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Abstract1

Short-chain fatty acids play crucial roles in a range of physiological functions. However, the effects of 2

short-chain fatty acids on brown adipose tissue have not been fully investigated. We examined the role of 3

acetate, a short-chain fatty acid formed by fermentation in the gut, in the regulation of brown adipocyte 4

metabolism. Our results show that acetate up-regulates AP2, PGC-  and affects 5

the morphological changes of brown adipocytes during adipogenesis. Moreover, an increase in 6

mitochondrial biogenesis was observed after acetate treatment. Acetate also elicited the activation of ERK 7

and CREB, and these responses were sensitive to G(i/o)- -subunit inhibitor, 8

PLC inhibitor, PKC inhibitor and MEK inhibitor, indicating a role for the 9

signalling pathway in these responses. These effects of acetate were mimicked by treatment with 4-10

CMTB, a synthetic GPR43 agonist, and were impaired in GPR43 knock-down cells. Taken together, our 11

results indicate that acetate may have important physiological roles in brown adipocytes through 12

activation of GPR43. 13

14



4 

 

Introduction 1

Short-chain fatty acids are a sub-group of fatty acids including formic acid, acetic acid, propionic acid, 2

isobutyric acid, butyric acid, isovaleric acid and valeric acid. Acetate, propionate and butyrate are the 3

three major short-chain fatty acids, which are mainly formed in the gastrointestinal tract via colonic 4

bacteria fermentation of carbohydrates, especially resistant starches and dietary fibre (1). Following 5

production in the gastrointestinal tract, short-chain fatty acids, especially acetate, may enter the 6

circulation, be metabolized by peripheral tissues and directly affect energy homeostasis and metabolism. 7

Given that it is the most abundant short-chain fatty acid produced in the colon, and that it partially avoids 8

hepatic clearance, acetate can reach 150 μM concentrations in the peripheral circulation (2-7). Previous 9

reports in humans show that, depending on the time of the day, the fasting/eating pattern and the glucose 10

tolerance status of the individual, the circulating concentration of acetate could reach 100-150 μM with 11

higher levels in arterial compared to venous blood (2-7). Circulating propionate and butyrate are detected 12

in significantly lower levels (6), indicating that acetate mediates most of the short-chain fatty acids 13

induced effects in peripheral tissues. Growing evidence indicates that short-chain fatty acids play 14

important roles in a range of physiological functions, including neutrophil-driven inflammation (8), GLP-15

1 and PYY secretion (9,10), lipolysis and adipogenesis of white adipose tissue (11,12), and de novo16

synthesis of lipids and glucose (13).  17

18

Brown adipose tissue, also referred to as BAT or brown fat, is another type of adipose tissue primarily 19

found in rodents and human infants. For a long time, BAT was perceived to quickly diminish after birth 20

in humans; however, recent molecular and histological evidence have established that BAT remains 21

present in adult humans (14). Subsequently, BAT has attracted attention as a novel target for the treatment 22

of obesity and other obesity-related metabolic diseases due to its ability to generate heat by burning 23

calories. Adipogenesis constitutes the process of cell differentiation by which pre-adipocytes become 24

adipocytes. To date, it has been reported that adipogenesis of BAT is highly controlled by several 25
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-activators also regulates this process 1

through their interaction with transcription factors [e.g. - -2

the transcription receptor PPAR-3

PGC-4

in nutritional status can dramatically up-regulate PGC- pression in BAT and skeletal muscle. 5

Moreover, ectopically expressing PGC-6

indicating that PGC-7

PGC- as also found to induce mitochondrial biogenesis, likely through the co-activation of a non-8

nuclear hormone receptor transcription factor, nuclear respiratory factor-1 (NRF-1), in brown adipocytes 9

(15).10

thiazolidinediones (TZDs) also stimulates substantial adipogenesis in addition to reducing hyperglycemia 11

in type 2 diabetic patients (16,17). Therefore, increasing the amount and/or activity of PGC-12

considered a potential useful pharmacologic strategy for the treatment of obesity-related diseases. 13

14

G protein-coupled receptors (GPCRs) constitute a family of seven transmembrane receptors. GPCRs play 15

an important role in various signalling pathways by transducing a spectrum of extracellular signals  to 16

heterotrimeric G proteins, which further transduce these to appropriate downstream effectors in a 17

signalling cascade (18). G-protein-coupled receptor 43 (GPR43), also called free fatty acid receptor 2 18

(FFA2/FFAR2), was deorphanized as a GPCR recognizing short-chain fatty acids, i.e. acetate and 19

propionate, simultaneously by three independent groups (19-21). GPR43 reportedly couples to either Gi/o 20

or Gq signalling pathways (19) and is highly expressed in immune cells and regulates inflammatory 21

responses (8,22,23). GPR43 has also been reported to be expressed in adipose tissue. Previous data have 22

demonstrated that activation of GPR43 promotes white adipocyte differentiation, leptin secretion in L-23

cells and inhibition of lipolysis in white adipose tissue (11), suggesting that short-chain fatty acids may 24
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exert most, if not all, of their metabolic effects via GPR43 in white adipose tissue. However, there is little 1

research on the role of short-chain fatty acids and GPR43 in BAT. 2

3

With the aforementioned in mind, we examined the effects of acetate in the regulation of brown adipocyte 4

adipogenesis.  5

6

Materials and Methods 7

Reagents and Antibodies 8

Insulin, dexamethasone (Dex), isobutylmethylxanthine (IBMX), triiodothyronine (T3), and isopropanol 9

were obtained from Sigma-Aldrich (Gillingham, UK). 4-chloro- -(1-methylethyl)-N-2-10

thiazolylbenzeneacetamide (4-CMBT), U0126, U73122, pertussis toxin (PTX), and gallein were 11

purchased from Tocris bioscience (Bristol, UK). The antibodies used in this study are listed in Table.1.  12

Animals 13

Male C57BL/6J (4 weeks old) mice were purchased from Dakewe Biotech Co., Ltd (Beijing, China). 14

