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Mechanistic target of rapamycin and an extracellular signaling-
regulated kinases 1 and 2 signaling participate in the process of 
acetate regulating lipid metabolism and hormone-sensitive lipase 
expression

Yujuan Li1,a, Chunyan Fu1,a, Lei Liu1,*, Yongxu Liu2, and Fuchang Li1,*

Objective: Acetate plays an important role in host lipid metabolism. However, the network 
of acetate-regulated lipid metabolism remains unclear. Previous studies show that mitogen-
activated protein kinases (MAPKs) and mechanistic target of rapamycin (mTOR) play a 
crucial role in lipid metabolism. We hypothesize that acetate could affect MAPKs and/or 
mTOR signaling and then regulate lipid metabolism. The present study investigated whether 
any cross talk occurs among MAPKs, mTOR and acetate in regulating lipid metabolism. 
Methods: The ceramide C6 (an extracellular signaling-regulated kinases 1 and 2 [ERK1/2] 
activator) and MHY1485 (a mTOR activator) were used to treat rabbit adipose-derived stem 
cells (ADSCs) with or without acetate, respectively. 
Results: It indicated that acetate (9 mM) treatment for 48 h decreased the lipid deposition 
in rabbit ADSCs. Acetate treatment decreased significantly phosphorylated protein levels 
of ERK1/2 and mTOR but significantly increased mRNA level of hormone-sensitive lipase 
(HSL). Acetate treatment did not significantly alter the phosphorylated protein level of p38 
MAPK and c-Jun aminoterminal kinase (JNK). Activation of ERK1/2 and mTOR by respective 
addition in media with ceramide C6 and MHY1485 significantly attenuated decreased lipid 
deposition and increased HSL expression caused by acetate. 
Conclusion: Our results suggest that ERK1/2 and mTOR signaling pathways are associated 
with acetate regulated HSL gene expression and lipid deposition.

Keywords: Acetate; Extracellular Signaling-regulated Kinases 1 and 2 (ERK1/2); Lipid 
Deposition; Mechanistic Target of Rapamycin (mTOR); Rabbit Adipose-derived Stem 
Cells

INTRODUCTION 

Volatile fatty acids (VFA, acetate, propionate, and butyrate) are produced by the anaerobic 
fermentation of unabsorbed carbohydrates in the rabbit cecum [1]. The VFA are trans-
ported across the apical and the basolateral membranes of colonocytes. Acetate as major 
VFA in rabbit gut (70% to 80%), is an important nutrient and acts as a signaling molecule 
in various cellular processes [2,3]. Acetate could affect insulin secretion, gastrointestinal 
motility, and blood flow, and cell proliferation, apoptosis, and differentiation [4,5]. Previous 
studies showed that acetate was a substrate for lipogenesis and stimulated adipocyte dif-
ferentiation [6]. In rabbits, acetate treatment decreased scapular fat yield and triglyceride 
concentration in liver, fat adipose tissue and plasma [7]. In porcine stromal vascular frac-
tion, acetate treatment enhanced adipocyte differentiation [8]. Acetate could regulate the 
gene expression of limiting enzymes of fatty acid oxidation (carnitine palmitoyl transfer-
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ase 1, CPT1) and synthesis (fatty acid synthase, FAS) [9]. But 
the mechanism of acetate regulating lipid metabolism is still 
unclear. 
 Mechanistic target of rapamycin (mTOR) signaling path-
way responds to nutrient and growth factor [10]. mTOR 
signaling is associated with the lipogenesis. The inhibition of 
mTOR using rapamycin abrogates adipocyte differentiation 
in various cell lines in vitro [11-13]. CCAAT/enhancer-bind-
ing proteins (C/EBPs) and peroxisome proliferator-activated 
receptor-γ (PPARγ) were the important transcription factors 
in regulating the differentiation of preadipocytes into adipo-
cytes [14,15]. The previous studies have shown that rapamycin 
could inhibit the expression of C/EBPs and PPARγ in 3T3-
L1 and 3T3-F442A cells [11]. Mitogen-activated protein 
kinases (MAPKs), including extracellular regulated kinase 
1/2 (ERK1/2), p38 and c-Jun-N-terminal kinase (JNK), play 
a crucial role in adipocyte differentiation [16]. The inhibi-
tion of ERK1/2 or p38 reduced adipocyte differentiation 
[17,18]. In 3T3-L1 cells, ERK activity is necessary for the 
expression of C/EBPα and PPARγ [19]. However, the role 
of mTOR and MAPKs signaling in acetate-regulated adi-
pocyte metabolism remains unclear.
 We hypothesize acetate could regulate MAPKs and/or 
mTOR signaling and then affect lipid metabolism. In our 
study, we investigated the effect of acetate on mTOR, and 
MAPKs signaling expression in rabbit adipose-derived stem 
cells (ADSCs) and examined the major signaling pathway of 
acetate-mediated lipid metabolism.

MATERIALS AND METHODS 

Animal welfare statement 
The authors declare that they have complied with the ethics 
policy described int the journal’s author guide. All study 
procedures were approved by the Shandong Agricultural 
University Animal Care and Use Committee (SDAUA- 
2019-088) and were in accordance with the Guidelines for 
Experi mental Animals established by the Ministry of Science 
and Technology (Beijing, China).

