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Introduction
The hypothalamus plays a main role in the inte-

gration of nutritional status, along with the control 
of feeding and energy homeostasis. Several neu-
ronal populations, particularly in the hypothalamic 
arcuate nucleus (ARC), are involved in the regula-
tion of appetite. Among them are neuropeptide Y 
(NPY)/agouti-related protein (AgRP) and pro-
opiomelanocortin (POMC)/cocaine-amphetamine-

regulated transcript (CART) neurons, which are 
stimulated (NPY and AgRP) or suppressed (POMC 
and CART) by starvation (Brady et  al., 1990;  
Mizuno et al., 1999; Savontaus et al., 2002). Cen-
tral administration of NPY and AgRP increases food 
intake in mammals (Clark et al., 1984; Rossi et al., 
1998), whereas CART and the melanocyte-stimulat-
ing hormone (an end product of POMC processing) 
decrease food intake when injected centrally (Tritos 
et al., 1998; Asakawa et al., 2001).

ABSTRACT. The aim of the study was to describe the effects of acetate on 
hypothalamic G-protein-coupled receptor (GPR) 41 or 43, 5’-AMP-activated 
protein kinase (AMPK) signalling, mitogen-activated protein kinases (MAPKs) 
signalling and (an)orexigenic neuropeptides. Forty rabbits (Hyla, 35-day old) 
were randomly assigned to one of two treatment groups: intravenous injection 
of acetate (0.5 mg · kg−1 body weight) or vehicle (control). The acetate treat-
ment decreased the rabbit feed intake within 5 h as compared with the control 
(P < 0.05). Although the acetate treatment had no effect on hypothalamic neu-
ropeptide Y, agouti-related protein, cocaine-amphetamine-regulated transcript, 
GPR41, acetyl-CoA carboxylase, fatty acid synthase and carnitine palmitoyl-
transferase-1 mRNA levels (P > 0.05), it significantly increased the gene expres-
sion of the pro-opiomelanocortin (POMC) and GPR43 (P < 0.05). Moreover, 
intravenous injection of acetate did not affect the protein levels of phosphoryl-
ated extracellular signal-regulated kinases, AMPK or p38 MAPK in comparison 
with the control group (P > 0.05); however, there was a significant increase in 
GPR43 protein level and decrease in phosphorylated c-Jun N-terminal kinases 
(JNK) level (P < 0.05). So, acetate induced anorexia via the up-regulation of hy-
pothalamic POMC gene expression, which may be associated with membrane 
GPR43 and intracellular JNK signalling.
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AMP-activated protein kinase (AMPK) is a key 
indicator of the physiological energy status. The 
central injection of AICA-riboside (AMPK activa-
tor) initiates NPY neurons in the ARC to increase 
feed intake in rats (Kohno et al., 2011). In contrast, 
the central injection of compound C (AMPK inhibi-
tor) induces anorexia in mice (Kim et al., 2004). In 
the hypothalamus, mitogen-activated protein kinas-
es (MAPKs) are also notable signalling molecules 
needed for transduction of trophic signals. The 
MAPKs are serine/threonine-specific protein ki-
nases that include the extracellular signal-regulated 
kinases ERK1/2, c-Jun N-terminal kinases (JNKs) 
and p38 MAPK (Cobb, 1999; Schaeffer and Weber, 
1999). Fasting can activate ERK1/2 and p38 MAPK 
signalling in the mouse hypothalamus (Morikawa 
et  al., 2004). Inhibiting the hypothalamic ERK1/2 
and p38 pathways prevent NPY synthesis and se-
cretion (Kim et al., 2010). Additionally, Tsaousidou 
et al. (2014) demonstrated that the inhibition of JNK 
induces hyperphagia via the up-regulation of AGRP 
gene expression. 