After a 2-week quarantine, the C57BL/6J mice were fed normal diet/chow until 12 weeks of age before 15

tissue harvest. For acetate administration, 6-week-old mice were treated with sodium acetate (150 mM) in 16

drinking water for 6 weeks (n = 5 for control, n = 5 for acetate administration). All of the mice were 17

housed in the animal facility with a 12-h light/dark cycle and constant temperature (22 24°C). The mice 18

had free access to water and diet. All procedures were approved by Jining Medical University and met the 19

standards of the Guide for the Care and Use of Laboratory Animals issued by the Ministry of Science and 20

a in 2006.  21

Cell Isolation and Culture 22

The immortalized brown adipocyte cells line (IM-BAT) was provided by Dr Mark Christian (University 23

of Warwick). Briefly, as previously described (24), primary cultures of brown adipocytes were generated 24

by first digesting the interscapular BAT from male C57BL/6 mice with Tissue Dissociation Buffer 25
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(DMEM/F12 medium containing collagenase (10 mg/ml) and DNase (10 mg/ml)) and pelleting the 1

stromal vascular fraction (SVF) by centrifugation at 170×g for 10 min. Preadipocytes were purified by 2

collecting the cells that passed through 100 μM of mesh. Next, brown preadipocytes were selected by 3

collecting the cells that passed through 70 μM of mesh and were cultured in DMEM/F12 medium 4

containing 10% FBS and 1% antibiotic-antimycotic for 2 days before being immortalized by retroviral-5

mediated expression of temperature-sensitive SV40 large T antigen H-2kb-tsA58. Cells were continually 6

cultu7

Cells were differentiated by treating cells with differentiation medium I (DMEM/F12 containing 3-8

isobutyl-1-methylxanthine (IBMX, 500 μM), dexamethasone (250 nM) -triiodo-9

l-thyronine (T3, 1 nM) and 10% FBS) for 48 h, followed by feeding cells with differentiation medium II 10

(DMEM/F12 containing insulin (170 nM), T3 (1 nM) and 10% fetal bovine serum) every 2 days. To test 11

the effects of acetate or 4-CMTB, replicate wells were incubated with acetate (10 mM) or 4-CMTB (10 12

μM), in combination with differentiation medium II in parallel. Differentiation was completed till clear 13

lipid droplets could be seen under microscopy. All experiments were performed between passages 12 and 14

22.15

Oil Red O staining 16

Lipid accumulation of differentiated adipocytes was visualized and determined by quantitative Oil red O 17

staining kit (Millipore ECM950, Billerica, USA). Briefly, culture plates were washed in PBS, and xed in 18

3.7% formaldehyde for 15 min, followed by staining with Oil Red O solution for 15 min. After staining, 19

plates were washed twice with water and photographed. Oil red O was eluted using Dye Extraction 20

Solution (100% isopropanol), and absorbance at 490 nm was measured. 21

Real time analysis using the xCELLigence system 22

The xCELLigence RTCA DP system (ACEA, San Diego, USA) 23

instructions prior to measurements. E-plate was filled with basal medium (100 μl/well) and equilibrated at 24

room temperature for 30 min. The E-plate was placed back into the DP station cradle (housed in a 25
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2 atmosphere) to establish the background reading. IM-BAT 1

cells were plated into E-plate at 5×104 cells per well in 100 μl aliquots. The E-plate was equilibrated at 2

room temperature for 30 min before moved back into the DP station cradle. Cells were treated with 3

differential medium I as described above for 2 days, followed by incubation with differential medium II 4

only or with acetate/4-CMTB until day 7 post-induction. The xCELLigence system monitors the electrical 5

impedance of gold sensing electrode underneath the cultured cell layer and calculates arbitrary cell index 6

(CI) units as follows: CI = (Zi-Z0) / 15, in which Zi represents the electrical impedance at given time 7

points and Z0 constitutes the background electrical impedance. The differentiation of IM-BAT cells in E-8

plate were also confirmed by optical microscope observation. 9

Cell viability assay 10

The MTS assay was performed in a time-course manner to determine the number of viable cells in culture. 11

IM-BAT cells were seeded in 96-well plates at a density of 5×104 cells/well and treated with 12

differentiation medium I for 2 days after cells reached confluence. Then cells were incubated with 13

differentiation medium II for another 5 days. The CellTiter 96®AQueous One Solution Reagent (Promega, 14

Fitchburg, USA) was added into each well and the absorbance was measured at 490 nm in a plate reader 15

to determine the formazan concentration, which is proportional to the number of living cells in culture. 16

Quantitative real-time PCR 17

-Aldrich, 18

Gillingham, UK). To degrade genomic DNA, a DNase digestion was performed with Precision DNase 19

kits (Primerdesign, Southampton, UK). Up to 20

the Precision nanoScript Reverse Transcription kits (Primerdesign, Southampton, UK). A portion of 21

22

each primer and 1× SYBR green PCR master mix (Applied Biosystems, Waltham, USA). Analysis of 23

gene expression was carried out in ABI 7500 Fast Real-Time PCR System with initial denaturation at 24

95 °C for 20 s, followed by 40 PCR cycles, each cycle consisting of 95 °C for 3 s and 60 °C for 30 s, and 25
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1

calculated relative to the expression of the housekeeping gene 60S ribosomal protein L19 (RPL19). 2

-3

4

Measurement of Mitochondrial DNA by Quantitative Real-time PCR 5

DNA was isolated from differentiated IM-BAT cells using QIAamp DNA Mini Kit (QIAgen, Hilden, 6

Germany). The mitochondrial DNA level was measured with primers targeted for mouse mitochondrial 7

D-Loop with 1× SYBR green PCR master mix (Applied Biosystems, Waltham, USA) in ABI 7500 Fast 8

