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Brown adipose tissue has been extensively studied in the last
decade for its potential to counteract the obesity pandemic. How-
ever, the paracrine regulation within brown tissue is largely
unknown. Here, we show that local acetate directly inhibits brown
fat thermogenesis, without changing acetate levels in the circula-
tion. We demonstrate that modulating acetate within brown tis-
sue at physiological levels blunts its function and systemically
decreases energy expenditure. Using a series of transcriptomic
analyses, we identified genes related to the tricarboxylic acid cycle
and brown adipocyte formation, which are down-regulated upon
local acetate administration. Overall, these findings demonstrate
that local acetate inhibits brown fat function.

brown adipose tissue j acetate j obesity j RNA-seq

For the last 10 y, thermogenic adipose tissue is being intensively
studied for its potential to combat obesity by dissipating energy

in the form of heat (1–3). However, since adipose tissue harbors
numerous distinct cell types, a thorough understanding of the adi-
pose tissue microenvironment is key to harnessing the potential of
thermogenic adipose tissue. Recently, we identified a subpopulation
of adipocytes that release acetate, which acts as a paracrine factor
regulating thermogenesis in brown adipose tissue (BAT) (4, 5). A
major source of acetate is most likely the gut microbiome; however,
it remains unknown to what extent gut microbiome-derived acetate
can spill over into systemic circulation. Besides its conversion to
acetyl-CoA, acetate can act as a signaling molecule. For example,
acetate has been demonstrated to activate GPR43 in adipocytes,
which results in an inhibition of lipolysis and a decrease in plasma
free fatty acid levels (6, 7). Since GPR43 is expressed in a wide vari-
ety of cells, acetate may execute various roles, thereby regulating
systemic metabolism. Thus, rats that received an intragastric acetate
infusion for 10 d exhibited insulin resistance (8). In humans, circu-
lating acetate was reported to be negatively correlated with insulin
sensitivity (9). In accordance with previous reports (10), acetate
was shown to blunt whole-body lipolysis in humans (11). Interest-
ingly, distal, but not proximal, colonic infusion of acetate was
reported to promote fat oxidation in humans (11). Of note, in the
Canfora et al. study (11), fat oxidation was calculated based on O2,
CO2, and urinary nitrogen excretion, which might be due to the
fact that exogenous acetate is a substrate for fat oxidation.

Results
Based on the above-mentioned considerations, the location of ace-
tate secretion/administration will most likely determine its physio-
logical function (4). Therefore, it will be important to delineate the
role of acetate in the context of the adipose tissue microenviron-
ment. Here, we explored the role of acetate specifically within inter-
scapular BAT (iBAT), by delivering acetate directly into iBAT (Fig.
1A). Acetate concentration was increased about twofold in the lobe
of iBAT, which received acetate, compared to the lobe that received
saline (Fig. 1B), while circulating levels of acetate remained
unchanged (Fig. 1C). These levels are similar to acetate concentra-
tions observed in iBAT under thermoneutral conditions (5). Histo-
logical analysis revealed a whitened appearance in the lobe of
iBATreceiving acetate, while the other lobe retained a BAT pheno-
type (Fig. 1D). In accordance, UCP1 expression was significantly
decreased after acetate administration (Fig. 1E). Detailed analysis

using immunohistology staining demonstrated enlarged lipid drop-
lets and lower UCP1 expression in the acetate-receiving lobe com-
pared to the saline lobe (Fig. 1 F–I). Taken together, these data
demonstrate a whitening phenotype in response to local acetate
administration in a physiological range.