Short-chain fatty acids (SCFAs) are released 
following dietary fibre fermentation in the gastro-
intestinal tract, in rabbits primarily in the caecum  
(Rabbani et al., 1999). Previous studies demonstrat-
ed that SCFAs contribute to homeostasis in energy 
balance via multiple cellular metabolic pathways 
and receptor-mediated mechanisms. For example, 
a high fibre diet can increase SCFAs production in 
the colon, leading to a higher SCFAs concentration 
in the portal system, which activates AMPK in the 
liver and prevents metabolic syndrome (Hu et  al., 
2010). SCFAs can increase the rate of lipolysis in 
3T3-L1 adipocytes via activation of p38 MAPK 
signalling (Rumberger et  al., 2014). In addition,  
SCFAs can  increase energy expenditure, result-
ing in an improvement in glucose tolerance and in 
an increase of energy utilization via binding G-pro-
tein coupled receptors (GPR) 41 or GPR43 (also 
called free fatty acids receptors 3 and 2, respectively) 
(Kimura et al., 2014). SCFAs enhance the release of 
the anorectic hormones, peptide tyrosine-tyrosine 
3–36 (PYY3-36) and glucagon-like peptide-1 (GLP1) 
from colonic L cells, as well as leptin from adipo-
cytes (Chambers et al., 2015). The concentration of 
produced acetate is higher than of other SCFAs in 
rabbits, accounting for 75% of the total SCFAs in 
the caecum (Rabbani et al., 1999). So, acetate plays 
a  direct role in the central regulation of appetite. 
According to Frost et al. (2014), in mice undergo-
ing an acetate treatment a  decrease and increase 
of the hypothalamic Agrp and Pomc gene expres-

sions, respectively were noted. Although the role of  
SCFAs, especially acetate, on energy homeostasis 
in mammalian species has been extensively stud-
ied, the signalling pathway related to the acetate 
process regulating hypothalamic appetitive peptides 
in rabbits requires further evaluation. Rabbit can 
quickly absorb and metabolize acetate from gut, so 
the aim of the study was to investigate the effect of 
acute acetate treatment on hypothalamic GPR41/43, 
AMPK or MAPKs signalling in rabbits to determine 
the relationship between acetate and hypothalamic 
orexigenic or anorexigenic peptides. These findings 
would allow a better insight into the appetite regu-
lation by acetate and indirectly reveal the role of  
dietary fibre in energy homeostasis.

Material and methods

Animals
Forty Hyla rabbits were individually housed in 

cages (60×40×40  cm) in a  closed building (max. 
temp. 25  °C, min. temp. 20  °C, 12/12 light/dark 
cycle). The diets were formulated according to de 
Blas and Mateos (2010) and pelleted by pressure 
to 3.5 mm. All rabbits received a  starter diet con-
taining 16% crude protein, 14% crude fibre and 
11 MJ · kg−1 of digestible energy and had continu-
ous access to feed and water during the rearing  
period. 

The study was approved by Shandong Agricul-
tural University (Shandong, China) and was con-
ducted in accordance with the ‘Guidelines for Ex-
perimental Animals’ of the Ministry of Science and 
Technology (Beijing, China). 

Experimental protocol and sample 
collection

At 35  day of age, 40  rabbits of similar body 
weight (980 ± 40 g) were randomly assigned to one 
of two groups (20 replicates per group, 1 rabbit per 
replicate) and subjected to one of two treatments:  
1. intravenous injection of acetate (0.5 g · kg−1 body 
weight; acetate) and 2. sham-treatment (1 ml · kg−1 
body weight of saline; control). Feed intake was 
recorded 1, 2, 3, 4 and 5 h after injection. The ex-
periment was repeated twice. During the second 
experiment, the rabbits were fasted for 4 h after ac-
etate administration and sacrificed by exsanguina-
tion. The ARC was collected according to Mano-
Otagiri et  al. (2006) and Prior et  al. (2010). After 
snap-freezing in liquid nitrogen, the tissue samples 
were stored at −70 °C.
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Table 1. Gene-specific primers used for analysis of gene expression

Genes
(abbreviation, name and alternative abbreviation)

GenBank access  
No.

Forward (F) and reversed (R) primer sequence 
(5’→3’)

Product size,  
bp

GAPDH
    (glyceraldehyde 3-phosphate dehydrogenase)

NM_001082253 F: TGCCACCCACTCCTCTACCTTCG 163
R: CCGGTGGTTTGAGGGCTCTTACT

NPY
    (neuropeptide Y)

NM_001160286.1 F: CCTCATCACCAGGCAGAGAT 137
R: ATTTCGTTTCCCATCACCAC

AGRP
    (agouti-related protein)

XM_017342298.1 F: GCTACTGCCGCTTCTTCAAC 133
R: CCATTCTTTATTGGCGTTCC

POMC
    (pro-opiomelanocortin)

XM_008254814 F: GCCTGGAAGATGCTGAGGT 102
R: CTCCTGACACTGGCTGCTCT

CART  
    (cocaine-amphetamine-regulated transcript; CARTPT)

XM_008274526 F: AGGAGCCAGGATTGGGAAG 101
R: CTGATGGAAGAGCGTGGAAG

GPR41
    (G-protein-coupled receptor 41; FFAR3)