Real-Time PCR System as described above. The mitochondrial DNA levels were normalized against the 9

nuclear DNA level measured with 18S primers using the comparative CT method. 10

Measurement of Mitochondrial Mass by Flow Cytometry 11

Preadipocytes were grown t  for 7 days. The fully 12

differentiated cells were incubated with 50 nM CytoPainter MitoNIR Indicator Reagent (abcam, 13

Cambridge, UK) in DMEM/F12 medium for 30 min at 37 °C. Cells were then washed with PBS, 14

trypsinised, centrifuged, and resuspended in DMEM/F12 medium. Cells were analysed by Beckman 15

16

measured in FL4 channel.17

XF24 Bioenergetic Assay 18

The oxygen consumption rate (OCR) measurements were performed by the Seahorse XF24 analyzer 19

(Seahorse Bioscience, Copenhagen, Denmark). After the baseline measurement, testing agent (a-20

oligomycin; b-FCCP; c-antimycin A & rotenone) prepared in assay medium was then injected into each 21

well to reach the desired final concentration. The XF24 protocol consists of three measurements of OCR 22

(1 measurement/ 2 min); injection of oligomycin, and three measurements of OCR (1 measurement/ 2 23

min); injection of FCCP, and five measurements of OCR (1 measurement/ 2 min); injection of antimycin 24
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& rotenone, and three measurements of OCR (1 measurement/ 2 min). The protein content of IM-BAT 1

was measured after the XF24 bioenergetic assay and used for normalization. 2

Western blot 3

For western blot analyses, cells were lysed in RIPA buffer in the presence of phosphatase and protease 4

inhibitors. The lysates were centrifuged at 14,000 g for 10 min at 4 5

used for collection. Samples containing equal amounts of protein were resolved in SDS-PAGE and then 6

transferred onto Amersham Hybond ECL membrane. The membranes were blocked in 5% skimmed milk 7

for 1h at room temperatur8

conjugated anti-rabbit or anti-mouse secondary antibodies (Sigma-Aldrich, Gillingham, UK) and ECL 9

Western Blotting Substrate (Pierce, Waltham, USA) were used to visualize specific protein bands. ECL 10

results were captured by G:BOX Chemi XX6 system and quantitated using GeneTools software.  11

Immunohistochemistry staining 12

Brown adipose tissue of adult male c57bl/6 mice was immediately removed after sacrifice, and fixed in 13

10% buffered formalin. After fixation tissues were dehydrated in graded alcohol and embedded in 14

paraffin. Embedding of tissues was performed by a paraffin dispenser DP 500 (Bio-Optica, Milano, Italy). 15

The two-stage immunoperoxidase method was applied with ImmunoCruz rabbit ABC staining system 16

(Santa Cruz, Dallas, USA). Briefly, paraffin-embedded adipose tissue was cut into 3 μm thick tissue 17

sections using a rotary microtome Lecia RM2235 (Leica Microsystems, Milton Keynes, UK), which were 18

deparaffinised and re-hydrated. Heat-induced antigen retrieval was performed prior to staining. In order to 19

inhibit endogenous peroxidase activity slides were incubated in 3% solution of hydrogen peroxide for 10 20

minutes. Subsequently, non-specific antibody binding sites were blocked by incubation in goat serum for 21

30 minutes. The sections were incubated with the primary antibody (Polyclonal anti-GPR43 (Santa Cruz, 22

Dallas, USA23

(5 x 3 min) and incubated with the secondary (peroxidase-conjugated) antibody for 60 min at room 24

temperature. Peroxidase activity was detected using the DAB technique (Liquid DAB substrate-25



11 

 

chromogen system). Nuclei were counterstained with haematoxylin. Control sections were similarly 1

treated with omission of the primary antibody. 2

Phospho-kinase Proteome Profiling Assay 3

IM-BAT cells were differentiated and treated with or without acetate (10 mM) for 10 min. Cell lysates 4

were prepared as described above and applied to phospho-kinase array following the manufacturer's 5

instructions (R&D Systems). The phospho-kinase array results were developed by G:BOX Chemi XX6 6

system (Sysgene) and quantitated using GeneTools software (Sysgene).  7

Knockdown of GPR43 in IM-BAT cells 8

For establishing a knockdown of GPR43, immortalized IM-BAT cells were transfected with pLKO.1-9

puro non-mammalian control, or pLKO.1 encoding shRNAs targeting GPR43 (clone IDs 10

TRCN0000027541, TRCN0000027552, TRCN0000027562, TRCN0000027581) using TransIT-2020 11

reagent from Mirus Bio LLC (Madison, USA) 12

transfection, transfected cells were selected by adding 6 μg/ml puromycin. Each shRNA-encoding vector 13

was transfected in triplicate wells. Cells were differentiated for 7 days. After harvesting the cells in Qiazol, 14

the mRNA was isolated for real-time PCR analysis. Relative changes of GPR43 expression compared to 15

the pLKO.1 control were normalized to the expression of RPL19 and quantified using the 2-  method. 16

Statistical analysis 17

Results are presented as the mean ± S.E.M of at least triplicate samples in each experimental group; 18

experiments were replicated to ensure consistency. Statistical significance of difference was determined 19

 t test when comparing 2 groups or one-way ANOVA followed by post-20

multiple comparison test when comparing more than 3 groups. Values were considered to be statistically 21

significant if their P value was less than 0.05. Statistical analyses were performed in GraphPad Prism 6 22

(GraphPad Software Inc., San Diego, CA). 23

24
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Results1

GPR43 is expressed in brown adipose tissue and immortalized brown adipocytes 2

GPR41 and GPR43 have been de-orphaned as short-chain fatty acids receptors. To test the hypothesis that 3

GPR41 and/or GPR43 mediate the regulatory effects of acetate, real-time PCR analysis was performed on 4

