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Carboxylesterase 3 (Ces3) is a hydrolase with a wide
range of activities in liver and adipose tissue. In this
study, we identified Ces3 as a major lipid droplet
surface-targeting protein in adipose tissue upon cold
exposure by liquid chromatography—tandem mass
spectrometry. To investigate the function of Ces3 in
the b-adrenergic signaling–activated adipocytes, we ap-
plied WWL229, a specific Ces3 inhibitor, or genetic in-
hibition by siRNA to Ces3 on isoproterenol (ISO)–treated
3T3-L1 and brown adipocyte cells. We found that block-
age of Ces3 by WWL229 or siRNA dramatically attenu-
ated the ISO-induced lipolytic effect in the cells.
Furthermore, Ces3 inhibition led to impaired mitochon-
drial function measured by Seahorse. Interestingly, Ces3
inhibition attenuated an ISO-induced thermogenic pro-
gram in adipocytes by downregulating Ucp1 and Pgc1a
genes via peroxisome proliferator–activated receptor g.
We further confirmed the effects of Ces3 inhibition in vivo
by showing that the thermogenesis in adipose tissues
was significantly attenuated in WWL229-treated or adi-
pose tissue–specific Ces3 heterozygous knockout (Adn-
Cre-Ces3flx/wt) mice. As a result, the mice exhibited
dramatically impaired ability to defend their body tem-
perature in coldness. In conclusion, our study highlights
a lipolytic signaling induced by Ces3 as a unique process
to regulate thermogenesis in adipose tissue.

Excessive accumulation of triacylglycerol in adipose and
other tissues has been linked to obesity and obesity-
associated pathology (1,2). Therefore, reducing the lipid
burden without increasing the circulating lipid contents
may reveal an efficient therapeutic strategy to prevent and

combat obesity-related diseases, such as type 2 diabetes
and cardiovascular diseases (2). In general, triacylglycerol
and other lipid contents are stored in the cytosol lipid
droplets (LDs). These LDs are highly dynamic, and hun-
dreds of proteins have been discovered to associate with
them (2,3). These proteins function as gatekeepers at the
surface of LDs and are tightly regulated by physiological
and/or pathological conditions (4,5).

Among the LD surface proteins, lipases such as adipose
triglyceride lipase (ATGL) and hormone-sensitive lipase
(HSL) play a major role in the degradation of LDs via
lipolysis (6,7). These enzymes form an ATGL/HSL axis and
function as a cascade for lipolysis in response to energy
demands under tight regulation of endocrine pathways (8).
The most important regulation of this lipolytic axis is via
the b-adrenergic receptor–triggered protein kinase A (PKA)
activation pathway (9). Despite this well-known regulation,
local events of lipolysis on the surface of LDs by the other
participators, especially novel hydrolases, remain largely
unknown (10).

Brown adipose tissue (BAT) has been recognized as the
predominant energy-burning organ (11). BAT possesses
a unique thermogenic protein in its mitochondrial trans-
membrane domains named UCP1 (12–14). Interestingly,
the UCP1-positive beige or brite cells were also identified
in subcutaneous white adipose tissue (sWAT) (14,15).
Multiple cell stimuli, such as b-adrenergic stimulation,
peroxisome proliferator–activated receptor g (PPARg) ag-
onist treatment, and vascular endothelial growth factor-A
overexpression, may trigger the “browning” of sWAT to
generate the beige cells (16–19). Of note, b-adrenergic
signaling–triggered lipolysis provides free fatty acids
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(FFAs) to activate UCP1 in brown and beige adipocytes
(20,21). The FFAs serve not only as cofactor and activator
but also as the fuel for UCP1 to trigger the nonshivering
thermogenesis (22,23). Interestingly, a recent study chal-
lenged the role of lipolysis in BAT by showing that Com-
parative Gene Identification-58 (CGI-58)–dependent
lipolysis on the cytosolic LDs is not essential for cold-
induced thermogenesis in BAT (24). Instead, the study
highlighted the function of lipolysis in WAT on regulating
thermogenesis (25,26). The study demonstrated the non-
essential role of lipolysis via the classical ATGL/HSL/CGI-
58 pathway in BAT. However, it may not rule out the
function of lipolysis via other pathways on thermogenesis
in this organ.

In this study, we identified carboxylesterase 3 (Ces3)
as a unique enzyme on LDs that couples lipolysis and
thermogenesis in both sWAT and BAT. Ces3 belongs to
the carboxylesterase family and is enriched in hepato-
cytes and adipocytes (27). It has been shown to be
predominantly in endoplasmic reticulum (ER) (28–30).
In this study, we found that in response to cold exposure
and b-adrenergic activation, Ces3 targeted LDs and pro-
moted lipolysis. Importantly, we showed that blockage of
Ces3 led not only to decreased lipolysis but also to im-
paired b-adrenergic–stimulated thermogenesis.

RESEARCH DESIGN AND METHODS

Animals
All of the animal studies were reviewed and approved by
the Animal Welfare Committee of University of Texas
Health Science Center at Houston (animal protocol num-
ber AWC-18-0057). Mice were housed in the animal facility
(226 1°C) on a 12-h light/dark cycle with ad libitum access
to water and regular chow diet, unless indicated otherwise.
The Ces3-floxed mouse was a gift from Dr. Richard Lehner
at the University of Alberta (Edmonton, Alberta, Canada)
(30). Adipose tissue–specific Ces3 heterogeneous knockout
(Adn-Cre-Ces3flx/wt) mice were generated by crossing adi-
ponectin-Cre with Ces3-floxed mice.

Purification of LD Proteins and Liquid
Chromatography–Tandem Mass Spectrometry
Analysis
Isolation of LDs was carried out following a previous
publication (31). Proteins of LDs were loaded and run on
a standard 10% SDS gel. For shotgun proteomics, pro-
tein samples were run into resolving gel ;1 cm, and the
gel squares containing sample proteins were cut off
for analysis. For identification of interest proteins, pro-
tein samples were fully separated in SDS-PAGE, and
then the gel was stained with the Silver Staining Kit
(Thermo Fisher Scientific) following the manufacturer’s
instructions.