XM_017338154.1 F: CCATCTATCTCACCTCCCTGTTC 130
R: AACCAGCAGAGCCCACTGAC

GPR43
    (G-protein-coupled receptor 43; FFAR2)

XM_002722218 F: CGTCCAACTTCCGCTGGTA 146
R: CTTGTACTGCACGGGGTAGG

ACC 
    (acetyl-CoA carboxylase alpha; ACACA)

XM_002719077 F: GTGGTCTTCGTGTGAACTGG 122
R: TTCTTCTGCTGCCTTTAGCC

FAS
    (fatty acid synthase; FASN)

KF201292 F: ACCACGTCCAAGGAGAGCA 112
R: AGTTCTGCACCGAGTTGAG

CPT1
    (carnitine palmitoyltransferase 1)

XM_002724092 F: ATTCTCACCGCTTTGGGAGG 196
R: ACGGGGTTTTCTAGGAGCA

RNA isolation and gene expression analysis
Total RNA extraction and qRT-PCR were 

performed as described previously by Liu et  al. 
(2014). Sequences of primers are presented in 
Table  1. The PCR data were analysed with the  
2  method (Livak and Schmittgen, 2001). The 
mRNA levels of target genes were normalized 
to glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) mRNA (ΔCT). On the basis of the CT 
values, GAPDH mRNA expression was stable 
across the treatments (P > 0.1). The control group 
was deemed to be 1.

Protein preparation and western blotting
The tissue samples were homogenized in radio-

immunoprecipitation assay lysis buffer (Beyotime, 
Jiangsu, China) and the protein concentration was 
determined using a  BCA assay kit (Beyotime,  
Jiangsu, China). After boiling samples with Laem-
mli buffer at 100  °C for 5  min, the protein ex-
tracts (50 μg of protein) were subjected to electro-
phoresis in 7.5 to 10% SDS polyacrylamide gels 
at 20  mA for 3.5  h. The separated proteins were 
then transferred to nitrocellulose membranes (Cat 
No. N9145, Millipore, Billerica, MA, USA) with 
use of wet transfer (200  mA, 4  °C, 2  h). Electro-
phoresis and transfer were carried out with use of  

Mini-PROTEAN® System (Bio-Rad Laboratories, 
Inc., Hercules, CA, USA). The membranes were 
blocked with 5% defatted milk in Tris-buffered saline 
(TBS) for 50 min and therefore immunoblotted with 
the following primary antibodies: p-AMPKαThr172 

(2531), AMPKα (2532), p-JNKThr183/Tyr185 (9251), JNK 
(9252), p-p38 MAPKThr180/Tyr182 (9211), p38 MAPK 
(9212) , p-ERK1/2Thr202/Tyr204 (9101), ERK1/2 (9102) 
(1:1000, Cell Signaling Technology Inc., Beverly, 
MA, USA) and GPR43 (sc-28420) (1:1000, Santa 
Cruz Biotechnology, Santa Cruz, CA, USA). Protein 
detection was performed using the HRP-labelled IgG 
(H+L) (1:1000, Beyotime, Jiangsu, P.R. China) sec-
ondary antibody by enhanced chemiluminescence 
using BeyoECL Plus reagent (Beyotime, Jiangsu, 
China). Monoclonal mouse anti-GAPDH antibody 
(1:1000, Beyotime, Jiangsu, PR China) was used as 
a loading control. Protein transfer was confirmed by 
visualization of pre-stained molecular weight mark-
ers (Bio-Rad, Berkeley, CA, USA). Western blots 
were developed and quantified using a BioSpectrum 
810 with VisionWorksLS 7.1 software (UVP LLC, 
Upland, CA, USA). After phosphorylated proteins 
quantification the membranes were stripped and the 
total amount of the same proteins was quantified fol-
lowing the same procedure starting with membrane 
blocking.
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Adenosine-5’-triphosphate (ATP) content 
analysis

The concentration of ATP in the hypothalamus 
tissue was estimated with the Waters 515 reversed-
phase high performance liquid chromatography sys-
tem (Waters, Milford, MA, USA) using a modifica-
tion of the approach described by Smolenski and 
Yacoub (1993). Separation was performed with 
a  reversed-phase Diamonsil C18 column (Dikma, 
Beijing, China) that was equilibrated with methyl 
alcohol at room temperature. The injection volum 
was 10 ml, and flow was maintained at 1  ml · min−1. 
Detection of ATP was achieved at 254  nm with 
the Waters 2487 Dual λ Absorbance Detector (Wa-
ters, Milford, MA, USA) at room temperature. The 
results were quantitated with an external standard 
(Sigma-Aldrich, St. Louis, MO, USA).