Rabbit adipose-derived stem cells culture and 
treatments
ADSCs (Cyagen Biosciences, Guangzhou, China) were seeded 
in 6-well plates and cultured in Dulbecco’s modified eagle’s 
medium (DMEM)/F12 (Gibco, Inchinnan, Scotland), supple-
mented with 10% fetal bovine serum (Biological Industries, 
Beit-Haemek, Israel) and 100 IU/mL penicillin and strepto-
mycin (growth medium) (Gibco, Scotland) at 37°C. The 
medium was replenished every 48 h. After 3-day incubation, 
the cells were incubated with differentiation medium (growth 
medium supplemented with insulin, dexamethasone, rosigl-
itazone and 3-isobutyl-1-methylxanthine) to induce adipogenic 

differentiation for another 3 d.
 Experiment 1: After induction in differentiation medium 
for 3 d, the cells were then maintained in DMEM/F12 me-
dium, supplemented with saline (control) or 9 mM acetate 
(Sigma-Aldrich, St. Louis, MO, USA). Acetate concentration 
was determined according to previous studies [8,20,21]. The 
cells were collected after treatment for 48 h.
 Experiment 2: To clarify the role of ERK signaling in acetate-
regulated lipid metabolism induced, the 3-day differentiated 
cells were treated with 10 μM Ceramide C6 (an ERK1/2 
activator, Santa Cruz Technology, Santa Cruz, CA, USA) or 
vehicle (dimethyl sulfoxide) for 12 h [22]; the cells were then 
given a treatment of either acetate (9 μM) or saline for 48 h 
before collected.
 Experiment 3: To determine the role of mTOR signaling 
in acetate-regulated lipid metabolism, the cells were main-
tained in DMEM/F12 with 10 μM MHY1485 (a mTOR 
activator, Merck Millipore, Billerica, MA, USA) or vehicle 
(dimethyl sulfoxide) for 10 h [23]. Afterwards, the cells were 
given a treatment of either acetate (9 μM) or saline for 48 h 
and collected later.

Oil red O staining
The accumulation of cytoplasmic lipid droplets was visual-
ised by oil red O staining according to the protocol [24]. 
Briefly, cells were rinsed twice with phosphate buffered sa-
line (PBS) and subsequently fixed with 10% formalin in PBS 
for 1 h at room temperature. Then, the cells were washed 
twice with PBS and stained with oil red O working solution 
prepared in 60% isopropyl (Sigma-Aldrich, USA) from a 
stock of 3.5 mg/mL for 1 h. The cells were then washed 3 to 
5 times with PBS. Hematoxylin solution was used to stain 
the nucleus of a cell for 10 s, and then the cells were photo-
graphed using a Nikon optical microscope equipped with a 
Nikon camera (Nikon Instruments Inc., Melville, NY, USA). 
The volume density of each oil red O positive fiber within 
the cell was determined by Weibel’s point-counting method 
[25].

RNA extraction and quantitative real-time polymerase 
chain reaction analyses
Gene expression was quantified using quantitative real-time 
polymerase chain reaction (PCR) with SYBR Green I labeling. 
The total RNA extraction, reverse transcription and PCR 
were performed as the previous description [26]. Total RNA 
was isolated using the guanidinium isothiocyanate method 
with Trizol Reagent (Invitrogen, San Diego, CA, USA). The 
quality of the RNA was tested by electrophoresis on an aga-
rose-gel and the quantity of the RNA was determined with 
biophotometer (Eppendorf, Hamburg, Germany). RT reac-
tions (10 μL) consisted of 500 ng total RNA, 5 mmol/L MgCl2, 
1 μL RT buffer, 1 mmol/L dNTP, 2.5 U AMV, 0.7 nmol/L oligo 
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d(T) and 10 U Ribonuclease inhibitor (TaKaRa Biotechnology, 
Co., Ltd. Dalian, China). Real-time PCR analysis was con-
ducted using the Applied Biosystems 7500 Real-time PCR 
System (Applied Biosystems, Foster, CA, USA). Each RT-re-
action served as a template in a 20 μL PCR reaction containing 
0.2 μmol/L of each primer and SYBR green master mix (Takara 
Biotechnology, Co., Ltd. China). Primer-set sequences are 
described in Table 1. Real-time PCR reactions were performed 
at 95°C for 10 s, followed by 40 cycles at 95°C for 5 s and 60°C 
for 34 s. SYBR green fluorescence was detected at the end of 
each cycle to monitor the amount of PCR product. The mRNA 
levels of the target genes were normalized to glyceraldehyde 
3-phosphate dehydrogenase and β-actin (ΔCT) [27]. The 
ΔCT was calibrated against an average from the control checks. 
The number of target molecules relative to the control was 
calculated using 2–ΔΔCT. Therefore, all the gene transcription 
results are reported as the n-fold difference relative to the 
calibrator. Specificity of the amplification product was verified.

