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INTRODUCTION

Interest in the application of fatty acids as signalling 
molecules has increasingly grown since the recognition 
of a series of G protein-coupled receptors with fatty 
acids as their ligands.1,2 Different receptors are known 
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to have specificities for fatty acids of differing chain 
length.1 Department of 7TMR Assay Development 
and Compound Profiling (ADCP FFA2 (GPR43) 
and FFA3 (GPR41) are receptors for short-chain 
fatty acids (SCFA) and represent a crucial part of 
the body’s nutrient-sensing apparatus.2 Activation of 
FFA2 has been reported to increase incretin secretion 
by enteroendocrine cells, to enhance adipogenesis, 
to increase leptin secretion by adipocytes, and to 
inhibit lipolysis.3-6 It is well-established that FFA2 is 
highly expressed in adipose tissue4 but may not be 
involved in the pathogenesis of human obesity.7 The 
role and expression of FFA3 is less clearly defined. 
Debate continues over FFA3 expression in adipose 
tissue, with some groups reporting no expression,3,5 
while others report robust FFA3 expression in both 
adipose tissue and in differentiated Ob-luc adipocytes.8 
Xiong et al8 also show that SCFA, acting through 
FFA3, increases leptin secretion and inhibits lipolysis. 
Taken together, these studies indicate considerable 
uncertainty as to the relative roles of FFA2 and FFA3 
in the pathogenesis of obesity and its complications.

Interaction between cells of adipocyte lineage and 
those derived from bone marrow is critical in the an-
giogenesis accompanying adipose tissue remodelling.9 
It is also important in the low-grade inflammation as-
sociated with obesity,10,11 which predisposes to insulin 
resistance and atherogenesis.12,13 These processes are 
known to be influenced by SCFA, produced in the 
gut by fermentation of complex carbohydrates.14-16 
Stromal cell-derived factor-1 (SDF-1, CXCL12) is a 
chemokine which, through interaction with its obligate 
receptor CXCR4, is involved in angiogenesis, stem cell 
trafficking, and tumour metastasis.17-19 The role of the 
SDF-1/CXCR4 axis in adipose tissue biology has not 
been extensively studied to date. Interestingly, SDF-1 
expression in 3T3-L1 adipocytes has been reported 
in two genomic studies20,21 and one proteomic study.22 
Furthermore, expression of SDF-1 has been noted 
in adipocyte precursors with expression diminishing 
during adipogenesis,23 and more recently has been 
shown to interact with complement-derived factors 
in regulating adipocyte development.24 Modulation 
of the SDF-1/CXCR4 axis by butyrate has long been 
known to modulate growth of tumour tissues.25,26

The aim of this work was to examine if SCFA could 
affect SDF-1 gene expression and protein secretion 

in pre-adipocytes and investigate the mechanisms 
underlying this effect. More specifically, we sought 
to determine the relative roles of the two SFCA 
receptors, FFA2 and FFA3, and the role of histone 
deacetylase inhibition in regulating SDF-1 expression 
using the murine 3T3-L1 line and primary cultures 
of human pre-adipocytes.

MATERIALS AND METHODS

Culture and differentiation of murine 3T3-L1 cells

3T3-L1 cells (Sigma Aldrich Pty Ltd, NSW, Aus-
tralia) were seeded (approximately 20,000/well) in 
24-well plates and grown to confluence in Dulbecco’s 
Modified Eagle Medium containing 25mM glucose, 
bovine serum, 4mM L-glutamine, 100U/mL peni-
cillin, and 100μg/mL streptomycin (DMEM) sup-
plemented with 10% foetal bovine serum (FBS) at 
37 C in a 5% CO2 atmosphere. For experiments on 
undifferentiated cells, supplement was continued 
for three days after reaching cell culture confluence 
and then replaced with DMEM containing 10% FBS 
without antibiotics for 24 hours before treatment with 
valproate or trichostatin. For experiments on differ-
entiated cells, once pre-adipocytes were confluent, 
the medium was replaced with DMEM containing 
10% FBS plus penicillin and streptomycin for three 
days. Differentiation was then initiated using 0.5mM 
IBMX, 1μM dexamethasone, and 10μg/ml insulin 
in high glucose DMEM supplemented with 10% 
FBS containing antibiotics (IBMX medium) for 48 
hours. The cells were then maintained in DMEM 
supplemented with 10% FBS, insulin, and antibiotics 
until fully differentiated (typically 8-10 days). Prior 
to treatment with trichostatin or valproate, the cells 
were supplemented with DMEM medium with 10% 
FBS without antibiotics for 24 hours.