Statistical analysis
The data are presented as the mean ± SEM. Ho-

mogeneity of variances between the treatments was 
confirmed using Bartlett’s test. All data were sub-
jected to one-way analysis of variances (ANOVA) 

to test the main effect of treatment. When the main 
effect of the treatment was significant, the differences 
between the means were assessed using Duncan’s 
multiple range tests. The level of significance was 
considered significant at P < 0.05.

Results
Acute acetate treatment significantly inhibited 

feed intake within 5  h (P  <  0.05; Figure  1A). 
Although the acetate treatment examined 4  h 
after acetate injection exhibited no effect on 
hypothalamic NPY, AGRP and CART mRNA levels 
in comparison with the control (P > 0.05), the acetate 
treatment significantly increased the POMC gene 
expression (P  <  0.05; Figure  1B). In comparison 
with the control group, the acetate injection did  
not affect the mRNA levels of hypothalamic 
GPR41, acetyl-CoA carboxylase (ACC), fatty acid 
synthase (FAS) or carnitine palmitoyltransferase-1 
(CPT1) (P > 0.05; Figures 1C and 1D); however, 
GPR43 gene expression was significantly increased 
(P < 0.05; Figure 1C).

Figure 1. Effect of acetate treatment on (A) food intake and mRNA levels of (B) neuropeptide Y (NPY), agouti-related protein (AGRP), pro-
opiomelanocortin (POMC), cocaine-amphetamine-regulated transcript (CART), (C) G-protein-coupled receptor 41 (GPR41), G-protein-coupled 
receptor 43 (GPR43), (D) acetyl-CoA carboxylase alpha (ACC), fatty acid synthase (FAS) and carnitine palmitoyltransferase 1 (CPT1) in rabbits 
hypothalamus. Values are shown as the mean ± SE (for food intake, n = 20; for mRNA level, n = 8); ab – points/bars with different letters are 
significantly different for each time point (A) or each gene (B–D) separately (P < 0.05)
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No significant difference was observed in the 
protein levels of p-AMPK (Figure 2A), p-p38 MAPK 
(Figure 2C) or p-ERK (Figure 2D), and ATP content 
(Figure  2F) in the acetate group as compared with 
the control (P > 0.05). Conversely, the hypothalamic  
p-JNK protein level was significantly down-regulated 
after the acetate injection (P < 0.05; Figure 2B). Be-
sides, acetate treatment significantly increased hypo-
thalamic GPR43 protein level (P < 0.05; Figure 2E).

Discussion

In the present study, the effect of acetate on 
appetite and the related pathways was examined. 
The results showed that an up-regulation of the 
POMC gene was responsible for the lower feed 
intake caused by acute acetate injection, and this 
process may be associated with membrane GPR43 
and intracellular JNK signalling. 

Figure 2. Effect of acetate treatment on hypothalamic (A) phosphorylated AMP-activated protein kinase (p-AMPK), (B) phosphorylated c-Jun 
N-terminal kinases (p-JNK), (C) phosphorylated p38 mitogen-activated protein kinases (p-p38 MAPK), (D) phosphorylated extracellular signal-
regulated kinases 1/2 (p-ERK1/2) and (E) G-protein-coupled receptor 43 (GPR43) protein levels and (F) ATP content in rabbits. Values are shown 
as the mean ± SE (n = 6); ab – bars with different letters are significantly different (P < 0.05)
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Acetate induces anorexia by up-regulating 
hypothalamic POMC gene expression. In mice, 
acetate is an anorectic agent (Frost et al., 2014). In 
the present study, the gene expression of hypotha-
lamic orexigenic and anorexigenic neuropeptides 
was evaluated. In the mammalian forebrain, POMC 
gene expression is limited to ARC neurons that pro-
ject to areas that participate in energy homeostasis 
such as the paraventricular nucleus (PVN) (Kiss 
et  al., 1984). In most studies, the POMC mRNA 
levels were measured to reflect a neuron activation 
(Schwartz et al., 1997; Challis et al., 2003). Being in 
line with previous experiments on rats (Frost et al., 
2014), the present study demonstrated that acute ac-
etate treatment increased hypothalamic POMC level 
in rabbits 4 h after acetate injection. The results sug-
gest that the hypothalamic POMC gene is responsi-
ble for the anorexia in rabbits induced by acute ac-
etate treatment. In our study, the expression of other 
appetite regulatory genes, such as AGRP, CART and 
NPY was unaltered by acetate administration, sug-
gesting that these appetite-regulating factors are not 
the main targets in acetate-induced anorexia when 
acetate is administered peripherally. 