While we did not observe any immediate changes upon acetate
delivery on energy expenditure in the initial 2 d after pump implan-
tation (Fig. 1J), acetate administration in whole iBAT significantly
reduced oxygen consumption from day 3 onward in the light phase
(Fig. 1J), without any changes in movement or food consumption
(Fig. 1K). To further study the physiological changes in BAT and
the contribution to systemic energy expenditure, we analyzed respi-
ration in mice in response to ADRB3 agonist (CL-316,243) admin-
istrations. Interestingly, acetate administration in iBAT could
partially inhibit β-3 adrenergic activation induced oxygen consump-
tion (Fig. 1L), suggesting that the brown fat activity is constrained
by local acetate signaling. To exclude a confounding effect of the
pump on tissues other than iBAT, we implanted the pump in the
same anatomic location, but without a guide catheter, as illustrated
in Fig. 1M. In this setting, acetate concentrations were not altered
within iBAT (Fig. 1N) or serum (Fig. 1O). Thus, we can conclude
that energy expenditure is not changed by catheterless acetate
pump implantation, neither at basal conditions nor with β-3 adre-
nergic activation. Taken together, our data demonstrate that
increased acetate level in iBAT inhibits brown fat activation.

In a next step, we asked whether transcriptional changes in
iBAT could explain the observed phenotype. Therefore, we per-
formed RNA sequencing (RNA-seq) of the left or right iBAT
with saline, acetate, or a GPR43 agonist (CFMB) administration
for 4 or 7 d, as illustrated in Fig. 2A. Unbiased hierarchical clus-
tering, including 1,000 most variable genes expressed in at least
one sample group, revealed distinct transcriptional profiles for the
iBAT with local acetate or CFMB delivery (Fig. 2B). Consistent
with the hierarchical clustering, a principal component analysis
(PCA) showed distinct clustering of the two groups with local ace-
tate delivery mainly in PC1 and the group with CFMB in both
PC1 and PC2 (Fig. 2C). Several genes related to BAT activity—
such as Ucp1, Evovl3, and Cpt1b—were the main contributors to
negative PC1 loadings (Fig. 2C). A pairwise differential gene-
expression analysis, which compared the iBAT with local acetate
delivery versus saline (acetate 7 d, left, versus saline 7 d, left)
(Dataset S1) identified various genes related to BATactivity (Fig.
2D). Consistent with the PCA, we also found a number of genes
that were down-regulated in the acetate-administrated samples
versus saline to be related to BAT activity (Fig. 2E), as well as a
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down-regulation of pathways related to brown adipocyte differen-
tiation and metabolic activity (Fig. 2E). In line with RNA-seq
data, Ucp1 and Cidea mRNA levels were significantly lower in the
iBAT lobes with either acetate or CFMB delivery (Fig. 2F).

We have previously shown that in an ex vivo brown adipo-
cytes differentiation model, the oxygen consumption could be
blocked by the addition of acetate in a dose-dependent manner
(5) due to changes in brown adipocyte formation. We show
here that the same inhibitory effect of acetate is observed when
cells are treated at the maturation stage (Fig. 2 G and H).
Hence, we tested whether acetate might alter adipocyte com-
mitment during an early developmental stage. Therefore, we
differentiated stromal vascular fraction from iBAT in the pres-
ence of different amounts of acetate until day 4 of differentia-
tion (Fig. 2I). We did not observe any differences in adipocyte
formation between the different groups (Fig. 2J), and oxygen
consumption was unchanged when acetate was supplemented
during early adipocyte differentiation (Fig. 2K).

Discussion
In summary, our data demonstrate that local changes in acetate
concentrations, at physiological levels, inhibits BAT function by

regulating brown adipocyte maturation and possibly whitening the tis-
sue. Activation of GPR43 led to a similar response in gene expression,
albeit with a reduced effect size. This could be due to the fact that
acetate is a more potent regulator of GPR43 activities, possibly due
to kinetics of acetate removal. Alternatively, it is possible that acetate
represses the browning of iBAT by other, so far unknown pathways.

Previously it was shown that chronic intraperitoneal injection
of liposome-encapsulated acetate nanoparticles could induce
energy expenditure, increase voluntary movement, and enhance
browning of the inguinal white adipose tissue (ingWAT) in a
diet-induced obesity mouse model (12). In this context, it is
worth noting that the uncoupling activity of ingWAT in diet-
induced obesity models is limited, due to the low levels of Ucp1
(13, 14), while alternate thermogenic mechanisms might be
more relevant (15, 16). In the above-mentioned study, acetate
was changed at a systemic level and as liposome-encapsulated
nanoparticles show a distribution predominantly in liver and
spleen, other organs may contribute to the observed phenotype
of induced energy expenditure. Since acetate is a versatile mol-
ecule, which has been documented to have other physiological
roles, such as reducing appetite via central homeostatic mecha-
nisms (17), further studies will be needed to elucidate the auto-
crine versus the endocrine effects of acetate.