Drug Treatments
Differentiated 3T3-L1 or BAC cells were pretreated with
Ces3 inhibitor (WWL229) (10 mmol/L or 100 mmol/L),

ATGL inhibitor (atglistatin) (50 mmol/L), PKA inhibitor
(PKI 14-22 amide) (10 mmol/L), adenylyl cyclase inhibitor
(29,59-dideoxyadenosine [ddAdo]) (200mmol/L), or vehicle
separately for 1 h. Then the cells were maintained in the
same treatment medium combined with or without
20 mmol/L isoproterenol (ISO) for 6 more hours. After-
ward, the cells and cell culture media were harvested for
further analysis.

Statistical Analysis
All data were represented as mean 6 SEM. Statistical
analyses were performed using GraphPad Prism 7 (Graph-
Pad Software Inc). The Student t test was applied for
statistical significance analysis. A P value ,0.05 was
considered to be statistically significant.

RESULTS

Identification of Ces3 as a Major LD-Targeting Protein
in Mice Challenged by Coldness
To investigate the dynamic changes of the proteins at LD
surface, LDs were isolated from the BAT of the cold-
exposed mice, and the proteins of LDs were separated
by SDS-PAGE (Fig. 1A). After silver staining, 12 bands total
were found to change, and the proteins in these bands
were cut and analyzed by liquid chromatography–tandem
mass spectrometry (LC-MS/MS) (Supplementary Fig. 1A).
Ces3 was the major identified protein of the band high-
lighted by the arrow (Fig. 1A). According to the MS data,
85% of the Ces3 sequences were detected (Supplementary
Fig. 1B), and an amino acid sequence, LGIWGFFSTG-
DEHSR, which is specific for Ces3, was identified (Fig.
1B). Western blotting (WB) results showed that the sam-
ples collected from LDs of BAT in the cold-exposed mice
contained a higher level of Ces3 regardess of whether the
mice were fed a standard diet (SD) or high-fat diet (HFD)
(Fig. 1C). Quantitative measurements of the band densi-
ties further confirmed the results (Fig. 1D). Interestingly,
the levels of HSL, phosphorylated HSL (pHSL), as well as
perilipin-1 were all increased on the surfaces of LDs upon
cold exposure, suggesting the dynamic changes of the LDs
(Fig. 1E).

In order to compare the proteomic profiles, proteins
purified from LDs of the sWAT and BAT in the cold-
exposed mice were analyzed by shotgun proteomics. The
results showed that among all of those increased proteins
upon cold exposure, there are 21 proteins that were
increased in both sWAT and BAT (Fig. 1F). Heat map
data further indicated that in response to cold exposure,
more Ces3 were recruited to the LDs in sWAT (Fig. 1G). To
further verify Ces3 targeting on LDs in sWAT, immuno-
fluorescence (IF) staining with anti-(a-)Ces3 and LD pro-
tein perililin-1 was performed on the sWAT from
cold-exposed mice. The results showed that compared
with the room temperature (RT) condition, there were
more yellow signals in the merged images (Fig. 1H, red:
Ces3; green: perilipin-1), suggesting more LD targeting
of Ces3 upon cold exposure. A similar effect was
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Figure 1—Identification of Ces3 as a major LD-targeting protein in BAT and sWAT of lean and diet-induced obese mice challenged by
coldness by LC-MS/MS. A: Silver stain of LD proteins isolated from BAT of SD- or HFD-fed mice with or without cold exposure at 6°C (n = 3–
6/group). The arrow indicates the band of Ces3. B: The mass spectrum of a Ces3-specific amino acid sequence identified from the band
indicated by an arrow in A. C: WB analysis of Ces3 level in the LDs isolated from BAT of the SD- or HFD-fed mice with or without cold
exposure at 6°C. The bottom panel is the gel stained by Coomassie blue as loading control. D: Quantitative measurement of band density in
theWB inC (Student t test, *P, 0.05; ***P, 0.001). E: WB analysis of the same samples inCwith a-HSL, a-pHSL (Ser660), and a–perilipin-1
antibodies. F: Numbers of LD proteins that increased upon cold exposure in BAT and sWAT. The proteins were obtained from shotgun
proteomics. In total, only 83 proteins increased in BAT LDs, only 156 proteins increased in sWAT LDs, and 21 proteins increased in both BAT
and sWAT. Ces3was among these proteins.G: Heatmaps of LD protein expression level in sWATof themicewith or without cold exposure at
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observed in the HFD-fed group (Fig. 1H, bottom panel).
There were also significant amounts of yellow areas in
the merged images when Ces3 was costained with HSL

or pHSL (Fig. 1I and J, red: Ces3; green: HSL or pHSL),
suggesting cotargeting of Ces3 and HSL in response to
cold exposure. Intriguingly, there were regions showing

6°C. Ces3 is highlighted to be increased on LDs from sWAT upon cold exposure.H: Co-IF staining with a-Ces3 (red) and a–perilipin-1 (green)
antibodies in sWAT of the SD- or HFD-fed mice with or without cold exposure (scale bar, 10 mm). I: Co-IF staining with a-Ces3 (red) and
a-HSL (green) antibodies in sWAT of the SD-fedmicewith or without cold exposure (scale bar, 10mm). J: Co-IF stainingwith a-Ces3 (red) and
a-pHSL (Ser563/565/660) (green) antibodies in sWAT of the SD-fed mice with or without cold exposure (scale bar, 10 mm). K: WB analysis of
Ces3 level in the LDs isolated from differentiated 3T3-L1 cells treated by ISO together with PKA inhibitor (PKI 14-22 amide; 10 mmol/L) or
adenylate cyclase inhibitor (ddAdo; 200 mmol/L). The bottom panel shows the gel stained by Coomassie blue as loading control. DIC,
differential interference contrast.