Protein preparation and western blot analyses
The rabbit ADSCs were homogenized in 0.2 mL of lysis buf-
fer (Beyotime, Jiangsu, China) and kept on ice during the 
trial procedure. The homogenate was centrifuged at 12,000 g 
for 5 min at 4°C, and the supernatant was collected. Protein 
concentration was assayed using a bicinchoninic acid assay 
kit (Beyotime, China) according to the manufacturer’s pro-
tocol. Aliquots of 25 μg of protein were separated with 7.5% 
to 10% sodium dodecyl sulfate polyacrylamide gels (Bio-Rad 
Inc, Richmond, CA, USA) according to the previous method 
[28,29], and the proteins were then transferred onto a poly-
vinylidene fluoride membrane (Millipore, USA) at 200 mA 
for 2 h in a Tris-glycine buffer with 20% anhydrous ethanol 

at 4°C. The membranes were blocked with western blocking 
buffer (Beyotime, China) for 1 h at room temperature. The 
membranes were then probed with primary antibodies at 
4°C with gentle shaking overnight. The primary antibodies 
used were anti-p-p38 MAPKThr180/Tyr182, anti-p38 MAPK, an-
ti-p-ERK1/2Thr202/Tyr204, anti-ERK1/2, anti-p-JNKThr183/Tyr185, 
anti-JNK, anti-mTOR, anti-p-mTORSer2448 (Cell Signaling 
Technology, Trask Lane Danvers, MA, USA) and anti-Tubulin 
(Beyotime, China). After being washed, the membranes were 
incubated with horseradish peroxidase-linked anti-rabbit or 
anti-mouse secondary antibodies for 4 h at 4°C. The mem-
branes were then visualized by exposure to Hyperfilm Electro-
Chemi-Luminescence (Beyotime, China). Western blots 
were developed and quantified using Bio Spectrum 810 with 
Vision Works LS 7.1 software (UVP LLC, Upland, CA, USA).

Statistical analysis
All data were expressed as the mean±standard error of the 
mean. The data were analyzed by t-test with SAS software in 
experiment 1 (n = 8 independent replicates). The data were 
analyzed by one-way analysis of variance in experiment 2 
and 3 (n = 8 independent replicates). Multiple comparisons 
between the groups were performed by the Tukey method. 
Less than 0.05 p value was considered statistically significant. 

RESULTS 

Effect of acetate on lipid metabolism and related 
signaling expression in rabbit ADSCs (Experiment 1)
To test whether acetate plays a role in adipogenesis in rabbit 
ADSCs, the lipid droplet concentration was measured by oil 
red O staining (Figure 1A). It indicated that 9 mM acetate 

Table 1. Gene-specific primers used for the analysis of rabbit gene expression

Gene GenBank accession number Primers sequences (5’→3’) Product size (bp)

GAPDH NM_001082253 F: TGCCACCCACTCCTCTACCTTCG 163
R: CCGGTGGTTTGAGGGCTCTTACT

β-actin NM_001101683.1 F: CGCAGAAACGAGACGAGATT 168
R: GCAGAACTTTGGGGACTTTG

PPARγ NM_001082148.1 F: GGAGCAGAGCAAAGAAGTCG 111
R: CTCACAAAGCCAGGGATGTT

C/EBPα XM_008257272.1 F: GTCTACGCTCCACCACCATT 127
R: CCAAACCAGAAGGAAAGAGG

CPT1 XM_002724092.2 F: ATTCTCACCGCTTTGGGAGG 196
R: ACGGGGTTTTCTAGGAGCAC

FAS KF201292.1 F: ACCACGTCCAAGGAGAGCA 112
R: AGTTCTGCACCGAGTTGAGC

ACC1 XM_002719077.2 F: GTGGTCTTCGTGTGAACTGG 122
R: TTCTTCTGCTGCCTTTAGCC

HSL XM_008249691.2 F: CCAGGCTAAACTCGCATCCA 119
R: ATTTGGCTCTCTGGACTGGC

GAPDH, glyceraldehyde 3-phosphate dehydrogenase; PPARγ, peroxisome proliferator-activated receptor-γ; C/EBPα, CCAAT/enhancer-binding proteins (C/
EBPs); CPT1, carnitine palmitoyl transferase 1; FAS, fatty acid synthase; ACC1, acetyl-CoA carboxylase 1; HSL, hormone-sensitive lipase.
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treatment for 48 h decreased the lipid droplet concentration 
compared with the control. To explore the related signaling 
pathways of acetate-mediated lipid metabolism, the phos-
phorylated protein levels of mTOR, p38 MAPK, JNK, and 
ERK were measured after acetate treatment in rabbit ADSCs. 

Compared with the control, acetate treatment significantly 
decreased the phosphorylated protein levels of mTOR and 
ERK (Figure 1B, 1E; p<0.05), but did not significantly alter 
the phosphorylated protein levels of p38 MAPK and JNK 
(Figure 1C, 1D; p>0.05).

Figure 1. Effects of acetate on lipid metabolism and related signaling expression in rabbit adipose-derived stem cells (ADSCs). After induction in 
differentiation medium for 3 d, the cells were then maintained in Dulbecco’s modified eagle’s medium/F12 medium, supplemented with saline 
(control) or 9 mM acetate for 48 h. (A) Representative images of oil red O-stained cells (200× magnification); (B-E) protein levels of mTOR, p38 
MAPK, JNK, and ERK1/2. Data are presented as means±standard error of the mean (n = 8 independent replicates). mTOR, mechanistic target of 
rapamycin; p38 MAPK, p38 mitogen-activated protein kinase; JNK, c-Jun-N-terminal kinase; ERK1/2, extracellular signaling-regulated kinases 1 
and 2. a,b Bars with different letters are significantly different (p<0.05).
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Effects of ERK1/2 signaling activation on lipid droplet 
deposition and gene expression related to fat 
metabolism after acetate treatment (Experiment 2)
To verify the function of ERK1/2 signaling in acetate-medi-
ated lipid metabolism, the lipid droplet concentration and 
gene expression related to lipid metabolism were measured 
after ERK1/2 activator (ceramide C6) and acetate treatments 
in rabbit ADSCs. Compared with the control, ceramide C6 
treatment significantly increased the lipid droplet concentra-
tion, phosphor-ERK protein level and PPARγ, FAS, and acetyl-
CoA carboxylase 1 (ACC1) mRNA levels (Figure 2A-2D; 
p<0.05), but significantly decreased the CPT1 mRNA level 
(Figure 2E; p<0.05). Compared with the control, only ceramide 
C6 treatment had no significant effect on C/EBPα and hor-
mone-sensitive lipase (HSL) genes expression (Figure 2C, 
2E; p>0.05). Pretreatment with ceramide C6 significantly 
attenuated acetate-inhibited lipid droplet deposition, phos-
phor-ERK1/2 protein expression (Figure 2A, 2B; p<0.05) 
and acetate-induced HSL genes expression (Figure 2E; p<0.05). 
Compared with the control, concurrent treatment of acetate 
and ceramide C6 increased PPARγ, C/EBPα, FAS, and ACC1 
genes expression (Figure 2C, 2D; p<0.05). 