Culture of human pre-adipocytes

Approvals for the use of human tissues in this study 
were obtained from Queensland Health and James 
Cook University Human Research Ethics Committees. 
Adipose tissue was obtained from consenting adult 
patients following elective liposuction. 6 ml of adipose 
tissue was digested with 0.1% collagenase in PBS/
BSA and placed in an orbital shaker for 60 minutes at 
37 C. The solution was then filtered through a mesh 
(63μm) into a 50mL Falcon tube and centrifuged at 
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200g for 10 minutes. With the supernatant discarded, 
the re-suspended pellet was treated with erythrocyte 
lysing buffer, incubated for 5 minutes at 37 C and 
centrifuged at 200g for 5 minutes. Cells were counted 
in inoculation medium (basal medium: DMEM (50%), 
Ham’s F-12 (50%), HEPES, NaHCO3, biotin, and 
pantothenate supplemented with 10% FBS and 0.5% 
gentamicin) and seeded at a density of 150,000 cells 
per ml. After 16 hours culture, the cells were washed 
with Dulbecco’s Phosphate Buffered Saline (DPBS) 
and replaced with stimulation medium (basal medium 
with human transferrin, insulin, cortisol and fibroblast 
growth factor) until confluence was reached. To obtain 
adipocytes, the cells were incubated with adipogenic 
medium (basal medium with transferrin, gentamicin, 
triiodothyronine, insulin, and hydrocortisone). The 
medium was changed regularly until the cells differ-
entiated. The cells were then stained for oil droplets.

Experiments on confluent 3T3-L1 pre-
adipocytes and differentiated adipocytes

Treatments were prepared in DMEM supple-
mented with 10% FBS. Cells were washed with DPBS 
prior to addition of each treatment. 1ml of treatment 
medium was added to each well and cells incubated 
at 37 C, 5% CO2 for the appropriate time period. 
Cell medium was collected and stored at -80 C for 
protein expression studies. Cells were washed with 
DPBS (2 x 1ml) and 200μl of trypsin solution added 
to each well. After 5 minutes incubation, the trypsin 
solution was neutralized with 1ml of DMEM contain-
ing 10% FBS. The solution containing the cells was 
centrifuged at 460g for 5 minutes at 21 C. Medium 
was removed and cells were stored at -80 C pending 
RNA extraction.

Oil red O staining and FFA3 
immunocytochemistry

Staining of accumulated lipid was performed 
according to kit instructions. Briefly, medium was 
removed from cells that were then washed with DPBS. 
0.5ml Oil red O staining solution (Chemicon Australia 
Pty Ltd, Vic, Australia) was added to cells cultured in 
a 24-well plate and incubated for 15 minutes at room 
temperature. Staining solution was removed and cells 
washed with wash solution. Immunocytochemistry 
was used to evaluate FFA3 and FFA2 expression on 
THP-1 monocytes and human cultured pre-adipocytes. 

This was performed using rabbit polyclonal antibodies 
to FFA3 and FFA2 (Sapphire Biosciences, Redfern, 
NSW, Australia). THP-1 cells: 1×105 monocytes 
in 200μL medium were cytospun onto sialinised 
coverslips (Cytospin 4 centrifuge, Thermo Fischer 
Scientific, Scoresby, Vic, Australia) for 5 minutes at 
500rpm. Coverslips were then air-dried and fixed in 
75% ethanol and DPBS for 10 minutes.

Human pre-adipocytes cultured on slides were 
rehydrated with DPBS and incubated with 0.5% 
H2O2 to quench endogenous peroxidase activity for 
10 minutes, then washed with Tris-buffered Saline 
with 0.05% Tween-20 (TBST buffer). This was fol-
lowed by Tris Neutral Buffer (TNB) for 30 minutes 
and subsequently by rabbit polyclonal FFA3 antibody 
or isotype control (45 minutes), biotinylated rabbit 
IgG-G (30 minutes), HRP-streptavidin (30 minutes) 
with TBST wash between each step. We then added 
3,3’-diaminobenzidine (DAB) chromogen prior to 
dehydration using an alcohol and xylene series, af-
ter staining the nucleus with Mayer’s haematoxylin. 
Digital images were obtained using an Olympus 
CKX41 microscope.

