimental conditions, propionate dose,
and animal models.

PYY and GLP-1 are the major GI hormones released from
enteroendocrine L cells, which enhance satiety to reduce feed
intake. In this study, intra-cecal infusion of propionate stimulated
the release of PYY and GLP-1 from colonic tissue in ex vivo and
in vivo. Similar results have also been reported in rodents (Psichas
et al., 2015). Several studies further revealed that the activation of
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free fatty acid receptors, including FFAR2 and FFAR3, is responsible
for the secretion of PYY and GLP-1 in the colon (Karaki et al., 2006;
Chambers et al., 2015; Psichas et al., 2015). For example, mice
lacking FFAR2/FFAR3 have reduced SCFA-triggered PYY and GLP-1
secretion (Samuel et al., 2008; Tolhurst et al., 2012). In the cur-
rent study, intra-cecal infusion with propionate also upregulated
the mRNA and protein expression of FFAR2/FFAR3 in the colonic
mucosa. Thus, these results suggest that propionate stimulates PYY
and GLP-1 secretion via FFAR2/FFAR3 activation in pigs. However,
there are some conflicting results reported by other researchers. For
instance, Voortman and his colleagues reported that the release of
PYY and GLP-1 was unchanged in the pig colon after exposure to
individual SCFAwith 5 mmol/L (Voortman et al., 2012). In addition,
a previous study showed that SCFA, except propionate, stimulate
PYY and GLP-1 secretion from the isolated rat colon through acti-
vating the voltage-gated Ca2þ channels instead of FFAR2/FFAR3
(Christiansen et al., 2018).

Appetite regulation involves a complex signaling network. The
hypothalamus is the most important neuronal site responsible for
appetite control. The arcuate nucleus of the hypothalamus con-
tains subpopulations of neurons that produce orexinergic neuro-
peptides AgRP/NPY and anorexinergic neuropeptides POMC/CART
in mammals (Mitchell and Begg, 2021). In this study, although
propionate administration has no influence on NPY and POMC
expression in the hypothalamus, the mRNA expression levels of
AgRP and CARTwere upregulated. These results could be caused by
the increased levels of PYY and GLP-1. A study reported that GI
hormones, especially PYY and GLP-1, stimulate POMC/CART and
AgRP/NPY expression via the periphery circulation system
(Pizarroso et al., 2021). Interestingly, PYY and GLP-1 levels in
plasma were increased after propionate infusion in the current
study. Moreover, the brain and gastrointestinal tract can interact
with another complex and bidirectional pathway, such as the
vagus nerve (Pizarroso et al., 2021). Previous studies showed that
PYY and GLP-1 could not inhibit appetite in mice after vagotomy
(Abbott et al., 2005; Morton et al., 2006), confirming the vagus



Fig. 7. The structure of the potential mechanism of intra-cecal infusion of propionate suppressing acute appetite in pigs. The black up and down arrows indicate an increase and
decrease after propionate treatment, respectively. The solid and dashed arrows indicate direct and indirect processes, respectively. FFAR2 ¼ free fatty acid receptor 2; FFAR3 ¼ free
fatty acid receptor 3; PYY ¼ peptide YY; GLP-1 ¼ glucagon-like peptide 1; AgRP ¼ agouti-related protein.
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nerve pathway in regulating appetite. PYY and GLP-1 also inhibit
gastrointestinal motility and slow gastric-emptying by acting on
the vagal nerve (Pappas et al., 1986; Broberger et al., 1997; N€aslund
et al., 1998; Edholm et al., 2010); thus, enhancing satiety and
suppressing appetite. A previous study has demonstrated that
SCFA can cross the bloodebrain barrier to reach the brain (Vijay
and Morris, 2014). Frost et al. (2014) indicated that acetate
directly increase POMC and reduce AgRP expression in the hypo-
thalamus. Interestingly, we found that the different doses of pro-
pionate also downregulated AgRP expression in hypothalamic
N38 cells, suggesting that propionate has a direct role in sup-
pressing appetite. Collectively, the effect of propionate on pig
appetite and feed intake has central and peripheral pathways.

5. Conclusion

To summarize the effect of intra-cecal infusion of propionate on
the secretion of GI hormones and feed intake in pigs, we proposed a
potential scheme as shown in Fig. 7. This study demonstrated that
cecal propionate may trigger FFAR2/FFAR3 to stimulate the secre-
tion of satiety hormones from colonic tissue, which regulates
expression levels of neuropeptides involved in appetite control via
the gutebrain axis to reduce the short-term feed intake. These
findings provide evidence for microbial-derived propionate regu-
lating the physical functions of the host.
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