Effects of mTOR signaling activation on lipid droplet 
deposition and gene expression related to fat 
metabolism after acetate treatment (Experiment 3)
To determine the role of mTOR signaling in acetate-regulated 
lipid metabolism, the lipid droplet concentration and gene 
expression levels related to lipid metabolism were measured 
after mTOR activator (MHY1485) and acetate treatments 
in rabbit ADSCs. Compared with control, the cells with 
MHY1485 treatment had an increase in lipid droplet con-
centration, phosphor-mTOR protein level and C/EBPα and 
FAS mRNA levels (Figure 3A-3D; p<0.05), and a decrease 
in HSL mRNA level (Figure 3E; p<0.05). The inhibition of 
acetate on lipid droplet deposition and phospho-mTOR 
protein expression as well as the stimulation of HSL gene 
expression was significantly attenuated by pretreatment with 
MHY1485 (Figure 3A, 3B, 3E; p<0.05). Only activation of 
mTOR had no significant effect on PPARγ, ACC1, and CPT1 
mRNA levels compared with the control (Figure 3C-3E; 
p>0.05). Compared with the control, concurrent treatment 
of acetate and ceramide C6 increased the phosphor-mTOR 
protein level and C/EBPα gene expression (Figure 3B, 3C; 
p<0.05) (Supplementary Figure S1). 

DISCUSSION 

Effect of acetate on lipid metabolism in rabbit ADSCs
The VFA can be used for de novo synthesis of lipids and 
glucose and acts as signaling molecules in energy expendi-
ture and homoeostasis [30], while the effect of acetate on 

lipid metabolism is consistent. The previous studies shown 
that acetate treatment could decrease the adipose accumu-
lation in rabbits [7,9]. Acetate attenuates high fat diet-induced 
body weight/fat gain and insulin resistance in mice [31]. In 
3T3-L1 adipocytes, acetate could stimulate adipogenesis 
[20] and increase the rate of lipolysis [32]. Activation of VFA 
receptors leads to the inhibition of lipolysis and decrease of 
plasma free fatty acids [33]. These vitro study results agree 
with our present results that acetate treatment decreased 
the lipid droplet deposition. The different results of acetate 
in regulating lipid deposition in vivo and vitro studies imply 
that the regulating mechanism is complex. In adipose tissue, 
Liu et al [7] found that the mediating effect of acetate on 
lipid deposition is dependent on the dose. A low dose of 
acetate increased lipid deposition, but a high dose of acetate 
led to an oppose effect.
 The decreased lipid concentration after acetate treatment 
may be related to increasing HSL. Studies provided evidence 
that HSL appeared to be the rate-limiting enzyme for cho-
lesteryl ester and diacylglycerol hydrolysis in adipose tissue 
and is essential for complete hormone stimulated lipolysis 
[34]. Increased HSL expression after acetate treatment may 
be an important reason for lower lipid concentration in rabbit 
ADSCs. Inconsistent with this, a low dose of acetate treat-
ment (6 mM) for a short time (6 h) inhibited HSL expression 
and increased the lipid deposition in rabbit ADSCs [21]. These 
results suggest that HSL is a key target of acetate regulating 
lipid metabolism. In addition, the regulating of acetate in 
HSL expression and lipid metabolism is associated with the 
treatment time and dose. In the present study, other tested 
genes (e.g., PPARγ, C/EBPα, FAS, ACC1, and CPT1) were 
not significantly altered after acetate, indicating that these 
genes may be not the major targets in acetate regulating lipid 
metabolism in rabbit ADSCs.