Small interfering RNA (siRNA) knockdown  
of FFA3

3T3-L1 pre-adipocytes were plated (20,000 cells/
well) on a 6-well plate in high glucose DMEM, con-
taining L-glutamine, penicillin, streptomycin, and 
supplemented with 10% FBS. The cells were incubated 
at 37 C in a 5% CO2 atmosphere and grown to 80% 
confluence. The medium was replaced with DMEM 
containing glutamine but without serum and antibiot-
ics (2ml/well). The siRNA complex was formed with 
four separate double-stranded siRNAs designed to 
silence FFA3 (Qiagen Pty Ltd, Vic, Australia):

CAGAGTGCCAGTTGTCCAATA,

CAGCCTGGAACTGAAGGTAAA,

CAGGCTGGTCTGGTCAGTGTA and

AAGCTTCTTTCTTGGCAATTA

HiPerfect transfection reagent (Qiagen Pty Ltd, 
Vic, Australia) and DMEM (with no serum or an-
tibiotics) was added and allowed to incubate for 10 
minutes at 26 C. The siRNA complex was then added 
drop-wise onto cells (115μl/well) and mixed by gentle 
swirling, giving a final concentration of 5nM for each 
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siRNA. The cells were incubated for 24 hours with 
the siRNA complex at 37 C, 5% CO2. The medium 
was then changed to include 10% FBS serum supple-
ment and the cells were further incubated for 24 hours 
prior to treatment. Gene knock-down was evaluated 
by RT-PCR. We achieved a consistent knock-down 
of 75-80% (data not shown). FFA3 knock-down cells 
and control cells were treated with and without 2mM 
sodium butyrate in high glucose DMEM containing 
10% FBS and L-glutamine for 24 hours. After this 
time, medium and cells were removed and stored at 
-80 C for further protein analysis.

Real-time RT-PCR analysis  
of mRNA expression

Total RNA was extracted from frozen (-80 C) 
undifferentiated and differentiated cell samples us-
ing RNeasy extraction kits (Qiagen Pty Ltd, Vic, 
Australia). Samples were treated with DNase as per 
instructions. mRNA was quantified using a Nanodrop 
spectrophotometer (Nanodrop Technologies, USA). 
Real-time RT-PCR was performed on a Corbett Rotor 
Gene 6 using SYBR Green and ROX. The reactions 
were performed in a 15μl volume containing 38ng of 
the extracted RNAs, 7.5μl of RT-PCR Master Mix, 
0.15μl of RT Mix, and 0.6μl of the appropriate prim-
ers (SDF-1, FFA3, FFA2, PPIA, MAPK, or Pref-1). 
Primers were from Jomar Diagnostics Pty Ltd, SA, 
Australia. The reactions were normalised against 
peptidylpropyl isomerase A (PPI). CT values were 
plotted for each treatment group to determine the 
differences in expression level between groups.

ELISA for SDF-1

SDF-1 protein secretion was analysed using 
Quantikine ELISA immunoassay (Bioscientific Pty 
Ltd, NSW, Australia) according to manufacturer’s 
instructions. Cell culture supernatant (conditioned 
medium) was centrifuged at 12,000g for 15 minutes at 
4 C. Addition of triplicate samples to the pre-coated 
SDF-1 plate was followed by 2 hours incubation at 
room temperature on an orbital shaker. The samples 
were then washed, followed by addition of SDF-1  
HRP-conjugate (2 hours) and a subsequent wash. 
Substrate solution was added and the plate incubated 
for 30 minutes at room temperature. Stop solution 
was then added and optical density measured within 
30 minutes at 540 nm using Tecan SunriseTM (Tecan 

Trading AG, Switzerland) plate reader at 450nm 
without correction.