BAT to measure mRNA expression levels of GPR41 and GPR43. Our results demonstrated that GPR43 5

mRNA expression reached a clearly detectable level in BAT. The significant decrease of amplification 6

products in minus-reverse transcriptase (-RT) controls confirmed that the PCR amplification is mostly 7

attributable to the presence of GPR43 cDNA (Fig.1A). To clarify that GPR43 was expressed in brown 8

adipocytes instead of stromal vascular fraction, isolated brown adipocytes were also used to analyse the 9

mRNA expression of GPR43. The mRNA transcription was quantified in immortalized brown adipocytes 10

during the course of adipose differentiation until 9 days induction of differentiation (Fig.1B). Our western 11

blot results also show that GPR43 expression was scarcely detected in pre-adipocytes (Day 0) but 12

significantly increased after differentiation induction (Fig.1C). We were unable to detect any GPR41 13

expression which is in agreement with previous studies (25). Immunohistochemical staining was also 14

used to demonstrate the existence of GPR43 in brown adipose tissue. As shown in Fig.1D, 15

immunoperoxidase staining of formalin-fixed, paraffin-embedded mice brown adipose tissue using anti-16

GPR43 antibody shows membrane and cytoplasmic staining, while in the no primary antibody control, 17

only negligible staining could be found.  18

Activation of GPR43 during differentiation of IM-BAT increases PGC-19

In order to examine the effects of acetate on differentiating brown adipocytes, IM-BAT cells were treated 20

with or without acetate (10 mM) throughout the course of the differentiation process from day 2 until day 21

7 post-induction, at which time the hypertrophic brown adipocytes filled with plenty of lipid droplets 22

(Supplementary Fig.1). Lipid accumulation in differentiated brown adipocytes was measured using Oil 23

red O staining kit. As shown in Fig.2A, acetate increased Oil red O staining of IM-BAT cells after 24

differentiation relative to normally-differentiated control cells, indicating acetate as a positive modulator 25
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of brown adipocyte development. Furthermore, the expression of several adipogenesis-related and 1

thermogenesis-related genes was also examined. As shown in Fig.2B, acetate treatment during brown 2

adipocyte differentiation (from day 23

AP2, PGC- -BAT cells with 4-CMTB during the 4

differentiation, a selective agonist for GPR43 (26). As shown in Fig.2C, 4-CMTB treatment also 5

increased the expression of AP2, PGC- ,6

increasing trend. The mRNA expression of BMP7 and PRDM16 did not show any significant changes 7

with either acetate or 4-CMTB treatments. Protein expression of PGC- CP1 was also tested after 8

acetate treatment. Our results demonstrated that the protein levels of PGC-9

fold and ~2.3 fold increases, respectively, in acetate treated cells compared to normally-differentiated 10

cells (Fig.2D). 4-CMTB treatment also showed an increase of PGC- protein expression 11

(Fig.2E). Concentration-dependent effects of acetate treatment on PGC-12

adipogenesis were also investigated in immortalized brown adipocytes. As shown in Supplementary Fig.2, 13

compared to the effects of 10 mM acetate treatment, acetate at 1mM also induced a pronounced increase 14

of PGC- , while the lower concentration of acetate induced a relatively weaker response on 15

PGC-  and UCP1 expression (Supplementary Fig.2). Overall these findings suggest that activation of 16

GPR43 during IM-BAT differentiation augments the expression of key adipogenesis markers, such as 17

AP2, and brown adipocyte markers, i.e. PGC- Moreover, we also examined the effects of 18

acetate on the expression of these two thermogenesis-related genes (PGC- BAT in vivo.19

These results demonstrated a significant increase in PGC-  (p=0.016), while the increase in UCP1 20

expression just failed significance (p=0.076; Fig.2F). Furthermore, acute acetate treatment (6h) on 21

differentiated IM-BAT cells also significantly increased PGC- (p=0.013) and UCP1 transcription 22

(p=0.028; Fig.2G). 23

Activation of GPR43 during differentiation of IM-BAT affects the morphological shift of brown 24

adipocytes during adipogenesis 25
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The xCELLigence system monitors the electrical impedance of gold sensing electrode underneath the 1

cultured cell layer and calculates arbitrary cell index (CI) units, which are affected by the number, shape, 2

adhesion, and/or mobility of the adherent cells. The CI value of IM-BAT cells significantly dropped after 3

the incubation with differentiation medium I (Fig. 3A), as previously reported by Kramer AH et al. for 4

differentiation of 3T3-L1 cells (27). Interestingly, the CI curves of IM-BAT cells rapidly increased 5

followed by a slightly decrease after incubation with differentiation medium II. Furthermore, both acetate 6

and 4-CMTB treatment during the incubation with differentiation medium II dramatically decreased the 7

rise of CI compared to control. Cell death was ruled out as a cause for this decrease of CI values since cell 8

viability was confirmed by MTS assay (Fig.3B), indicating that the cell shape or adhesion instead of the 9

cell number contributes more to the difference of CI values.  10

Activation of GPR43 during differentiation of IM-BAT increased mitochondrial biogenesis in 11

brown adipocytes 12

Mitochondrial biogenesis has been associated with brown adipocyte differentiation and thermogenesis. 13

PGC- -activator to turn on this process in brown adipocytes. Thus, we examined the effects 14

of acetate treatment on mitochondrial biogenesis in brown adipocytes. As shown in Fig.4A and B, the 15

mitochondrial DNA to nuclear DNA ratio was increased after IM-BAT cells treated with acetate or 4-16

CMTB during the differentiation period from day 2 until day 7. In agreement with this result, the flow 17

cytometry assay also documented increased mitochondrial mass in brown adipocytes after acetate 18

treatment during differentiation (Fig.4C). Furthermore, the basal oxygen consumption rate (OCR) and 19

spare respiratory capacity (stimulated by FCCP) in acetate treated cells were increased by 17%, and 24%, 20

respectively (Fig.4D). More pronounced increases of the basal OCR and reserve respiratory capacity were 21

also observed after 4-CMTB treatment during the differentiation of IM-BAT cells (Fig.4E). The IM-BAT 22

-adrenergic receptor agonist 23

CL316,243 treatment (Supplementary Fig.3).  These observed mitochondrial responses might also reflect 24
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increased mitochondria mass. These data consistently support the role of acetate activity in promoting 1

mitochondrial biogenesis. 2

Activation of GPR43 activate ERK1/2 and CREB in differentiated brown adipocytes 3