ERK is associated with suppressed lipid deposition by 
acetate
ERKs are required for the differentiation of 3T3-L1 fibroblasts 
to adipocytes [35]. The adipocyte-specific transcription factor 
PPARγ is a substrate of ERK1/2 [36]. In the present study, 
activation of ERK with ceramide C6 increased PPARγ gene 
expression, suggesting that PPARγ plays a key role in ERK-
stimulated adipocyte differentiation. Additionally, activation 
of ERK increased the ACC1 and FAS genes expression and 
decreased the CPT1 gene expression, which suggested that 
ERK activation could improve the process of fatty acids syn-
thesis and decrease the process of β-oxidation of long-chain 
fatty acids. Oil red staining results shown ERK activation could 
increase the lipid deposition, which may be related to the 
changed process of adipocyte differentiation and fatty acid 
metabolism. 
 Acetate decreased the phosphor-ERK1/2 protein level in 
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Figure 2. Effects of ERK1/2 signaling activation on lipid droplet deposition and gene expression related to fat metabolism after acetate treatment. 
After induction in differentiation medium for 3 d, rabbit ADSCs were cultured in the presence of 10 μM Ceramide C6 or vehicle (dimethyl sulfoxide) 
for 12 h and then treated with acetate (9 μM) or saline for 48 h. (A) Representative images of oil red O-stained cells (200× magnification); (B) 
p-ERK1/2 protein expression; (C-E) Relative mRNA levels of PPARγ, C/EBPα, FAS, ACC1, HSL, and CPT1. Data are presented as means±standard 
error of the mean (n = 8 independent replicates). ERK1/2, extracellular signaling-regulated kinases 1 and 2; PPARγ, peroxisome proliferator-acti-
vated receptor-γ; C/EBPα, CCAAT/enhancer-binding protein α; FAS, fatty acid synthase; ACC1, acetyl-CoA carboxylase 1; HSL, hormone-sensitive 
lipase; CPT1, carnitine palmitoyl transferase 1. a-c Bars with different letters are significantly different (p<0.05).
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Figure 3. Effects of mTOR signaling activation on lipid droplet deposition and gene expression related to fat metabolism after acetate treatment. 
After induction in differentiation medium for 3 d, rabbit ADSCs were cultured in the presence of 10 μM MHY1485 or vehicle (dimethyl sulfoxide) 
for 10 h and then treated with acetate (9 μM) or saline for 48 h. (A) Representative images of oil red O-stained cells (200× magnification). (B) p-mTOR 
protein expression. (C-E) Relative mRNA level of PPARγ, C/EBPα, FAS, ACC1, HSL, and CPT1. Data are presented as means±standard error of the 
mean (n = 8 independent replicates). mTOR, mechanistic target of rapamycin; PPARγ, peroxisome proliferator-activated receptor-γ; C/EBPα, 
CCAAT/enhancer-binding proteins α; FAS, fatty acid synthase; ACC1, acetyl-CoA carboxylase 1; HSL, hormone-sensitive lipase; CPT1, carnitine 
palmitoyl transferase 1. a-d Bars with different letters are significantly different (p<0.05).
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line with the vivo experiment [9], which implies that ERK1/2 
signaling was associated with acetate-decreased lipid deposi-
tion. The activation of ERK1/2 signaling with ceramide C6 
significantly attenuated the acetate-associated decrease in 
intracellular lipid concentration, demonstrating that ERK1/2 
signaling participate in the process of acetate in regulating 
lipid metabolism. The previous study shows that ERK path-
way appears to be able to regulate the process of lipolysis by 
HSL in adipocytes [37]. Although activation of ERK1/2 with 
ceramide C6 treatment did not significantly affect the HSL 
expression, pre-treatment with ceramide C6 significantly at-
tenuated the acetate-stimulated HSL expression. The results 
suggest that ERK-HSL signaling may be an important regu-
lating pathway of acetate in lipid metabolism. Although CPT1 
gene expression significantly altered after acetate treatment, 
acetate attenuated the depression of CPT1 caused by ceremide 
C6, indicating that acetate could recover the decreased process 
of β-oxidation of long-chain fatty acids caused by activated 
ERK1/2. Ceremide C6 strongly stimulated C/EBP expres-
sion in the presence of acetate, implying that ceremide C6 
and acetate could add up to promote the process of adipo-
cyte differentiation. But the mechanism of ceremide C6 and 
acetate regulating C/EBP gene expression is not sure.
 Previous studies have shown the p38 MAPK and JNK sig-
naling pathways are involved in the lipid metabolism [18]. 
But acetate treatment did not significantly affect the phos-
phorylated protein of p38 MAPK and JNK, indicating that 
p38 MAPK and JNK signaling pathways maybe not partici-
pate in the process of acetate inhibiting lipid accumulation. 

mTOR is associated with suppressed lipid deposition 
by high dose acetate
As a serine/threonine kinase, mTOR mediates broad biologi-
cal activities that include translation initiation, transcription, 
cytoskeleton organization, cell growth, and proliferation as 
well as cell survival [38]. Recent research showed that mTOR 
plays an important role in the synthesis and secretion of 
triacylglycerol [39]. Inhibition of mTOR signaling reduced 
intracellular lipid accumulation in goose and fish hepato-
cytes and 3T3-L1 adipocytes [39,40,41]. In our present study, 
activation of mTOR increased intracellular lipid accumulation 
in rabbit ADSCs. Activation of mTOR up-regulated the ex-
pression of C/EBPα and FAS, and down-regulated the HSL 
gene expression in rabbits ADSCs, suggesting that the acti-
vation of mTOR maybe promote the process of adipocyte 
differentiation and fatty acid synthesis and inhibit the pro-
cess of lipolysis. 
 Acetate treatment decreased the phosphor-mTOR protein 
level, which implies that mTOR signaling maybe take part in 
the regulation process of acetate in lipid metabolism. To verify 
our inference, an experiment was conducted involving acti-
vated mTOR. Pre-activated mTOR significantly attenuated 

the stimulation of HSL gene expression and the decrease of 
intracellular lipid accumulation compared to the acetate group. 
The results demonstrated that acetate could regulate HSL 
gene expression via mTOR. Moreover, mTOR-HSL signaling 
pathway may be involved in acetate-associated decrease in 
lipid deposition. 