AMPK signalling is not involved in acetate-in-
duced anorexia. As a hypothalamic energy and nutri-
ent sensor, the blockade of AMPK signalling affects 
the expression of Pomc and Npy genes in rats (Ropelle 
et al., 2008). The effect of AMPK on appetite is regu-
lated, at least in part, by inhibiting the activity of ACC. 
High hypothalamic concentrations of malonyl-CoA 
inhibit the activity of CPT1, leading to a decrease in 
the cellular levels of long-chain acyl-CoAs and an in-
crease in feed intake (Andersson et al., 2004). Some 
recent studies suggested that acetate affected AMPK in 
a tissue-specific manner (Bergman, 1990; Hardie and 
Hawley, 2001; Li et al., 2014). Oxidative metabolism 
of acetate resulted in an increased ATP production, 
at the same time decreasing the AMP:ATP ratio, and 
thereby decreasing AMPK activity in rat hepatocytes 
and colonocytes (Bergman, 1990; Hardie and Hawley, 
2001). However, hypothalamic p-AMPK protein lev-
els as well as ACC, FAS and CPT1 mRNA levels were 
unaffected after acetate treatment in the present study, 
which is consistent with the study on porcine adipose 
tissue (Li et al., 2014). The obtained results imply that 
hypothalamic AMPK signalling may not be involved 
in the regulation of acetate-induced anorexia, because 
the hypothalamus is not a major tissue using SCFAs 
for ATP production. 

JNK signalling is involved in acetate-induced 
anorexia. Nutritional status modifies the expression 
of hypothalamic neuropeptides through various sig-

nalling molecules, i.e. extracellular MAPKs. Fast-
ing can activate ERK in the ARC and p38 MAPK 
in the paraventricular nucleus (Morikawa et  al., 
2004). Furthermore, it is reported that melanocortin, 
corticotropin-releasing hormone, leptin and insulin 
can regulate appetite via hypothalamic MAPK sig-
nalling (Rahmouni et al., 2004; Refojo et al., 2005). 
The regulation of MAPK signalling is dependent on 
the specific regions and the state of energy balance 
(Morikawa et  al., 2004). In the present study, the 
acute acetate treatment decreased the hypothalamic 
p-JNK protein level in the ARC of rabbits, suggest-
ing that hypothalamic JNK signalling is associated 
with acetate-induced anorexia. Moreover, the in-
creased POMC gene expression may be related to 
the JNK inhibition. Chai et al. (2009) found that the 
alteration of POMC receptor activation (melano-
cortin-4 receptor) could participate in the regula-
tion of JNK activity in HEK293 cells. Although p38 
MAPK and ERK signalling can regulate appetite in 
mammals (Morikawa et al., 2004; Kim et al., 2010), 
acute acetate treatment did not affect the level of 
phosphorylation of p38 MAPK and ERK proteins. 
These results suggest that p38 MAPK and ERK sig-
nalling may not be involved in the major signalling 
pathway in acetate-induced anorexia in rabbits.

Acetate induces anorexia in a GPR43-depend-
ent manner. A  recent study employing a  ‘reverse 
pharmacology’ approach identified SCFAs (primarily 
acetate, propionate and butyrate) as ligands for the 
orphan receptors GPR41 and GPR43 (Nilsson et al., 
2003). In the present study, the acetate treatment sig-
nificantly increased hypothalamic GPR43 gene and 
protein expressions, which is in accordance with 
the results obtained in in vivo study on 3T3-L1 cells 
(Hong et al., 2005). The results may imply that ac-
etate causes anorexia in a GPR43-dependent manner. 
In addition, it was stated that acetate exhibits a higher 
binding efficiency for GPR43 than GPR41 (Bindels 
et  al., 2013), which may be the major reason why 
acetate did not affect hypothalamic GPR41 gene ex-
pression in the present experiment. Gpr43-knockout 
mice exhibited significantly higher feed intake and 
Pomc gene expression than wild type mice when fed 
a high-fat diet (Bjursell et al., 2011). Hence, there is 
a strong possibility that, in rabbits, acetate up-regu-
lates POMC gene transcription via GPR43. 

Conclusions
Acetate may induce anorexia via the up-regula-

tion of hypothalamic pro-opiomelanocortin (POMC) 
gene expression, which may be associated with 
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membrane G-protein-coupled receptor 43 (GPR43) 
and intracellular c-Jun N-terminal kinase (JNK)  
signalling.
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