To determine the signalling pathways activated following acetate exposure in brown adipocytes, 4

Proteome Profiler phospho-kinase array spotted with antibodies against 43 different kinases and 2 related 5

total proteins (R&D Systems) was utilized. As shown in Fig.5A, the phosphorylation of ERK1/2 and 6

CREB (S133) increased by ~2.0 fold and ~2.6 fold vs. untreated cells, respectively, after 10 mM acetate 7

treatment for 10 min in differentiated brown adipocytes, suggesting increased activation of these two 8

kinases by acetate. To further determine the time course of ERK1/2 phosphorylation and CREB activation 9

in IM-BAT cells after acetate stimulation, cells were treated with 10 mM acetate from 5 to 60 min. This 10

experiment revealed that acetate increased p-ERK1/2 within 5 min and sustained a high level for 30 min 11

(Fig.5B). Furthermore, we also observed that CREB phosphorylation increased starting from 5 min and 12

stayed at peaking level at 10 min (Fig.5B). Similarly, 4-CMTB treatment also elicits the phosphorylation 13

of ERK1/2 and CREB in brown adipocytes (Fig.5C). It is well-established that activation of CREB 14

enhances PGC- -dependent manner (28). Therefore, these data consistently 15

suggest that ERK1/2 and CREB were activated by acetate and that their activation may contribute to the 16

increase in PGC-17

GPR43 knock-down impaired the effects of acetate or 4-CMTB on brown adipocytes 18

To further assess the role of GPR43 in acetate-induced effects on brown adipocytes, we transfected IM-19

BAT cells with GPR43 shRNA and selected with puromycin. Using shRNA for GPR43, we successfully 20

decreased gene expression to less than 30% of its baseline value in differentiated adipocytes (Fig.6A). We 21

examined the effects of acetate treatment on mitochondrial biogenesis in IM-BAT with impaired GPR43 22

expression (sh-GPR43-1) adipocytes. While the stimulatory effect of acetate on UCP1 mRNA was 23

apparent in control cells, this effect was impaired in cells transfected with shRNA for GPR43 (Fig.6B). 24

The stimulatory effect of acetate treatment on mitochondrial content was also significantly reduced in sh-25
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GPR43-1 adipocytes (Fig. 6C). Similarly, although acetate increased ERK1/2 and CREB phosphorylation, 1

there was no such stimulation in cells in which the GPR43 gene had been knocked-down (Fig.6D). These 2

results consistently support the hypothesis that GPR43, and not GPR41, is mainly involved in acetate-3

mediated effects in IM-BAT cells. 4

ERK1/2 activation is required for SCFA-induced CREB phosphorylation 5

Several studies have demonstrated that ERK1/2 is located upstream of CREB (29,30). Having defined 6

both ERK1/2 and CREB phosphorylation as a consequence of acetate treatment, we sought next to 7

elucidate whether ERK1/2 activation is required for SCFA evoked CREB phosphorylation. For this 8

purpose, the MEK1/2 inhibitor U0126 was used to block the phosphorylation of ERK1/2. As shown in 9

Fig.7A, although treatment of brown adipocytes with acetate caused the expected increase in ERK and 10

CREB phosphorylation, acetate was unable to induce CREB phosphorylation in cells pre-treated with 11

U0126, while ERK phosphorylation was almost completely abolished. These results indicate that ERK1/2 12

is a major mediator of SCFA-induced CREB phosphorylation. 13

Phosphorylation of ERK and CREB is dependent of the G(i/o)14

Previous research has demonstrated that GPR43 couples to both Gq and Gi proteins, which interact with 15

several downstream molecules (including adenylate cyclase, and phospholipase C) (31). As shown in 16

Fig.7B, pre-treatment with pertussis toxin (PTX), a Gi/o-type G protein inactivator, significantly attenuates 17

both ERK1/2 and CREB phosphorylation induced by acetate. It is reported that Gi/o mediates the PLC-18

PKC- (32). Therefore, we also examined the effects of pre-treatment 19

with Gallein (G(i/o) -induced ERK and CREB 20

activation. Our results show that acetate-induced CREB activation was effectively blocked by these 21

inhibitors (Fig.7C & D C/PKC pathway plays 22

a crucial role in acetate induced ERK and CREB activation. 23

24
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Discussion 1

Short-chain fatty acids are considered important energy sources, especially for colonocytes. Recent 2

evidence further revealed that short-chain fatty acids also mediate a spectrum of physiological functions 3

as signalling molecules (33). Several studies have established strong links between short-chain fatty acids 4

and energy metabolism. Accordingly, Ikuo Kimura et al. reported that short-chain fatty acids increase 5

energy expenditure in both the liver and muscle in mice (34). Another in vivo study in mice also found 6

that dietary supplementation of propionic acid and butyric acid protects against high fat diet-induced 7

obesity via inhibiting food intake, improving insulin sensitivity and increasing energy expenditure (35). 8

Additional studies also show that acetate reduces appetite via regulating neuropeptides which favour 9

appetite suppression (7). These findings suggest that short-chain fatty acids, through activation of their 10

receptors, regulate important signalling pathways involved in energy expenditure and homoeostasis. The 11

present study demonstrates that acetate stimulates mitochondrial biogenesis with up-regulation 12

PGC- -chain fatty acids could function 13

as regulators of adipogenesis in brown adipocytes development and differentiation. Our results provide 14

novel insight to understand the regulatory effects of short-chain fatty acids in energy metabolism.  15

16

17

induce adipogenesis alone (36). PGC- -activator, is a key molecule that stimulates 18

19

adipogenesis and mitochondrial biogenesis (37). Increased PGC- -1 20

and NRF-2, leading to increased expression of mtTFA (15), as well as other nuclear-encoded 21

mitochondria subunits of the electron transport chain complex (e.g. -ATP synthase, cytochrome c, and 22

cytochrome c oxidase IV) (38). mtTFA translocates to the mitochondrion and stimulates mitochondrial 23