Statistical Analysis

RT-PCR and ELISA data were analysed using 
Graphpad Prism™ software. Data were checked for 
normality using the Anderson-Darling Normality 
test. Based on the outcome of the test, parametric 
or non-parametric tests were carried out. Statistical 
comparisons between treatments were calculated 
using one-way analysis of variance (ANOVA) fol-
lowed by Tukey’s post hoc test corrected for multiple 
comparisons. Unpaired student t-test was used for 
direct comparison of two sets of data. Results are 
expressed as mean ± standard error of the mean 
(SEM) normalised as percentages of control unless 
otherwise stated. p <0.05 was deemed to be statisti-
cally significant.

RESULTS

Butyrate increases SDF-1 expression  
and protein secretion by 3T3-L1 cells

As expected, exposure of 3T3-L1 pre-adipocytes 
to IBMX medium led to cell differentiation, as evi-
denced by decreased expression of the pre-adipocyte 
marker Pref-1 (Figure 1A, p=0.002) and considerable 
accumulation of lipid droplets (Oil red O staining, 
Figure 1B). SDF-1 mRNA was abundantly expressed 
in pre-adipocytes and its expression was significantly 
increased in the presence of butyrate in a time-de-
pendent manner (Figure 1C, p<0.001). In replicate 
experiments, SDF-1 mRNA was increased up to 6-fold 
over 24 hours. Maximal stimulation was obtained with 
2mM butyrate. There was no detectable stimulation 
at 0.2mM nor once concentrations reached 10mM 
(data not shown). Butyrate also increased SDF-1 
protein secretion from 3T3-L1 cells by 2.4-fold over 
24 hours (Figure 1D, p <0.001). SDF-1 secretion was 
also apparent from differentiated 3T3-L1 cells, but 
there was no detected increase in secretion following 
exposure to butyrate.

The effect of butyrate is not mediated through 
HDAC inhibition

Both sodium valproate (2mM) and the specific 
HDACi, trichostatin, modestly decreased SDF-1 
secretion from differentiated 3T3-L1 cells (Figure 
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1D, p=0.001 and p=0.047, respectively). Compared 
with butyrate, there was enhanced SDF-1 secretion 
from 3T3-L1 pre-adipocytes in the presence of acetate 
(2mM, p=0.002). Propionate (2mM, p<0.001) was 
even more potent than butyrate (Figure 1E). The 

order of potency of the three SCFAs was propionate 
(C3) > butyrate (C4) > acetate (C2), consistent with 
an action through FFA3. Trichostatin decreased the 
expression of SDF-1 at concentrations as low as 1μM 
(Figure 1F, p=0.003).

i re 1. Butyrate increases SDF-1 expression and protein secretion by 3T3-L1 cells. A: Pref-1 expression in 3T3-L1 adipocytes. 
3T3-L1 pre-adipocytes expressed high levels of Pref-1. Expression was markedly decreased when the cells were differentiated (t-test, 
p <0.001). B: Differentiated 3T3-L1 adipocytes, showing numerous lipid droplets stained with Oil red O. Photograph was taken 10 
days after exposure of 3T3 cells to IDX medium. C: Butyrate induced a marked increase in SDF-1 mRNA determined when cells 
were incubated with 2 mM butyrate (ANOVA, p <0.001; control vs Butyrate 24 Hrs, p <0.001). D: Effect of HDACi (ANOVA: p 
<0.0001): In adipocytes, trichostatin and valproate decreased secretion of SDF-1, while butyrate was without effect. This contrasts 
with the stimulatory effect of butyrate in pre-adipocytes. E: Comparison of SCFA and HDACi on pre-adipocytes (ANOVA, p 
<0.001): Order of potency of SCFA was C3 > C4 > C2. HDACi were without effect. F: Dose-response curve for the inhibitory effect 
of trichostatin on SDF-1 secretion from adipocytes (ANOVA, p <0.001). *: p <0.05; **: p <0.01; ***: p <0.001. Data shown are the 
mean ± SEM normalised as percentage of control. Differentiated cells= mature adipocytes; Undifferentiated cells= pre-adipocytes.
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The effect of butyrate is mediated through  
the FFA3 receptor

Pertussis toxin (PTX), which blocks GPR signal-
ling, was used to investigate the potential role of 
GPR in mediating the above stimulatory effect of 
butyrate. When used alone at concentrations of 5nM, 
PTX had no effect on SDF-1 secretion by 3T3-L1 
pre-adipocytes (Figure 2A, p=0.009). When added 
along with butyrate, PTX markedly decreased the 

stimulatory effect of the former on SDF-1 secretion. 
As there are two receptors for SCFA (FFA2 and 
FFA3), we investigated the relative expression of 
these receptors in pre-adipocytes and adipocytes using 
RT-PCR. FFA3 was expressed in both pre-adipocytes 
and in adipocytes (Figure 2B), while FFA2 was only 
expressed in differentiated adipocytes (Figure 2C).