Figure 1—Continued.
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distinct red staining of Ces3, indicating the two lipases
were not completely colocalized on LDs (Fig. 1I and J,
arrowheads).

To investigate whether PKA signaling pathways are
involved in LD targeting of Ces3, the pharmacological
inhibitors were applied. The results indicated that al-
though more Ces3 targeted LDs in response to ISO
treatment in differentiated 3T3-L1 cells, cotreatment
with PKI 14-22 amide (specific inhibitor of PKA) or
ddAdo (specific inhibitor of adenylate cyclase) signifi-
cantly reduced Ces3 levels on LDs (Fig. 1K, top panel). A
similar decrease pattern was found for perilipin-1, an-
other LD-targeting protein (Fig. 1K, middle panel).
These results demonstrated a critical role of PKA-acti-
vated pathways in mediating Ces3 translocation onto
the LDs.

ISO Treatment Triggers Lipolysis, While the Effect Is
Attenuated by Chemical or Genetic Blockade of Ces3
To investigate the function of Ces3 on LDs, WWL229,
a Ces3-specific inhibitor, was applied to the differenti-
ated 3T3-L1 and BAC (a brown adipose cell line) cells.
The cells were preincubated with BODIPY-C12 to stain
the LDs and then subjected to ISO treatment. The
results showed that upon ISO treatment for 6 h, the
BODIPY staining faded more significantly compared
with the control group, indicating that the lipolysis
process was enhanced in response to ISO (Fig. 2A).
Expectedly, treatment of atglistatin, an ATGL inhibitor,
dramatically blocked the ISO-induced lipolysis effect
(Fig. 2A, middle panel). Notably, treatment of different
doses of WWL229 also had the blocking effect, whereas
a higher dose (100 mmol/L) showed a more significant
effect (Fig. 2A, right panel; quantitative measurement
shown in Fig. 2B). As the product of lipolysis, glycerol
levels in the medium were dramatically decreased upon
WWL229 treatment, and the decreased trend showed
a dose-dependent manner in response to ISO treatment
(Fig. 2C). Interestingly, IF staining indicated that upon
ISO treatment, more Ces3 colocalized with perilipin-1
(Fig. 2D), suggesting more Ces3 targeting LDs. Of note,
Ces3 was found to locate distinctly in the niche domains
without perilipin-1, and quantitative measurements
showed that amounts of Ces3 in the niche domains
were significantly increased in response to ISO treat-
ment (Fig. 2E, bottom panel shows the quantitative
measurement).

The critical role of Ces3 in lipolysis was further verified
by a genetic method in vitro. Knockdown of Ces3 with
siRNA significantly reduced the glycerol levels upon ISO
treatment in both differentiated 3T3-L1 and BAC cells
(Fig. 2F and G) (knockdown efficiency of Ces3 shown in
Supplementary Fig. 2). The effect of Ces3 inhibition was
further confirmed ex vivo by showing that the glycerol
levels in sWAT, epididymal WAT, and BAT were dramat-
ically decreased upon treatment with WWL229 (Fig. 2H).
The effect was not observed in other tissues, such as liver

and muscle (Fig. 2H), suggesting the tissue-specific func-
tion of WWL229 on lipolytic inhibition.

In summary, both the in vitro and ex vivo results clearly
demonstrate that Ces3 plays a critical role in the enhanced
lipolysis upon b-adrenergic activation.

Ces3 Does Not Target Autophagosome or
Mitochondria in Response to b-Adrenergic Stimulation
LDs and the enzymes on the LDs have been reported to
localize in other compartments, including the autophago-
some, in the cells (32,33). Protein–protein interaction with
LC3, the marker of autophagosome, has been shown to be
able to facilitate the autophagosome targeting (32). Be-
cause there are multiple LC3-interacting motifs in the Ces3
sequence (Fig. 3A), coimmunoprecipitation was performed
to test the interaction. The results showed that even
though Ces3 molecules were successfully immunoprecipi-
tated with a-GFP antibody, no LC3 was detected by a-LC3
(Fig. 3B), suggesting that there is no physical interaction
between Ces3 and LC3 under different stimuli. Co-IF with
a-Ces3 and a-LC3 in BAC cells further confirmed that Ces3
does not localize into autophagosome upon ISO treatment
(Fig. 3C [no yellow signal in the merge panels under ISO
treatment]).

To detect whether Ces3 targets mitochondria, co-IF
staining was performed with a-Ces3 and a-COX IV
antibodies (a marker of mitochondria) on the sWAT
of the cold-exposed mice. There was no significant
yellow signal in the merge image (Fig. 3D), suggesting
no mitochondrial targeting of Ces3 in response to cold
exposure.

To test whether Ces3 trafficked into ER, the 3T3-L1
cells treated with or without ISO were stained with ER
tracker (Fig. 3E, in green). IF images showed significant
amounts of yellow signals (Fig. 3E, top and middle panels),
suggesting ER localization of Ces3. Interestingly, when all
of the nutrients were deprived from the culture medium
(Earle’s balanced salt solution medium), a similar level of
Ces3 targeted into the ER (Fig. 3E, bottom panels).

In conclusion, in addition to LDs, Ces3 also targets to
the ER. Meanwhile, there is no other compartment local-
ization of Ces3 upon ISO treatment in the adipocytes.