DNA replication and gene expression (39). PGC-24

receptors in BAT to up-regulate the expression of brown fat-specific UCP1 (40,41). Our results show that 25
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increased PGC-1

observed after acetate treatment in brown adipocytes, suggesting the importance of PGC- n2

adipocyte differentiation. However, our findings are speculative that dietary supplementation of acetate 3

could potentially promote BAT by increasing the amount and/or activity of PGC- , thus offering an 4

additional target for the treatment of obesity and related metabolic diseases.  Further studies are needed to 5

determine whether acetate actions on UCP1 or mitochondrial biogenesis are PGC- mediated. Moreover, 6

additional studies are also required to delineate the potential effects of other short chain fatty acids, such 7

as butyrate and propionate, on brown adipose tissue.8

9

Furthermore, Kramer AH et al. have shown that the morphological changes during 3T3-L1 differentiation 10

could be monitored by the xCELLigence system (27). Treatment with a similar differentiation cocktail 11

(containing insulin, IBMX, Dexamethasone, and Rosiglitazone) leads to a rapid drop of the CI curve of 12

3T3-L1 cells (27), which seems to be necessary for successful differentiation of 3T3-L1 adipocytes. In 13

this study, a similar CI curve was also observed after the treatment of IM-BAT cells with differentiation 14

medium I containing insulin, IBMX, Dexamethasone, and T3. Kramer AH et al. have further established 15

that among the components of the full differentiation cocktail, treatment with IBMX only resulted in a CI16

profile similar to the one after treatment with the full differentiation cocktail, indicating that IBMX 17

mainly mediate the CI change of 3T3-L1 during the differentiation (27). Our findings are also in accord 18

with this finding, since an increased CI value was observed after the incubation with differentiation 19

medium II, which does not contain IBMX. In addition, our results also demonstrated that acetate 20

treatment could maintain the CI value at a lower level compared to normal differentiation control cells. 21

Based on the previous data from 3T3-L1 cells, documenting that the most efficient differentiation caused 22

by the full differentiation cocktail results in the most decreased CI value, our results indicate that the 23

decreased CI value might reflect promotive effects of acetate on the differentiation of IM-BAT cells. 24
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These results suggest that IM-BAT cells undergo morphological shifts during the differentiation and 1

activation of GPR43 could affect this process. 2

Moreover, our results further identified ERK/CREB signalling pathways in the underlying mechanism by 3

which GPR43 receptors regulate this response. GPR43 shares 38% identity with GPR41 in amino acid 4

sequence and recognizes short-chain fatty acids (42). Based on our experiments, we could not observe 5

GPR41 expression at detectable levels in brown adipocytes. This finding is consistent with previous data 6

reporting that nearly all identified physiological functions of short-chain fatty acids in white adipocytes 7

were mediated by GPR43. Notably, Choi SH et al. reported that co-culture of adipocytes with myoblasts 8

9

10

(43). 11

12

Previous data have also re -PKC-ERK signalling pathway. Our 13

-PKC-ERK signalling pathway is necessary for acetate 14

induced CREB phosphorylation. It has been well-studied that phosphorylation of CREB leads to 15

increased PGC- -dependent manner (28). Therefore, our data consistently suggest 16

that ERK1/2 and CREB activation may be the underlying mechanism of the increase in PGC-17

18

It is noteworthy that both GPR43-dependent and -independent mechanisms have been shown to mediate 19

pro-adipogenic effects of short-chain fatty acids on different adipose tissues. For example, short-chain 20

fatty acids have been reported to promote adipogenesis via inhibiting histone deacetylases (44), whilst the 21

conversion of acetate to acetyl-CoA also plays a role in lipid synthesis and energy generation. Therefore, 22

GPR43-independent mechanisms may also be mediating short-chain fatty acid-induced effects in brown 23

adipose tissue.  24
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Finally, we employed a purely classical infrascapular brown adipose tissue precursors system for our 1

experiments. A limitation in the present study was the lack of access to a My5- "beige" precursor line 2

which would have provided a more translational impact to our observations. Indeed, Jun Wu et al.3

suggested that there are two distinct types of brown fat: classical brown fat derived from a myf-5 cellular 4

lineage and UCP1-positive cells that emerge in white fat from a non-myf-5 lineage (45). These authors 5

s from murine white fat depots which respond to cyclic AMP stimulation with high 6

UCP1 expression and respiration rates. In the context of our study in order to establish that the observed 7

effects are not cell line dependent, we also performed experiments using an additional brown adipocyte 8

model (T37i) in which we al9

stimulation (Supplementary Fig.4). 10

11

In conclusion, the present study suggests that short-chain fatty acids play an important role in BAT 12

differentiation. Further studies are required to clarify the mechanisms of action of short-chain fatty acids 13

in adipogenesis of brown adipocytes. 14
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FIGURE LEGENDS1

Fig.1 (A) GPR43 mRNA expression was identified by real-time PCR from cDNA pool of brown adipose 2

tissue (BAT). The minus-reverse transcriptase (minus-RT) control was introduced to exclude potential 3

genomic DNA contamination. (B) The mRNA transcription levels of GPR43 increase in the course of 4

adipogenesis of IM-BAT adipocytes. (C) Western blot analysis showing GPR43 expression in 5

undifferentiated and differentiated IM-BAT cells. (D) Immunohistochemistry analysis showing GPR43 6

expression in brown adipose tissue. Data are presented as mean ± S.E.M.. *P <0.05, **P<0.01 compared 7

to Day 0 by one-way ANOVA followed by Post-Hoc tests. 8

9

Fig.2. (A) IM-BAT cells were differentiated with or without acetate (10 mM) for 7 days and stained by 10