CONCLUSION

Acetate decreased the lipid deposition and increasing HSL 
gene expression in rabbit ADSCs, and mTOR and ERK1/2 
signaling were involved in the process.

AUTHOR CONTRIBUTIONS 

L.L. and F.L. designed research; L.L. wrote the paper; Y.L. 
(Yongxu Liu) and C.F. executed experiment and collected 
data; Y.L. (Yujuan Li) analyzed data; Y.L. (Yongxu Liu) pro-
vide PCR technical support; L.L. and F.L. had offered the 
funds support and primary responsibility for final content. 

CONFLICT OF INTEREST

We certify that there is no conflict of interest with any financial 
organization regarding the material discussed in the manu-
script. Liu Y is an employee of Qingdao Kangda Food Co., 
LTD..

FUNDING

This work was supported by the Natural Science Foundation 
of Shandong Province (ZR2021MC043), Natural Science 
Foundation of China (31972594), Special Economic Animal 
Industry Technology System of Shandong Province (SDAIT 
-21-16), Modern Agro-industry Technology Research system 
(CARS-43-B-1), Shandong Post-doctoral Innovation Project 
(2020), Taishan Industry Leadership Project (TSCY20190107), 
Key R & D projects of Xinjiang Autonomous Region (2020 
B01004-1-3). 

REFERENCES 

1. Zhu YL, Wang CY, Wang XP, Li B, Sun LZ, Li FC. Effects of 
dietary fiber and starch levels on the non-specific immune 
response of growing rabbits. Livest Sci 2013;155:285-93. https:// 
doi.org/10.1016/j.livsci.2013.04.018

2. Fu CY, Liu L, Gao Q, Sui XY, Li FC. Cloning, molecular 
characterization, and spatial and developmental expression 
analysis of GPR41 and GPR43 genes in New Zealand rabbits. 
Animal 2017;11:1798-806. https://doi.org/10.1017/S1751 
73111700043X

3. Liu L, Liu H, Fu C, Li C, Li F. Acetate induces anorexia via 

https://doi.org/10.1016/j.livsci.2013.04.018
https://doi.org/10.1016/j.livsci.2013.04.018
https://doi.org/10.1017/S175173111700043X
https://doi.org/10.1017/S175173111700043X


1452  www.animbiosci.org

Li et al (2022) Anim Biosci 35:1444-1453

up-regulating the hypothalamic pro-opiomelanocortin 
(POMC) gene expression in rabbits. J Anim Feed Sci 2017; 
26:266-73. https://doi.org/10.22358/jafs/75979/2017

4. Marques C, Oliveira CS, Alves S, et al. Acetate-induced 
apoptosis in colorectal carcinoma cells involves lysosomal 
membrane permeabilization and cathepsin D release. Cell 
Death Dis 2013;4:e507. https://doi.org/10.1038/cddis.2013.29

5. Tanabe J, Yamamoto DJ, Sutton B, et al. Effects of alcohol 
and acetate on cerebral blood flow: a pilot study. Alcohol 
Clin Exp Res 2019;43:2070-8. https://doi.org/10.1111/acer. 
14173

6. Zambell KL, Fitch MD, Fleming SE. Acetate and butyrate 
are the major substrates for de novo lipogenesis in rat colonic 
epithelial cells. J Nutr 2003;133:3509-15. https://doi.org/10. 
1093/jn/133.11.3509

7. Liu L, Fu CY, Li FC. Acetate affects the process of lipid meta-
bolism in rabbit liver, skeletal muscle and adipose tissue. 
Animals 2019;9:799. https://doi.org/10.3390/ani9100799

8. Li G, Yao W, Jiang H. Short-chain fatty acids enhance adi-
pocyte differentiation in the stromal vascular fraction of 
porcine adipose tissue. J Nutr 2014;144:1887-95. https://doi. 
org/10.3945/jn.114.198531

9. Fu C, Liu L, Li F. Acetate alters the process of lipid metabolism 
in rabbits. Animal 2018;12:1895-902. https://doi.org/10.1017/ 
S1751731117003275

10. Shimobayashi M, Hall MN. Making new contacts: the mTOR 
network in metabolism and signalling crosstalk. Nat Rev Mol 
Cell Biol 2014;15:155-62. https://doi.org/10.1038/nrm3757

11. Cho HJ, Park J, Lee HW, Lee YS, Kim JB. Regulation of adi-
pocyte differentiation and insulin action with rapamycin. 
Biochem Biophys Res Commun 2004;321:942-8. https://doi. 
org/10.1016/j.bbrc.2004.07.050

12. Gagnon A, Lau S, Sorisky A. Rapamycin-sensitive phase of 
3T3-L1 preadipocyte differentiation after clonal expansion. 
J Cell Physiol 2001;189:14-22. https://doi.org/10.1002/jcp. 
1132

13. Yu W, Chen Z, Zhang J, et al. Critical role of phosphoinositide 
3-kinase cascade in adipogenesis of human mesenchymal 
stem cells. Mol Cell Biochem 2008;310:11-8. https://doi.org/ 
10.1007/s11010-007-9661-9

14. Chen PL, Riley DJ, Chen Y, Lee WH. Retinoblastoma protein 
positively regulates terminal adipocyte differentiation through 
direct interaction with C/EBPs. Genes Dev 1996;10:2794-804. 