Ces3 Plays an Important Role in the Enhanced
Mitochondrial Function Induced by ISO In Vitro and
In Vivo
We next demonstrated whether Ces3 affects mitochon-
drial biogenesis and function. The quantitative PCR (Q-PCR)
results showed that the b-oxidation–related genes, in-
cluding Acadl, Acadm, Acads, Cpt1a, Cpt2, and Echs1,
were significantly upregulated in the BAT and sWAT
of cold-exposed mice, and WWL229 treatment signifi-
cantly ameliorated or had the trend to ameliorate the
upregulations (Fig. 4A and B). Intriguingly, the mito-
chondrial biogenesis-associated genes, such as Pgc1a,
Nrf1, Cox IV, and Tfam, that were dramatically upregu-
lated by cold exposure were also significantly attenuated
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Figure 2—Sympathetic-mimetic ISO treatment triggers lipolysis in differentiated BAC and 3T3-L1 cells, and the effect is attenuated by
chemical or genetic blockade of Ces3. A: BODIPY staining (for the lipids) of the differentiated BAC cells upon treatments of ISO together with
ATGL inhibitor atglistatin or different doses of Ces3 inhibitor WWL229 (scale bar, 100 mm). As the indication of lipolysis, the dynamic fade of
BODIPY after 6 h was documented by Cytation 5 imaging reader. B: Quantitative measurement of the changes of BODIPY signal in A (five
fields per group; Student t test, *P , 0.05; **P , 0.01; ***P , 0.001). C: Glycerol level in the culture medium of differentiated BAC cells that
were treated with ISO together with or without Ces3 inhibitor WWL229 at different doses (10 mmol/L or 100 mmol/L) (Student t test, ***P ,
0.001). D: Co-IF staining with a-Ces3 (red) and a–perilipin-1 (green) antibodies in differentiated 3T3-L1 cells treated with or without ISO (left
scale bar, 10 mm; right scale bar, 1 mm). E: Quantitative measurement of Ces3 (red), which specifically targets LDs but does not colocalize
with perilipin-1 (green). The pattern is shown in the top panel. F: Glycerol level in the culture medium of differentiated 3T3-L1 cells transfected
with scramble orCes3 siRNAwith or without ISO treatment (Student t test, *P, 0.05; ***P, 0.001).G: Glycerol level in the culture medium of
differentiated BAC cells transfected with scramble or Ces3 siRNA with or without ISO treatment (Student t test, *P , 0.05; ***P , 0.001).
H: Glycerol level in the ex vivo incubationmedium of adipose tissues (sWAT, epididymalWAT [eWAT], and BAT) and nonadipose tissues (liver
and muscle) treated with WWL229 and/or ISO (n = 3/group; Student t test, *P , 0.05; **P , 0.01; ***P , 0.001).
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or had the trend to be attenuated upon WWL229 treat-
ment (Fig. 4C and D).

The effects of Ces3 inhibition on mitochondrial func-
tion were tested in vitro by chemical and genetic
approaches. In the differentiated BAC and 3T3-L1 cells,
ISO treatment dramatically upregulated b-oxidation
genes, and WWL229 significantly attenuated or had the
trend to attenuate the effects (Fig. 4E for BAC and data not
shown for 3T3-L1 cells). Meanwhile, blockage of Ces3
with siRNA had similar effects on the b-oxidation–related
genes (Fig. 4F). Of note, the mitochondrial biogenesis-
related genes were upregulated by ISO treatment in BAC
and 3T3-L1 cells, and the effects were significantly ame-
liorated by WWL229 (Fig. 4G for BAC and data not
shown for 3T3-L1 cells). Meanwhile, blockage of Ces3
with siRNA in 3T3-L1 cells had similar effects on these
genes (Fig. 4H).

To test the effect of Ces3 inhibition on mitochondrial
respiration, Seahorse assays were performed on differ-
entiated 3T3-L1 and BAC cells upon Ces3 inhibitions.

The results indicated that the oxygen consumption rate
(OCR) in differentiated 3T3-L1 cells was significantly
reduced upon WWL229 treatment at different time
windows during the Seahorse measurement (Fig. 4I
and J). Meanwhile, similar results were observed when
blocking Ces3 by siRNA in differentiated 3T3-L1 cells
(Fig. 4K and L). The similar effects of Ces3 inhibition
were also observed in BAC cells uponWWL229 treatment
(Fig. 4M and N) and knockdown by siRNA (Fig. 4O
and P).

Ces3 Is Involved in a Sympathetically Activated
Thermogenic Program via Activation of PPARg In Vitro
and In Vivo
To determine whether Ces3 is involved in a thermogenic
program, WWL229 was applied both in vivo and in vitro.
WB indicated that the levels of thermogenic proteins,
including UCP1 and PGC1a, were dramatically increased
in the BAT of cold-exposed mice, whereas WWL229 treat-
ment significantly attenuated the effect (Fig. 5A). Of