Oil Red O. The Oil Red O was extracted and the absorbance was measured in a plate reader at 490 nm. (B 11

and C) Relative mRNA levels of brown adipocyte markers in IM-BAT cells treated with or without 12

acetate (B) or 4-CMTB (C) during differentiation. (D and E) PGC- -13

BAT cells treated with or without acetate (D) or 4-CMTB (E) during differentiation. (F) Effects of acetate 14

administration on PGC-  brown adipose tissue of C57BL/6J male 15

mice (n = 5 for control, n = 5 for acetate administration). (G) Effects of acute acetate treatment (6 h; 10 16

mM) on PGC- -BAT cells. -adrenergic receptor agonist CL-17

316,243 (CL) was used as positive control. Data are presented as mean ± S.E.M.. *P <0.05, **P<0.01, 18

-test compared with no acetate treated controls. 19

20

Fig.3 (A) Effects of acetate on immortalized BAT (IM-BAT) cell growth CI curves during differentiation. 21

IM-BAT cells were treated with differential medium I followed by Insulin + T3 (top); or Insulin + T3 + 22

Acetate (middle); or Insulin + T3 + 4-CMTB (bottom) at the same time to compare the resulting CI23

growth curves. All curves were plotted as the average of quadruplicate treatments, with error bars shown 24

as S.E.M. (n = 4). Compared to Insulin + T3, the Insulin + T3 + Acetate and the Insulin + T3 + 4-CMTB 25
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arms of the experiment showed much lower CI values. (B) Cell viability of IM-BAT cells after 1

differentiation was measured by the MTS assay. Values presented as mean ± S.E.M..  ns = non-significant 2

to control group. 3

4

Fig.4 (A & B) Relative mitochondrial DNA levels in immortalized BAT (IM-BAT) cells treated with or 5

without acetate (A) or 4-CMTB (B) during differentiation from day 2 until day 7 post-induction. (C) 6

Mitochondrial mass of IM-BAT cells, treated with acetate during differentiation from day 2 until day 7 7

post-induction, was measured by flow cytometry and compared with untreated cells by fluorescence 8

levels upon staining with CytoPainter MitoNIR Indicator Reagent. (D & E) The effect of acetate (D) or 4-9

CMTB (E) treatment on mitochondrial respiratory capacity of IM-BAT during differentiation measured 10

by the XF24 analyzer. Group mean oxygen consumption rate (OCR) in pMol/min/μg protein of IM-BAT 11

cells treated with or without acetate at 10 mM during differentiation from day 2 to day 7. Vertical lines 12

13

al OCR, maximum OCR, spare capacity of cells treated as 14

described above. Values presented as mean ± S.E.M.. * P <0.05 -test.   15

16

Fig.5 (A) Immortalized BAT (IM-BAT) cells were differentiated for 5 days and either left untreated or 17

treated with acetate for 10 minutes. Site-specific phosphorylation of 43 kinases were analysed by R&D 18

Proteome Profiler Phospho-Kinase Array Kit. (B) Time-course of ERK and CREB activation following 19

treatment with acetate in IM-BAT cells. Differentiated IM-BAT cells were either left untreated or treated 20

with acetate for 5, 10, 15, 30 and 60 minutes. (C) Time-course of ERK and CREB activation following 21

treatment with 4-CMTB in IM-BAT cells. Differentiated IM-BAT adipocytes were either left untreated or 22

treated with 4-CMTB for 5, 10, 15, 30 and 60 minutes. Data are presented as mean ± S.E.M.. *P <0.05, 23

**P<0.01, ***P<0.001, compared to time 0 minutes by one-way ANOVA followed by Post-Hoc tests (B 24

and C). 25
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Fig.6 (A) Validation of shRNA-mediated knockdown of GPR43. Undifferentiated immortalized BAT 1

(IM-BAT) cells were transfected with shRNA non-targeting control (#RHS6848) or shRNA targeting 2

GPR43 (sh-GPR43-1: TRCN0000027581; sh-GPR43-2: TRCN0000027541; sh-GPR43-3: 3

TRCN0000027562; sh-GPR43-4: TRCN0000027552). Following selection by puromycin, cells were 4

lysed with Qiazol after 7 days of differentiation and subjected to real-time PCR analysis. Data are 5

presented as mean ± S.E.M, with significant differences compared to mock control, **P<0.01, 6

***P<0.001 as analysed by one-way ANOVA followed by Post-Hoc tests. (B & C) IM-BATs transfected 7

with non-targeting shRNA control or shRNA targeting GPR43 were treated with or without acetate 8

during differentiation. Relative mRNA levels of UCP1 (B) and relative mitochondrial DNA (mtDNA) 9

levels (C) were analysed by real-time PCR, where silencing the GPR43 receptor showed no change in 10

UCP-1 or mtDNA expression. Data are presented as mean ± S.E.M.. *P <0.05 compared to no acetate 11

treated -test. (D) Time-course of ERK and CREB activation following treatment 12

with acetate in IM-BAT cells expressing GRP43 shRNA. Puromycin selected IM-BAT cells with GPR43 13

shRNA were differentiated for 5 days and either left untreated or treated with Acetate (10 mM) for 5, 10, 14

15, 30 and 60 minutes. Data are presented as mean ± S.E.M.. 15

16

Fig.7 (A) Effects of U0126 on acetate-induced ERK and CREB phosphorylation. (B) Effects of pertussis 17

toxin (PTX) on acetate-induced ERK and CREB phosphorylation. (C) Effects of Gallein on acetate-18

induced ERK and CREB phosphorylation. (D) Effects of U73122 on acetate-induced ERK and CREB 19

phosphorylation. In all experiments, immortalized BAT (IM-BAT) cells were differentiated for 5 days 20

and stimulated with acetate (10 mM) for 15 min after pre-treatment with U0126 (10 μM), PTX (1 μg ml-1),21

Gallein (10 μM), or U73122 (1 μM) for 3h. Data are presented as mean ± S.E.M.. *P <0.05, **P<0.01, 22

***P<0.001 compared by one-way ANOVA followed by Post-Hoc tests. 23

24
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Supplementary Figure 1 1

Identification of immortalized BAT (IM-BAT) cells as a brown adipocyte model in vitro. (A) 2