Using siRNA for FFA3, we successfully decreased 
gene expression to less than 30% of its baseline value 
in 3T3-L1 pre-adipocytes (Figure 3A, p=0.012) While 
the stimulatory effect of butyrate on SDF-1 mRNA 
was apparent in control cells, this effect was entirely 
lost in cells treated with siRNA for FFA3 (Figure 
3B). Similarly, although butyrate increased SDF-1 
secretion from pre-adipocytes, there was no such 
stimulation in cells in which the FFA3 gene had been 
silenced (Figure 3C).

SDF-1 is a potential mediator of the interaction 
between pre-adipocytes and macrophages

We determined the level of SDF-1 expression 
and its obligate receptor (CXCR4) on cells of the 
mouse monocyte/macrophage line J774.2 compared 
with 3T3-L1 pre-adipocytes when treated with SCFA 
propionate (C3). Propionate was chosen as it elicited 
the highest SDF-1 secretion amongst the SCFAs 
(Figure 1E). SDF-1 protein secretion was higher in 
pre-adipocytes when treated with propionate com-
pared with controls (Figure 4A, p=0.017). In contrast, 
SDF-1 secretion from J774.2 cells was very low and 
there was no significant stimulation with propion-
ate (Figure 4A). 3T3-L1 pre-adipocytes expressed 
abundant SDF-1 mRNA, while there were much 
lower levels of expression in J774.2 cells (Figure 
4B). On the other hand, CXCR4 expression was not 
detected in pre-adipocytes, but mRNA for CXCR4 
was abundant in J774.2 cells (Figure 4C).

Human pre-adipocytes also express SDF-1  
and the FFA3 receptor

It is beyond the scope of this study to replicate all 
of the above work with human cells. However, SDF-1 
mRNA expression was noted in human pre-adipocytes, 
and there was a significant increase in expression when 
cells were incubated in the presence of 2mM butyrate 
(Figure 5A, p=0.034). Using immunocytochemistry, 
we detected expression of FFA3, but not FFA2, in 
cultured human pre-adipocytes (Figure 5B-C). Both 

i re 2. Pertussis toxin (PTX) abolishes the stimulatory ef-
fects of butyrate, and FFA2/FFA3 expression. A: PTX alone 
was without effect on SDF-1 secretion from pre-adipocytes 
(ANOVA, p <0.001). The stimulatory effect of butyrate was 
decreased in the presence of 5nM (## = p <0.01, compared 
against 2M Butyrate) PTX. Data shown are the mean ± SEM 
normalised as percentage of control. B + C: Shows 2% aga-
rose gel electrophoresis and ethidium bromide staining. B: Ex-
pression of FFA3 (188 bp). L = ladder. Lanes 1-3 = 3T3-L1 
are pre-adipocytes. Lanes 4-6 are 3T3-L1 adipocytes. N = no 
reverse-transcriptase negative control. C: Expression of FFA2 
(156bp) – no expression was found in pre-adipocytes (lanes 
1-3), while the housekeeping gene PPIA (200bp) was strongly 
expressed. FFA2 was expressed in differentiated adipocytes.
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i re . siRNA for FFA3 abolishes the stimulatory effect of 
butyrate. A: siFFA3 gene knockdown, evaluated by RT-PCR 
reached 75-80% (t-test, p <0.05). Data shown are the mean 
+ SEM. B: SDF-1 m-RNA expression increased when cells 
were treated with butyrate (ANOVA, p<0.001, ***: p <0.001 
compared with control). This stimulatory effect was markedly 
decreased when the FFA3 gene was silenced (###: p <0.001 
compared with butyrate treatment of control cells). C: SDF-1 
protein secretion was increased when control cells were treated 
with butyrate (ANOVA, p <0.001, *: p <0.05). This stimulation 
was markedly decreased following FFA3 gene silencing (###: 
p <0.001). Data shown are the mean ± SEM normalised as 
percentage of control (for B & C).