Figure 2—Continued.
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Figure 3—Ces3 targets ER but not autophagosome or mitochondria in response to b-adrenergic stimulation. A: The LC3-interacting
sequence motif (LIR) is shown at the top, with part of the mouse Ces3 amino acid sequence (UniProt identification number Q8VCT4) shown
underneath, which contains 13 LIRmotifs total (highlighted by green).B: Coimmunoprecipitation (IP) analysis of the interaction betweenCes3
and LC3. The cell lysates were IPed with a-GFP antibody followed by immunoblotting with a-Ces3 and a-LC3 antibodies. The lysates were
collected from HeLa cells, which were transfected with Ces3-EGFP-pcDNA3 or control EGFP-pcDNA3 and treated with different stimuli,
including ISO, b3-agonist, and chloroquine. The right panel indicates 4% input of the cell lysates. C: Co-IF staining with a-Ces3 (red) and
a-LC3 (green) antibodies in BAC cells upon treatments of ISO (scale bar, 10 mm). D: Co-IF staining with a-Ces3 (red) and a-Cox IV (green)
antibodies in sWAT of the mice with or without cold exposure (scale bar, 10 mm). E: Co-IF imaging with a-Ces3 (red) and ER tracker (green) in
differentiated 3T3-L1 cells upon treatments of ISO (middle) or Earle’s balanced salt solution medium (EBSS; bottom) (scale bar, 10 mm).
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Figure 4—Ces3 plays an important role in the enhanced mitochondrial function induced by ISO in vitro and in vivo. A: Q-PCR analysis of
b-oxidation genes, namely, Acadl, Acadm, Acads,Cpt1a,Cpt2, and Echs1, in BAT of the mice treated byWWL229 at RT or 6°C (n = 5/group;
Student t test, *P, 0.05; **P, 0.01; ***P, 0.001).B: Q-PCR analysis of b-oxidation genes, namely, Acadl, Acadm, Acads,Cpt1a,Cpt2, and
Echs1, in sWAT of the mice treated by WWL229 at RT or 6°C (n = 5/group; Student t test, *P , 0.05; **P , 0.01; ***P , 0.001). C: Q-PCR
analysis ofmitochondrial biogenetic genes includingPgc1a,Nrf1,Cox IV, and Tfam in BAT of themice treated byWWL229 at RT or 6°C (n = 5/
group; Student t test, *P, 0.05; **P, 0.01; ***P, 0.001). D: Q-PCR analysis of mitochondrial biogenetic genes including Pgc1a, Nrf1, Cox
IV, and Tfam genes in sWAT of the mice treated by WWL229 at RT or 6°C (n = 5/group; Student t test, *P, 0.05; **P, 0.01; ***P, 0.001). E:
Q-PCR analysis of b-oxidation genes, namely,Acadl,Acadm,Acads,Cpt1a,Cpt2, and Echs1, in differentiated BAC cells treated byWWL229
together with or without ISO (n = 5–6/group; Student t test, *P , 0.05; **P , 0.01; ***P , 0.001). F: Q-PCR analysis of b-oxidation genes,
namely, Acadl, Acadm, Acads, Cpt1a, Cpt2, and Echs1, in differentiated 3T3-L1 cells transfected with scramble or Ces3 siRNA upon ISO
treatment (n = 5/group; Student t test, *P , 0.05; **P , 0.01; ***P , 0.001). G: Q-PCR analysis of mitochondrial biogenetic genes including
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Figure 4—Continued. Pgc1a, Nrf1, Cox IV, and Tfam in differentiated BAC cells treated by WWL229 together with or without ISO (n = 5–6/
group; Student t test, *P, 0.05; **P, 0.01; ***P, 0.001). H: Q-PCR analysis of mitochondrial biogenetic genes including Pgc1a, Nrf1, Cox
IV, and Tfam in differentiated 3T3-L1 cells transfected with scramble or Ces3 siRNA upon ISO treatment (n = 5/group; Student t test, *P ,
0.05; **P , 0.01; ***P , 0.001). I: The OCR of differentiated 3T3-L1 cells treated with or without WWL229 analyzed by Seahorse instrument
(n = 4/group). J: Bioenergetic parameters inferred fromOCR traces in I. Results were represented asmean6SEM (n = 4/group; Student t test,
**P, 0.01).K: The OCR of differentiated 3T3-L1 cells treated with scramble orCes3 siRNA analyzed by Seahorse instrument (n = 4/group). L:
Bioenergetic parameters inferred from OCR traces in K. Results were represented as mean 6 SEM (n = 4/group; Student t test, *P , 0.05).
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interest, the level of CIDE A was also dramatically de-
creased upon WWL229 treatment, whereas levels of HSL
and Ces3 itself did not change (Fig. 5A). Notably, mRNA
levels of Ucp1, Cide C, and Pparg were significantly down-
regulated or had the trend to be downregulated by
WWL229 treatment, suggesting the thermogenic regula-
tion byWWL229 is at the level of gene expression (Fig. 5B).
Similar effects were also observed in the sWAT of the cold-
exposed mice (Fig. 5C and D). Hematoxylin and eosin
(H&E) staining further showed fewer multilocular LDs
in the sWAT of cold-exposed mice upon WWL229 treat-
ment (Fig. 5E and F). The IF staining with a-UCP1
antibody verified that the browning effect in sWAT was
dramatically impaired by WWL229 (Fig. 5H). Of note,
because UCP1 maintains at a relatively low expression level
at RT, WWL229 treatment did not show a difference for
UCP1 in sWAT (Fig. 5G).

The thermogenic effect of Ces3 was further con-
firmed in vitro. Q-PCR analysis showed the downregu-
lation of Ucp1 and other thermogenic genes upon
WWL229 treatment in BAC cells (Fig. 5I). Furthermore,
UCP1 protein levels were dramatically increased upon
ISO treatment, and the effect was significantly attenu-
ated in response to WWL229 treatment (Fig. 5J). The
WWL229 treatment showed a dose-dependent manner
on decrease of UCP1 levels (Supplementary Fig. 3A and
B). Notably, the levels of HSL and Ces3 itself were not
affected (Fig. 5J, middle panels). Intriguingly, only Ces3
inhibitor, but not ATGL inhibitor (atglistatin), attenuated
UCP1 expression (Fig. 5K). The Ces3 blockage effects on
thermogenesis-associated proteins were further verified
by genetic knockdown of Ces3 in 3T3-L1 cells (Fig. 5L
and M). Of note, genes of other lipases, such as Atgl, Hsl,
and Mgl, were not affected by the knockdown of Ces3
(Supplementary Fig. 4).

We next investigated the mechanisms(s) by which
Ces3 upregulates UCP1 in response to b-adrenergic
signaling. We found that the serum collected from
Ces3 heterozygous knockout mice (Adn-Cre-Ces3flx/wt)
upon cold exposure failed to increase UCP1 protein
levels, whereas the control mice (Ces3flx/wt) did (Supple-
mentary Fig. 5, top panel). Moreover, the reduced UCP1
levels caused by Ces3 inhibition were rescued by PPARg
agonist rosiglitazone (Supplementary Fig. 3C) in BAC
cells. Given that PPARs have been reported to regulate
Ucp1 and other thermogenic genes (11), we then exam-
ined the transactivation of PPARa and PPARg upon
activation or inhibition of Ces3. We found that the

protein levels of PPARa had no changes in response to
Ces3 overexpression or inhibition, whereas PPARg only
slightly decreased when treated by WWL229 or Ces3
siRNA in 3T3-L1 and BAC cells (Supplementary Fig.
6A–C) (data not shown for BAC cells). We further per-
formed the luciferase assays by transfecting PPRE for
PPARa and PPARg, respectively, into BAC cells. The
results indicate that treatment by WWL229 significantly
decreased transcriptional activity of PPARg/PPARa re-
porter (Fig. 5N), whereas it had no effect on PPARa
reporter in response to ISO (Fig. 5O, left side shows basal
levels were affected by WWL229 treatment). As the
demonstration of the Q-PCR results, PPARg target genes,
such as Glu4, Adn, and Cd36, were significantly down-
regulated by WWL229 in BAC cells (Supplementary Fig.
7). Our results thus suggest that PPARg-mediated tran-
scriptional regulation plays an important role in Ces3
function on a thermogenic program upon b-adrenergic
activation, whereas both PPARa and PPARg might play
a role without b-adrenergic stimulation.