Macroscopic pictures of Oil Red-O staining of immortalized BAT (IM-BAT) cells differentiated for 7 3

days. (B) Expression levels of UCP1 mRNA in the course of adipogenesis of IM-BAT cells. IM-BAT 4

cells were differentiated and cell lysate were collected at day 0, day 3, day 6 and day 9.  Transcription of 5

UCP-1 was detected by real-time PCR. (C) UCP-1 and mitochondrial DNA levels in differentiated IM-6

BAT cells and differentiated 3T3-L1 cells. IM-BAT and 3T3-L1 cells were differentiated; total RNA and 7

8

respectively. UCP-1 transcription and mitochondrial DNA to genomic DNA ratio were measured by real-9

time PCR. (D) Effects of CL-316,243 (CL) treatment on expression levels of UCP1 in differentiated IM-10

BAT cells. IM-BAT cells were differentiated then treated with CL-316,243 (10 μM) for 6 h. Expression 11

of UCP1 was measured by real-time PCR. (E) Effects of CL-316,243 (CL) treatment on glucose uptake in 12

differentiated IM-BAT cells. IM-BAT cells were differentiated and starved in glucose-free, serum-free 13

DMEM:F12 medium for 3 h. The cells then were treated with CL-316,243 (10 μM) for 3 h and stained 14

with 2-NBDG (150 μg/ml). Fluorescence (ex/em = 465/540 nm) was measured by flow cytometry. (F) 15

Effects of insulin treatment on Akt activation in differentiated IM-BAT cells. IM-BAT cells were 16

differentiated and serum-starved overnight. The cells then were treated with insulin (1 μM) for 15 min. 17

The phosphorylated Akt and total Akt were measured by western blots. Data are presented as mean ± 18

S.E.M.. *P <0.05, **P<0.01, ***P<0.001. 19

20

Supplementary Figure 2 21

Concentration-dependent effects of acetate treatment on PGC-  in 22

immortalized BAT (IM-BAT) cells. IM-BAT cells were differentiated for 7 days with or without acetate 23

at different concentrations (0.1 - 10 mM, from day 2 to day 7). The cells were lysed with QIAzol. The 24
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transcription levels of PGC- -time PCR. Data are presented as mean 1

-tests. 2

3

Supplementary Figure 3 4

The effect of acetate treatment during differentiation on the mitochondrial respiratory capacity in 5

immortalized BAT (IM- -adrenergic stimulation. The x axis represents the 6

applied XF24 protocol measurements and the vertical line indicates the time of addition of CL316,234 7

(CL). Data are expressed as the percentage of the basal value measured at the time point 3 (four replicates) 8

in the control group. OCR: oxygen consumption rate. 9

10

Supplementary Figure 4 11

Relative mRNA levels of brown adipocyte markers in T37i cells treated with or without acetate during 12

differentiation. Data are presented as mean ± S.E.M.. *P <0.05, **P<0.01 -test compared 13

with no acetate treated controls. 14

15



Table.1 Primer sequence  

Primer Sequence (5'-3') 
mGPR43-Forward CCACTGTATGGAGTGATCGCTG 
mGPR43-Reverse GGGTGAAGTTCTCGTAGCAGGT 

mBMP7-Forward GGAGCGATTTGACAACGAGACC 
mBMP7-Reverse AGTGGTTGCTGGTGGCTGTGAT 

mPRDM16-Forward ATGCGAGGTCTGCCACAAGT 
mPRDM16-Reverse CTGCCAGGCGTGTAATGGTT 

mPPARg-Forward GGCTTCCACTATGGAGTTCA 
mPPARg-Reverse GATCCGGCAGTTAAGATCAC 

mPGC1a-Forward TGCAGCCAAGACTCTGTATG 
mPGC1a-Reverse ATTGGTCGCTACACCACTTC 

mUCP1-Forward CACTCAGGATTGGCCTCTAC 
mUCP1-Reverse CTGACCTTCACGACCTCTGT 

mAP2-Forward ATCACCGCAGACGACAGGAA 
mAP2-Reverse TTCCACCACCAGCTTGTCAC 

mRPL19-Forward GGAAAAAGAAGGTCTGGTT 
mRPL19-Reverse TGATCTGCTGACGGGAGT 

m_mtDNA_D-loop_Forward AATCTACCATCCTCCGTG 
m_mtDNA_D-loop_Reverse GACTAATGATTCTTCACCGT 

m_18S_rDNA_Forward CATTCGAACGTCTGCCCTATC 
m_18S_rDNA_Reverse CCTGCTGCCTTCCTTGGA 

















Peptide/protein target Antigen sequence (if known) Name of 
Antibody

Manufacturer, catalog #, 
and/or name of individual 
providing the antibody

Species raised in; monoclonal or 
polyclonal Dilution used

phospho-Erk1/2 
(Thr202/Tyr204) 

Phospho-p44/42 
MAPK (Erk1/2)
(Thr202/Tyr204) 
Antibody #9101

Cell Signaling (#9101)  Rabbit, monoclonal 1:1500

Erk1/2 
p44/42 MAPK
(Erk1/2) (137F5)
Rabbit mAb #4695

Cell Signaling (#4695)  Rabbit , monoclonal 1:2000

phospho-CREB (Ser133) 

Phospho-CREB 
(Ser133) (87G3)
Rabbit mAb #9198

Cell Signaling (#9198)  Rabbit , monoclonal 1:1000

CREB

CREB (48H2)
Rabbit mAb #9197 Cell Signaling (#9197)  Rabbit , monoclonal 1:1000

UCP1
Anti-UCP-1 
antibody Sigma (U6382)  Rabbit,  polyclonal 1:1000

PGC-1 Antibody
(H-300): sc-13067 Santa Cruz (sc-13067)  Rabbit, polyclonal 1:1000

Antibody
(C4): sc-47778 Santa Cruz (sc-47778)  Mouse, monoclonal 1:5000