i re . Effect of Propionate on SDF-1 secretion. A: Propio-
nate enhanced SDF-1 protein secretion from pre-adipocytes, 
but there was only minimal SDF-1 secretion and no effect of 
propionate in cultures of J774.2 cells (ANOVA, p <0.001). 
Data shown are the mean ± SEM normalised as percentage 
of control. *: p <0.05. B + C: 2% Agarose gel electrophore-
sis with ethidium bromide staining. L: ladder; N1: no template 
negative control; N2: no reverse-transcriptase negative control. 
SDF-1 (57bp) was detected in pre-adipocytes but not highly 
expressed in J774.2 cells. CXCR4 (156bp) expression was not 
detected in pre-adipocytes, but mRNA for CXCR4 was abun-
dant in J774.2 cells.

FFA2 and FFA3 were expressed on cells of the human 
monocyte/macrophage line THP-1 (Figure 5D-E).

DISCUSSION

In this study, we have shown that SDF-1 (CXCL12) 
is expressed in, and secreted by, 3T3-L1 cells. This 
expression is particularly evident in the pre-adipocyte 
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state. We have also shown that SDF-1 mRNA and 
protein are increased by treatment with SCFA. The 
effect of SCFA was not replicated with the HDACs 
valproate and trichostatin and the inhibitory effect 
of pertussis toxin suggests that SCFA effects are 
mediated through a G protein-coupled receptor. The 
order of potency of SCFA (C3 > C4 > C2) suggests 
an effect through FFA3 rather than FFA2. Indeed 
FFA3, but not FFA2, was expressed in pre-adipocytes. 
Silencing of the FFA3 gene abolished the stimulatory 
effect of SCFA.

Recent studies show that SDF-1 plays a central 
role in the pathogenesis of diabetic retinopathy.27,28 
SDF-1, through interaction with the CXCR4 receptor 
on bone marrow-derived vascular progenitor cells, 
is also crucial in vascular modelling after ischae-
mia.17,29,30 Decreased SDF-1 secretion in patients 
with diabetes is also understood to contribute to 
defective wound healing, including in diabetic foot 
ulcers.31 It is likely that cells of the stromal vascular 
compartment of adipose tissue are a major source 
of SDF-1.9,32 In obesity, these cells may be depleted 
due to differentiation of pre-adipocytes into mature 
fat-laden cells. The predominance of differentiated 
and hypertrophied adipocytes leads to secretion of me-

diators that contribute to systemic inflammation and 
insulin resistance.33 Our finding that pre-adipocytes 
are a source of SDF-1 confirms earlier observations 
that the chemokine is expressed in these cells.20-22

The HDACs are a group of around 18 enzymes 
involved in epigenetic regulation of gene expression. 
HDAC inhibitors are considered potential treatments 
for neoplasia and neurodegenerative disorders, and 
as angiogenesis inhibitors. Butyrate is a naturally 
occurring HDAC inhibitor. While HDACs are in-
volved in adipogenesis,34,35 the effects of HDAC in-
hibitors in this process remain uncertain. Valproate 
has been reported to inhibit adipogenesis,36 while 
diallyl disulphide, contained in garlic, may stimulate 
adipogenesis.37 SCFA have been reported to promote 
adipocyte differentiation and expression of adipogenic 
markers.5,38,39 In this study, we found that the potent 
HDAC inhibitor, trichostatin, inhibited SDF-1 expres-
sion in pre-adipocytes. Conversely, butyrate increased 
SDF-1 expression and secretion. The stimulatory ef-
fect of butyrate on SDF-1 expression and secretion 
was observed with other SCFAs that have only weak 
HDAC inhibitory activity.

In mice, plasma leptin concentration was increased 
by oral administration of propionate.8 The circulating 

i re . Human pre-adipocytes express SDF-1 and FFA3. A: SDF-1 mRNA expression was abundant in human pre-adipocytes, and 
this expression increased when cells were incubated with 2 mM butyrate (t-test, *: p <0.05). B: Expression of FFA3 in human pre-
adipocytes. C: No expression of FFA2 in human pre-adipocytes. D: Expression of FFA3 in cells of the human monocyte/macrophage 
line THP-1. E: Expression of FFA2 in THP-1 cells.
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propionate concentration achieved was comparable 
to what we used in vitro. Most of the butyrate gener-
ated within the colon is removed in the enterohepatic 
circulation, while high levels of acetate and propionate 
can reach the systemic circulation. Propionate levels 
are particularly high after consumption of certain 
functional foods, including barley kernels,40 and ac-
etate levels also increase after alcohol consumption.41 
We do not, therefore, feel that the concentrations 
of SCFA used in our experiments were unduly high. 
Additionally, we do not know what the most potent 
naturally occurring ligands for FFA3 are.