Fig. 1. (A, Left) Schematic illustration of the
experimental set-up. Osmotic pumps (Alzet,
1007D) filled with sodium acetate (30 mM)
or saline were implanted subcutaneously and
delivered solution to left lobe of iBAT guided
by a catheter, at a rate of 0.5 μL/h. (Center)
The pump was implanted and catheter was
connected. (Right) The catheter was stabi-
lized by stitches. (B and C) Acetate concentra-
tion in iBAT (B, n = 5) and plasma (C, n = 6)
with acetate or saline administration. (D)
Representative images of iBAT with acetate
and saline administration in the left lobe. (E)
UCP1 protein levels in iBAT, n = 4 to 5. (F–I)
Representative H&E (F and G) and UCP1 (H
and I) staining of iBAT with acetate (F and H)
and saline (G and I). (J and K) Time-resolved
oxygen consumption (J), food intake and
movement quantification (K) of mice with
saline or acetate administration, n = 6. (L)
Time-resolved oxygen consumption of mice
upon CL injection (ADRB3 agonist
CL-316,243, 0.1 mg per kg body weight,
intraperitoneally), n = 6. (M) Schematic illus-
tration. (N and O) Acetate level in iBAT (N)
and plasma (O) of mice with pump
implanted without catheter, n = 4 to 5. (P)
Time-resolved oxygen consumption of mice
upon CL injection, n = 6. n.s., not significant.
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Materials and Methods
All experiments were performed in adult male C57B6mice fed ad libitumwith
chow diet. All animal studies were approved by the Veterinaramt Zurich.
Micro-osmotic pumps (Alzet) were implanted, and libraries prepared using
Truseq (Illumina). Sequencing was performed on a Novaseq-6000. Detailed
procedures for pump implantation, transcriptional, and cellular analyses are
described in SI Appendix.

Data Availability. RNA-seq read data have been deposited in ArrayExpress,
https://www.ebi.ac.uk/arrayexpress/ (accession no. E-MTAB-10680).
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Fig. 2. (A) Schematic illustration of the sam-
ples for RNA-seq analysis. Mice were
implanted with catheter-guided pump deliv-
ering saline, acetate (30 mM), or CFMB (10
μM) to the left lobe of iBAT; the specific lobe
of iBAT was collected after 4 or 7 d after
implantation, as indicated. (B) Hierarchical
clustering of RNA-seq data from iBAT sam-
ples is shown using a heatmap. The lengths
of the branches represent the global differ-
ences between the samples, 2,000 genes
with highest variance were included for the
analysis, n = 3 to 4. (C) PCA of RNA-seq data
(Left). Top 10 variable genes contributing to
PC1 loading (Right). (D) Scatter plot of RNA-
seq data, comparing acetate versus saline
samples following 7 d of administration.
Plotted are the normalized transcript counts.
Significant differentially expressed genes (P
< 0.01) are highlighted in blue, n = 3 to 4.
(E) Metacore pathway analysis of
up-regulated and down-regulated genes in
iBAT samples from acetate versus saline
administration, n = 3 to 4. (F) mRNA levels of
Adipoq, Ucp1, and Cidea in iBAT samples
analyzed by qRT-PCR, n = 5 to 6. (G) Sche-
matic illustration for ex vivo adipocyte differ-
entiation of iBAT stromal vascular fraction;
acetate was supplemented from day 6 to day
10 of differentiation. (H) Time-resolved oxy-
gen consumption rate in brown adipocytes
treated with the acetate during differentia-
tion days 6 to 10, n = 5. (I) Schematic illustra-
tion: acetate was supplemented from day 0
to day 4 of differentiation. (J and K) LD540
staining (J, n = 6) and time-resolved oxygen
consumption rate (K, n = 9 to 10) in ex vivo
differentiated cells from iBAT, treated with
the indicated levels of acetate during differ-
entiation from days 0 to 4.
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