Lipolytic and Thermogenic-Related Factors Are
Downregulated in Adipose Tissues of Adn-Cre-Ces3flx/wt

Mice
To further investigate Ces3 function in vivo, we gener-
ated a conditional knockout line by crossing the floxed
Ces3 strain (Ces3flx/flx) with the adiponectin-Cre
strain (Adn-Cre). The characterization of the double-
transgenic line (Adn-Cre-Ces3flx/wt) is shown in Supple-
mentary Fig. 8. We used the heterozygous double-trans-
genic mice to mimic the physiological condition of Ces3
downregulation and the Ces3flx/wt without Cre as the
controls. We found that the enhanced lipolysis was
significantly ameliorated in the knockout mice when
exposed to coldness at 6°C, as indicated by the reduced
glycerol production in sWAT and BAT (Fig. 6A and B).
Q-PCR analysis further indicated that Ucp1 levels were
dramatically downregulated in both sWAT and BAT (Fig.
6C and D). WB and IF results also confirmed that UCP1
protein levels were dramatically decreased in the knock-
out sWAT and BAT (Fig. 6E, F, and H). The multilocular
LD structure also disappeared in the sWAT of the knock-
out mice (Fig. 6G). Of note, we did not observe a signif-
icant difference between the knockout and control mice
at RT (data not shown). Collectively, knockout of Ces3
specifically in adipose tissue impaired the lipolytic and
thermogenic function of the mice when exposed to
coldness.

M: The OCR of differentiated BAC cells transfected with or without WWL229 analyzed by Seahorse instrument (n = 4/group). N: Bioenergetic
parameters inferred from OCR traces inM. Results were represented as mean6 SEM (n = 4/group; Student t test, *P, 0.05).O: The OCR of
differentiated BAC cells treated with scramble or Ces3 siRNA analyzed by Seahorse instrument. Before Seahorse analysis, the cells were
pretreated with ISO for 12 h (n = 5/group). P: Bioenergetic parameters inferred from OCR traces in O. Results were represented as mean 6
SEM. Before Seahorse analysis, the cells were pretreated with ISO for 12 h (n = 5/group; Student t test, *P , 0.05). FCCP, trifluoromethoxy
carbonylcyanide phenylhydrazone.
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Figure 5—Ces3 is involved in a sympathetically activated thermogenic program via activation of PPARg in vitro and in vivo. A: WB analysis
with a-UCP1, a-CIDE A, a-PGC1a, a-Ces3, a-HSL, and a–b-actin antibodies on the whole-cell lysates of BAT collected from the mice
treated with or withoutWWL229 at RT or 6°C (n = 3–5/group).B: Q-PCR analysis of functional program genes, includingUcp1,Cide C,Pparg,
and Prdm16, in BAT of themice treatedwith or withoutWWL229 at RT 6°C (n = 5–9/group; Student t test, *P, 0.05; **P, 0.01; ***P, 0.001).
C: WB analysis with a-UCP1, a-CIDE A, a-CIDE C, a-PGC1a, a-Ces3, a-HSL, and a–b-actin antibodies on the whole-cell lysates of sWAT
collected from mice treated with or without WWL229 at RT or 6°C (n = 3–5/group). D: Q-PCR analysis of browning-related genes, including
Ucp1,Cide C,Pparg, andPrdm16, in sWAT of themice treatedwith or withoutWWL229 at RT or 6°C (n = 5–6/group; Student t test, *P, 0.05;
**P , 0.01; ***P , 0.001). E: H&E staining in sWAT of the mice treated with or without WWL229 at RT (scale bar, 50 mm). F: H&E staining in
sWAT of themice treated with or withoutWWL229 at 6°C (scale bar, 50mm).G: IF staining with a-UCP1 antibody in sWAT of themice treated
with or withoutWWL229 at RT (scale bar, 10mm).H: IF stainingwith a-UCP1 antibody in sWAT of themice treatedwith or withoutWWL229 at
6°C (scale bar, 10 mm). I: Q-PCR analysis of functional program genes, including Ucp1, Cide C, Pparg, and Prdm16, in differentiated BAC
cells treated with ISO together with or without WWL229 (n = 5–6/group; Student t test, *P , 0.05; **P , 0.01). J: WB analysis with a-UCP1,
a-Ces3, a-HSL, and a–b-actin antibodies on cell lysates of the BAC cells treated with ISO together with or without WWL229. K: WB analysis
with a-UCP1, a-Ces3, and a–b-actin antibodies on cell lysates of BAC cells treated with ISO together with atglistatin or WWL229. L: WB
analysis with a-Ces3, a-UCP1, a-CIDE A, a-HSL, and a–b-actin antibodies on lysates of 3T3-L1 cells transfected with scramble or Ces3
siRNA upon ISO treatment. M: Q-PCR analysis of browning-related genes, including Ucp1 and Cide C, in differentiated 3T3-L1 cells
transfected with scramble or Ces3 siRNA upon ISO treatment (n = 3/group; Student t test, **P, 0.01; ***P, 0.001). N: Analysis of luciferase
reporter activity for PPARg plus PPARa in differentiated BAC cells treated with WWL229 together with or without ISO (n = 3/group; Student t
test, *P, 0.05; **P, 0.01).O: Analysis of luciferase reporter activity for PPARa in differentiated BAC cells treatedwithWWL229 together with
or without ISO (n = 3/group; Student t test, *P , 0.05). RLU, relative light units.
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Blockade of Ces3 by WWL229 or Genetic Knockout
Decreases the Ability of Mice to Defend Their Body
Temperature When Exposed to Coldness
To investigate the role of Ces3 inhibition on body tem-
perature, the wild-type C57BL/6 mice that were pre-
treated with or without WWL229 were exposed to
coldness at 6°C for 12 h. The results indicated that the
WWL229-treated mice exhibited a slight but significant
difference when kept at RT (Supplementary Fig. 9A and
B). However, the treated mice showed a dramatically
impaired ability to defend their body temperature when
kept at coldness (Fig. 7A and B). Similar results were shown
in the Ces3 heterozygous knockout mice (Fig. 7C and D).
Intriguingly, althouogh the impaired thermogenesis was
the major effect in the transient cold exposure assay, other
energy expenditure–related parameters, such as oxygen