Given their role as part of the body’s nutrient sens-
ing apparatus, it is not surprising to find receptors for 
SCFA expressed in cells of adipocyte lineage. Our 
results disagree with those of Hong et al3 who did not 
find FFA3 expression in mouse adipose depots. They 
did report increased adipogenesis with acetate and 
propionate acting through FFA2. We, in contrast, 
found FFA3 to be expressed in both pre-adipocytes 
and adipocytes, while FFA2 was only expressed in 
adipocytes. Xiong et al8 described the role of FFA3 
in adipocyte leptin secretion induced by SCFAs. We 
demonstrate here that the effect of SCFA on SDF-1 
was abolished with pertussis toxin, suggesting that 
it is GPR-mediated. We then examined the role of 
FFA3 in regulating SDF-1 expression. FFA3 gene 
silencing abolished the stimulatory effect of butyrate 
on SDF-1 expression and protein secretion. We also 
confirmed that SCFA increase SDF-1 expression in 
human pre-adipocytes and that FFA3, but not FFA2, 
is expressed in these cells.

The biological actions of SDF-1 are through its 
obligate receptor CXCR4 (also a co-receptor for lym-
photrophic strains of the HIV virus). We did not find 
CXCR4 to be expressed in either pre-adipocytes or 
adipocytes, making it unlikely that SDF-1 and CXCR4 
interaction is involved in cross-talk between mature 
adipocytes and stromal cells. Others have reported 
CXCR4 expression in adipocytes, allowing them to 
be infected with HIV,42 a finding not confirmed by a 
subsequent study.43 As expected, we detected abundant 
expression of CXCR4 in mouse J774.2 macrophages, 
but there was very little SDF-1 expression in these 
cells, and no effect of added propionate on SDF-1 
expression. It seems highly likely therefore that SDF-1 
and CXCR4 are involved in the interaction between 

adipocytes and macrophages, although somewhat 
surprisingly this has not been studied to date.

We propose that the SDF-1 secreted by adipo-
cytes and its interaction with CXCR4 receptor on 
tissue macrophages mediates interaction between 
the two cell types (Figure 6). SDF-1 secretion by 
pre-adipocytes may increase monocyte infiltration 
into adipose and factors secreted by monocytes may 
inhibit adipocyte differentiation.10,44 In states of fat 
excess, such impaired differentiation may lead to 
ectopic deposition of fat, including in the vascular 
wall. On the other hand, hypertrophied33 or dead45 
adipocytes attract macrophages and such infiltration 
in visceral fat partly accounts for the association 
between visceral obesity and systemic inflammation 
and insulin resistance.46,47

i re . Hypothetical adipocyte-macrophage interactions. Di-
etary SCFAs including butyrate induce adipocytes to secrete 
SDF-1, acting through the FFA3 receptor. Secreted SDF-1 at-
tracts other cells including macrophages, interacting through 
its receptor CXCR-4. This adipocyte-macrophage interaction 
could initiate secretion of mediators from macrophages, pos-
sibly regulating processes associated with adipogenesis and in-
sulin resistance.

CONCLUSIONS

In conclusion, we have demonstrated that SDF-
1 (CXCL12) is secreted by 3T3-L1 pre-adipocytes 
and adipocytes and that this is regulated by SCFA 
in a mechanism that does not depend on histone 
deacetylase inhibition. Our data strongly suggest 
that the effect of SCFA is mediated through FFA3. 
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SDF-1 may be an important mediator of the interac-
tion between adipocytes and bone marrow-derived 
cells including monocyte/macrophage cells. These 
observations shed light on a novel pathway mediat-
ing interaction between adipocyte precursors and 
inflammatory cells. Further studies may increase our 
understanding of the processes involved in adipose 
depot remodelling and the systemic inflammation 
that accompanies obesity.
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