15. Siersbaek R, Nielsen R, Mandrup S. PPARgamma in adipocyte 
differentiation and metabolism--novel insights from genome-
wide studies. FEBS Lett 2010;584:3242-9. https://doi.org/10. 
1016/j.febslet.2010.06.010

16. Zhang T, Sawada K, Yamamoto N, Ashida H. 4-Hydroxy-
derricin and xanthoangelol from Ashitaba (Angelica keiskei) 
suppress differentiation of preadiopocytes to adipocytes via 
AMPK and MAPK pathways. Mol Nutr Food Res 2013;57: 
1729-40. https://doi.org/10.1002/mnfr.201300020

17. Tang QQ, Otto TC, Lane MD. Mitotic clonal expansion: a 
synchronous process required for adipogenesis. Proc Natl 
Acad Sci USA 2003;100:44-9. https://doi.org/10.1073/pnas. 
0137044100

18. Engelman JA, Lisanti MP, Scherer PE. Specific inhibitors of 
p38 mitogen- activated protein kinase block 3T3-L1 adipo-
genesis. J Biol Chem 1998;273:32111-20. https://doi.org/10. 
1074/jbc.273.48.32111

19. Prusty D, Park BH, Davis KE, Farmer SR. Activation of MEK/
ERK signaling promotes adipogenesis by enhancing peroxi-
some proliferator-activated receptor gamma (PPARgamma) 
and C/EBPalpha gene expression during the differentiation 
of 3T3-L1 preadipocytes. J Biol Chem 2002;277:46226-32. 
https://doi.org/10.1074/jbc.M207776200

20. Hong YH, Nishimura Y, Hishikawa D, et al. Acetate and 
propionate short chain fatty acids stimulate adipogenesis via 
GPCR43. Endocrinology 2005;146:5092-9. https://doi.org/ 
10.1210/en.2005-0545

21. Liu L, Fu CY, Liu YX, Li FC. Acetate stimulates lipogenesis 
via AMPKα signaling in rabbit adipose-derived stem cells. 
Gen Comp Endocr 2021;303:113715. https://doi.org/10.1016/ 
j.ygcen.2021.113715

22. Gu W, Song L, Li XM, Wang D, Guo XJ, Xu WG. Mesenchymal 
stem cells alleviate airway inflammation and emphysema in 
COPD through down-regulation of cyclooxygenase-2 via 
p38 and ERK MAPK pathways. Sci Rep 2015;5:8733. https:// 
doi.org/10.1038/srep08733

23. Liu J, Zheng L, Zhong J, Wu N, Liu G, Lin X. Oleanolic acid 
induces protective autophagy in cancer cells through the 
JNK and mTOR pathways. Oncol Rep 2014;32:567-72. https:// 
doi.org/10.3892/or.2014.3239

24. Liu L, Fu C, Li FC. Dietary niacin supplementation suppressed 
hepatic lipid accumulation in rabbits. Asian-Australas J Anim 
Sci 2016;29:1748-55. https://doi.org/10.5713/ajas.15.0824

25. Weibel ER. Stereological techniques for electron microscopic 
morphometry. In: Hayat MA, editor. Principles and techniques 
of electron microscopy, biological application. New York, 
USA: Van Nostrand Rheinhold; 1973. pp. 237-96.

26. Zhang YY, Zhu SZ, Wang XP, Wang CY, Li FC. The effect of 
dietary selenium levels on growth performance, antioxidant 
capacity and glutathione peroxidase 1 (GSHPx1) mRNA 
expression in growing meat rabbits. Anim Feed Sci Technol 
2011;169:259-64. https://doi.org/10.1016/j.anifeedsci.2011. 
07.006

27. Liu L, Xu S, Wang X, Jiao H, Lin H. Peripheral insulin doesn’t 
alter appetite of broiler chicks. Asian-Australas J Anim Sci 
2016;29:1294-9. https://doi.org/10.5713/ajas.15.0674

28. Wang XJ, Liu L, Zhao JP, Jiao HC, Lin H. Stress impairs the 
reproduction of laying hens: an involvement of energy. World 
Poult Sci J 2017;73:845-56. https://doi.org/10.1017/S0043 
933917000794

29. Kimura I, Inoue D, Hirano K, Tsujimoto G. The SCFA receptor 

https://doi.org/10.22358/jafs/75979/2017
https://doi.org/10.1038/cddis.2013.29
https://doi.org/10.1111/acer.14173
https://doi.org/10.1111/acer.14173
https://doi.org/10.1093/jn/133.11.3509
https://doi.org/10.1093/jn/133.11.3509
https://doi.org/10.3390/ani9100799
https://doi.org/10.3945/jn.114.198531
https://doi.org/10.3945/jn.114.198531
https://doi.org/10.1017/S1751731117003275
https://doi.org/10.1017/S1751731117003275
https://doi.org/10.1038/nrm3757
https://doi.org/10.1016/j.bbrc.2004.07.050
https://doi.org/10.1016/j.bbrc.2004.07.050
https://doi.org/10.1002/jcp.1132
https://doi.org/10.1002/jcp.1132
https://doi.org/10.1007/s11010-007-9661-9
https://doi.org/10.1007/s11010-007-9661-9
https://doi.org/10.1016/j.febslet.2010.06.010
https://doi.org/10.1016/j.febslet.2010.06.010
https://doi.org/10.1002/mnfr.201300020
https://doi.org/10.1073/pnas.0137044100
https://doi.org/10.1073/pnas.0137044100
https://doi.org/10.1074/jbc.273.48.32111
https://doi.org/10.1074/jbc.273.48.32111
https://doi.org/10.1074/jbc.M207776200
https://doi.org/10.1210/en.2005-0545
https://doi.org/10.1210/en.2005-0545
https://doi.org/10.1016/j.ygcen.2021.113715
https://doi.org/10.1016/j.ygcen.2021.113715
https://doi.org/10.1038/srep08733
https://doi.org/10.1038/srep08733
https://doi.org/10.3892/or.2014.3239
https://doi.org/10.3892/or.2014.3239
https://doi.org/10.5713/ajas.15.0824
https://doi.org/10.1016/j.anifeedsci.2011.07.006
https://doi.org/10.1016/j.anifeedsci.2011.07.006
https://doi.org/10.5713/ajas.15.0674
https://doi.org/10.1017/S0043933917000794
https://doi.org/10.1017/S0043933917000794