consumption and carbon dioxide production, also showed
a trend of decrease upon WWL229 treatment (Supple-
mentary Fig. 9C–F). Given that UCP-1 is not expressed in
sWAT of thermoneutral conditions, we did not perform
the test under this condition. In summary, Ces3 inhibition
has a dramatic effect on a thermogenic program both
in vivo and in vitro.

Taken together, a working model is proposed based
on the results (Fig. 7E), in which cold exposure and
b-adrenergic stimulation trigger Ces3 to translocate into
LDs. On the surface of LDs, activated Ces3 digests trigly-
cerides via lipolysis. This lipolytic process might produce
unique FFAs that serve as ligands for transcriptional
factors, such as PPARs, which in turn upregulate the
expression of UCP1 in adipocytes, ultimately leading to
an enhanced thermogenic program.

Figure 5—Continued
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DISCUSSION

Adipose tissue is the major site to store and burn energy
(11). The cytosol LDs are very dynamic in response to
divergent energy demands in adipocytes (28,34,35).
In response to sympathetic activation, lipolysis is

stimulated via a b-adrenergic signaling–triggered
cAMP-PKA pathway followed by downstream events,
including phosphorylation and activation of lipases
such as ATGL, HSL, and monoacylglycerol lipase
(36–38). Different species of FFAs are the products of

Figure 5—Continued
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lipolysis that fuel the thermogenesis and energy expendi-
ture (9). BAT is the predominant organ to burn energy
(39). Stimulation of the b3-adrenergic receptor and cold
exposure induce a subset of white adipocytes to become
“beige” cells, which also accounts for increased

thermogenesis and energy expenditure (11,39). Interest-
ingly, recent studies have questioned the role of lipolysis in
the thermogenic program in BAT (24,26). In this study, we
show that under cold exposure or b3-adrenergic receptor
activation, Ces3 targets the cytosol LDs and hydrolyzes

Figure 6—Lipolytic and thermogenic-related factors are downregulated in adipose tissues of Adn-Cre-Ces3flx/wt mice.A: Glycerol level in the
sWAT of Ces3flx/wt and Adn-Cre-Ces3flx/wt mice at RT or 6°C (n = 3/group; Student t test, **P, 0.01).B: Glycerol level in the BAT of Ces3flx/wt

and Adn-Cre-Ces3flx/wt mice at RT or 6°C (n = 3/group; Student t test, **P, 0.01; ***P, 0.001).C: Q-PCR analysis ofUcp1 level in the sWAT
of Ces3flx/wt and Adn-Cre-Ces3flx/wt mice at RT or 6°C (n = 8/group; Student t test, ***P, 0.001).D: Q-PCRanalysis ofUcp1 level in the BAT of
Ces3flx/wt and Adn-Cre-Ces3flx/wt mice at RT or 6°C (n = 3–6/group; Student t test, *P , 0.05; **P , 0.01). E: WB analysis with a-Ces3,
a-UCP1, and a–b-actin antibodies on lysates of sWAT of Ces3flx/wt and Adn-Cre-Ces3flx/wt mice at RT or 6°C (n = 3/group). F: WB analysis
with a-Ces3, a-UCP1, and a–b-actin antibodies on lysates of BAT of Ces3flx/wt and Adn-Cre-Ces3flx/wt mice at RT or 6°C (n = 3/group). G:
H&E staining in sWAT of Ces3flx/wt and Adn-Cre-Ces3flx/wt mice at RT or 6°C (scale bar, 50mm).H: IF stainingwith a-UCP1 antibody and DAPI
in sWAT of Ces3flx/wt and Adn-Cre-Ces3flx/wt mice at RT or 6°C (scale bar, 10 mm).
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the LDs. As the effect, the b-oxidation and oxygen
consumption in mitochondria from both WAT and BAT
were significantly enhanced. Importantly, we found that
b-adrenergic signaling–stimulated upregulation of UCP1
was dramatically attenuated upon Ces3 inhibition. As the
result, the WWL229-pretreated or adipose tissue–specific
Ces3 knockout mice lost the ability to defend their body
temperature under coldness.

We applied WWL229 as the chemical inhibitor for Ces3.
Previous reports have demonstrated that WWL229 spe-
cifically targets and inhibits Ces3 activity without affecting
other enzymes in the family (40,41). Notably, it has also
been demonstrated to have no direct function on UCP1
(41). In our study, we confirmed the previous reports of
these results. We further demonstrated that WWL229 did
not have effects on other lipases, such as HSL and ATGL.
Moreover, it did not affect Ces3 expression on mRNA level,
suggesting its inhibitory function is via direct targeting of
Ces3 enzyme activity. Of note, even though WWL229 was
administrated systemically, its major targets were the
adipose tissues upon cold exposure. This tissue-specific
effect could be due to more dynamic lipid metabolism in
adipose tissues in response to b-adrenergic stimulation.
Importantly, all of the effects of WWL229 on adipose
tissue were confirmed in adipose tissue–specific Ces3
knockout mice.