www.animbiosci.org  1453

Li et al (2022) Anim Biosci 35:1444-1453

GPR43 and energy metabolism. Front Endocrinol 2014;5:85. 
https://doi.org/10.3389/fendo.2014.00085

30. Liu L, Zhao XY, Liu YX, Zhao H, Li FC. Dietary addition of 
garlic straw improved the intestinal barrier in rabbits. J Anim 
Sci 2019;97:4248-55. https://doi.org/10.1093/jas/skz277

31. Weitkunat K, Stuhlmann C, Postel A, et al. Short-chain fatty 
acids and inulin, but not guar gum, prevent diet-induced 
obesity and insulin resistance through differential mechanisms 
in mice. Sci Rep 2017;7:6109. https://doi.org/10.1038/s41598- 
017-06447-x

32. Rumberger JM, Arch JR, Green A. Butyrate and other short-
chain fatty acids increase the rate of lipolysis in 3T3-L1 adipo-
cytes. Peer J 2014;2:e611. https://doi.org/10.7717/peerj.611

33. Ge H, Li X, Weiszmann J, et al. Activation of G protein-coupled 
receptor 43 in adipocytes leads to inhibition of lipolysis and 
suppression of plasma free fatty acids. Endocrinology 2008; 
149:4519-26. https://doi.org/10.1210/en.2008-0059 

34. Kraemer FB, Shen WJ. Hormone-sensitive lipase knockouts. 
Nutr Metab 2006;3:12. https://doi.org/10.1186/1743-7075- 
3-12

35. Uehara T, Tokumitsu Y, Nomura Y. Wortmannin inhibits 
insulin-induced ras and mitogen-activated protein kinase 
activation related to adipocyte differentiation in 3T3-L1 
fibroblasts. Biochem Biophys Res Commun 1995;210:574-
80. https://doi.org/10.1006/bbrc.1995.1698

36. Camp HS, Tafuri SR. Regulation of peroxisome proliferator-
activated receptor gamma activity by mitogen-activated 
protein kinase. J Biol Chem 1997;272:10811-6. https://doi. 
org/10.1074/jbc.272.16.10811

37. Greenberg AS, Shen WJ, Muliro K, et al. Stimulation of 
lipolysis and hormone-sensitive lipase via the extracellular 
signal-regulated kinase pathway. J Biol Chem 2001;276:45456-
61. https://doi.org/10.1074/jbc.M104436200 

38. Laplante M, Sabatini DM. mTOR signaling in growth control 
and disease. Cell 2012;149:274-93. https://doi.org/10.1016/j. 
cell.2012.03.017

39. Liu DD, Han CC, Wan HF, et al. Effects of inhibiting PI3K-
Akt-mTOR pathway on lipid metabolism homeostasis in 
goose primary hepatocytes. Animal 2016;10:1319-27. https:// 
doi.org/10.1017/S1751731116000380

40. Polak P, Cybulski N, Feige JN, Auwerx J, Ruegg MA, Hall 
MN. Adipose-specific knockout of raptor results in lean 
mice with enhanced mitochondrial respiration. Cell Metab 
2008;8:399-410. https://doi.org/10.1016/j.cmet.2008.09.003

41. Skiba-Cassy S, Lansard M, Panserat S, Médale F. Rainbow 
trout genetically selected for greater muscle fat content display 
increased activation of liver TOR signaling and lipogenic 
gene expression. Am J Physiol Regul Integr Comp Physiol 
2009;297:1421-9. https://doi.org/10.1152/ajpregu.00312.2009

https://doi.org/10.3389/fendo.2014.00085
https://doi.org/10.1093/jas/skz277
https://doi.org/10.1038/s41598-017-06447-x
https://doi.org/10.1038/s41598-017-06447-x
https://doi.org/10.7717/peerj.611
https://doi.org/10.1210/en.2008-0059
https://doi.org/10.1186/1743-7075-3-12
https://doi.org/10.1186/1743-7075-3-12
https://doi.org/10.1006/bbrc.1995.1698
https://doi.org/10.1074/jbc.272.16.10811
https://doi.org/10.1074/jbc.272.16.10811
https://doi.org/10.1074/jbc.M104436200
https://doi.org/10.1016/j.cell.2012.03.017
https://doi.org/10.1016/j.cell.2012.03.017
https://doi.org/10.1017/S1751731116000380
https://doi.org/10.1017/S1751731116000380
https://doi.org/10.1016/j.cmet.2008.09.003
https://doi.org/10.1152/ajpregu.00312.2009