In this study, we identified Ces3, which targets LDs in
both WAT and BAT in response to cold exposure. We
confirmed the LD localization of Ces3 in adipocytes in vitro
when triggering the b-adrenergic signaling with ISO. Pre-
viously, Ces3 was shown to predominantly locate in the ER

lumen to mobilize luminal TG for VLDL synthesis, and its
LD targeting is very minor in the adipocytes without
treatment (42–44). In this study, we reported that upon
cold exposure or b-adrenergic stimulation, Ces3 trans-
localized to LDs from ER. Interestingly, we found that
at the surface of the LDs, even though Ces3 showed
colocalization with pHSL and perilipin-1, it also formed
some unique spots on LDs without colocalizing with HSL
or perilipin-1, suggesting its distinct functions when tar-
geting LDs. Another lipase, ATGL, has been reported to
target autophagosome by interacting with LC3 in response
to b-adrenergic stimulation (33). Even though Ces3 con-
tains multiple LC3-interacting motifs, it does not physi-
cally contact LC3 and target autophagosome under
multiple stimuli. Moreover, Ces3 does not target mito-
chondria in response to different stimuli. Despite no
targeting effect, we found that Ces3 inhibition impaired
mitochondrial b-oxidation and oxygen consumption both
in vivo and in vitro. Moreover, the mitochondrial bio-
genesis was also adversely affected by the inhibition. These
effects might be caused directly by decreased levels of FFAs
due to Ces3 inhibition. Because UCP1 is located in the
inner membrane of mitochondria, we further hypothesize
that downregulation of UCP1 might further lead to ab-
normal mitochondrial structure and function.

Previously, the link between lipolysis and thermogen-
esis has been extensively studied. Results from these
studies have built a general concept that the lipolysis
process provides FFAs that fuel the thermogenesis
(9,22). However, more recent studies suggested that lipol-
ysis is not necessary for the heat generation and energy

Figure 6—Continued.
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expenditure in BAT (24,26). Of note, these studies were
carried out on the in vivo models in which the classic
lipolytic molecules were knocked out specifically in BAT
(24,26). Thus, the results achieved from these in vivo

models might not rule out the possible function of lipolysis
via unidentified nonclassical lipid hydrolases on thermo-
genesis in BAT. In our case, when treating with WWL229
or in the Ces3 knockout mice, the inhibition effect of

Figure 7—Blockade of Ces3 by WWL229 or genetic knockout decreases the ability of the mice to defend their body temperature when
exposed to coldness. A: Body temperature of the mice treated with WWL229 at 6°C. The mice were pretreated with WWL229 for 1 h before
being transferred into a 6°C room (n = 6/group; Student t test, *P, 0.05).B: Changes of body temperature inA compared with time 0 h (n = 6/
group, Student t test, *P, 0.05).C: Body temperature of Ces3flx/wt and Adn-Cre-Ces3flx/wt mice at 6°C (n = 5/group; Student t test, *P, 0.05).
D: Changes of body temperature in C compared with time 0 h (n = 5/group; Student t test, *P, 0.05). E: A proposed working model of Ces3
regulation and function on lipid metabolism in response to b-adrenergic receptor (b-AR) stimulation.
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lipolysis led to UCP1 downregulation in both WAT and
BAT. Moreover, inhibition of Ces3 in 3T3-L1 (white) and
BAC (brown) cells had similar effects on UCP1 down-
regulation. Because UCP1 is the only nonshivering ther-
mogenic molecule, our study suggested lipolysis in both
BAT and WAT by Ces3 is linked to the thermogenesis in
response to b-adrenergic stimulation. One hypothesis is
that lipolysis via Ces3 generates some unique FFAs that
serve as ligands to activate specific transcription factors,
such as PPARg, which eventually promote the upregula-
tion of UCP1 genes (refer to the working model in Fig. 7).
To support our notion, we found that PPARg transcrip-
tional activity was downregulated by WWL229 treatment
in BAC cells. Moreover, decreased UCP1 expression by
Ces3 inhibition can be rescued by a PPARg ligand named
rosiglitazone.

Previously, the adverse effects of Ces3 under the con-
ditions of dyslipidemia and steatohepatitis have been well
studied (28–30,45). In the fatty liver, activated Ces3 hydro-
lyzes lipid contents to produce excessive FFAs as well as
assembly VLDL, which in turn causes abnormal accumula-
tion of lipids in liver and other peripheral tissues (28). In
that way, blockage of Ces3 function might bring out met-
abolically beneficial effects, such as decreased circulating
lipids, improved glucose tolerance, as well as enhanced
energy expenditure (45,46). Of note, these observations
do not necessarily contradict our findings given the obvi-
ously different metabolic conditions that we investigated.
Eventually, we studied the transient activation of Ces3 in
adipose tissue in response to sympathetic activation upon
cold exposure. Under such short-term physiological stimu-
lation, higher levels of FFAs produced by enhanced lipolysis
via Ces3 in adipose tissue do not ectopically circulate to other
tissues/organs. Instead, they are used as substrates for
accelerated b-oxidation as well as serve as a critical cofactor
to activate UCP1 for thermogenesis (19,47). Indeed, we
observed an impaired energy expenditure profile when
pharmacologically or genetically blocking Ces3.

In conclusion, we have identified Ces3 as a major LD
targeting hydrolase in response to cold exposure and
b-adrenergic stimulation. Ces3 on the LDs has lipolytic
and thermogenic functions. Further studies are warranted
to investigate the PKA-mediated pathways that regulate
Ces3 translocalization onto LDs and the mechanism(s) by
which Ces3 regulates UCP1 expression in adipose tissues.
Our findings unveil a previously underappreciated aspect
of lipolytic signaling mediated by Ces3, which is particu-
larly essential for energy expenditure, thus highlighting its
therapeutic potential to treat obesity and obesity-related
metabolic dysregulation.
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