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ABHD6 suppression promotes anti-inflammatory
polarization of adipose tissue macrophages via
2-monoacylglycerol/PPAR signaling in obese
mice
P. Poursharifi 1,*, C. Schmitt 1, I. Chenier 1, Y.H. Leung 1, A.K. Oppong 1, Y. Bai 1, L.-L. Klein 1, A. Al-Mass 2,
R. Lussier 1, M. Abu-Farha 3, J. Abubaker 3, F. Al-Mulla 3, M.-L. Peyot 1, S.R.M. Madiraju 1, M. Prentki 1,**
ABSTRACT

Objective: Pro-inflammatory polarization of adipose tissue macrophages (ATMs) plays a critical role in the pathogenesis of obesity-associated
chronic inflammation. However, little is known about the role of lipids in the regulation of ATMs polarity and inflammation in response to metabolic
stress. Deletion of a/b-hydrolase domain-containing 6 (ABHD6), a monoacylglycerol (MAG) hydrolase, has been shown to protect against diet-
induced obesity and insulin resistance.
Methods: Here we investigated the immunometabolic role of macrophage ABHD6 in response to nutrient excess using whole-body ABHD6-KO
mice and human and murine macrophage cell-lines treated with KT203, a selective and potent pharmacological ABHD6 inhibitor.
Results: KO mice on high-fat diet showed lower susceptibility to systemic diet-induced inflammation. Moreover, in the setting of overnutrition,
stromal vascular cells from gonadal fat of KO vs. control mice contained lower number of M1 macrophages and exhibited enhanced levels of
metabolically activated macrophages (MMe) and M2 markers, oxygen consumption, and interleukin-6 (IL-6) release. Likewise, under in
vitro nutri-stress condition, inhibition of ABHD6 in MMe-polarized macrophages attenuated the expression and release of pro-inflammatory
cytokines and M1 markers and induced the upregulation of lipid metabolism genes. ABHD6-inhibited MMe macrophages showed elevated levels
of peroxisome proliferator-activated receptors (PPARs) and 2-MAG species. Notably, among different MAG species, only 2-MAG treatment led to
increased levels of PPAR target genes in MMe macrophages.
Conclusions: Collectively, our findings identify ABHD6 as a key component of pro-inflammatory macrophage activation in response to excess
nutrition and implicate an endogenous macrophage lipolysis/ABHD6/2-MAG/PPARs cascade, as a lipid signaling and immunometabolic pathway,
which favors the anti-inflammatory polarization of ATMs in obesity.

� 2023 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Macrophages are a heterogeneous group of innate immune cells with
essential roles in metabolism, host defense, and tissue and organismal
homeostasis [1]. An imbalance in macrophage polarization occurs in
both acute and chronic inflammatory settings, such as infection and
metabolic stress [2]. Bacterial endotoxin lipopolysaccharide (LPS) or
interferon-g (IFN-g) induce the classical activation of macrophages
(M1-type), which is characterized by the overproduction of pro-
inflammatory cytokines that can harm the host tissues. Conversely,
interleukin-4 (IL-4) promotes alternative (M2-type) macrophage
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polarization with the mission to resolve inflammation and to maintain
tissue and nutrient homeostasis [3,4].
Chronic low-grade inflammation in metabolic tissues, such as white
adipose tissue (WAT), results in immunometabolic imbalance, which
leads to insulin resistance and obesity-related complications [5e8].
The increased number of AT macrophages (ATMs) in obesity has been
conventionally attributed to a simplistic pathologic switch of anti-
inflammatory (M2-like) to pro-inflammatory (M1-like) ATMs [9].
Currently, the M1-/M2-like paradigm in AT inflammation is evolving as
a result of the identification of new ATM subpopulations [10e12]. In
fact, it has been shown recently that obesity reprograms ATMs to a
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pro-inflammatory metabolically activated state (MMe), which is
mechanistically, functionally and transcriptionally distinct from the M1-
or M2-like phenotypes [13]. To complicate things further, it has been
proposed that the MMe possess a unique pleiotropic phenotype in AT
health, which fluctuates between being beneficial (clearing dead adi-
pocytes) and detrimental (secreting pro-inflammatory cytokines)
depending on the duration of high-fat feeding [14]. Importantly, MMe
macrophages have been implicated in nutri-stress conditions in vitro
[13], as well as in vivo, in obesogenic ATMs from mice and human
WAT [13,14] and in mammary AT promoting tumorigenesis during
obesity [15]. Despite these advances in our understanding of the di-
versity and functions of ATMs, the underlying molecular pathways
regulating the relationship between the metabolic phenotype and in-
flammatory properties of ATMs are still poorly understood.
Macrophages are equipped with complex mechanisms to efficiently
uptake, store, breakdown, oxidize and liberate lipids [16]. In fact, the
earlier view in which pro-inflammatory macrophages solely rely on
glucose, but not lipid metabolism, is currently being reexamined [17]. A
consensus is yet to be found, but a number of studies have highlighted
the importance of exogenous and endogenous lipids in the polarization
and function of pro-inflammatory macrophages [18e21]. Accordingly, it
is currently appreciated that modulating macrophage lipid metabolism is
an effective strategy to tackle inflammation [17].
Previous studies have highlighted the importance of monoacylglycerol
(MAG), which can be hydrolyzed by monoacylglycerol lipase (MAGL), a/
b-hydrolase domain-containing 6 (ABHD6) and ABHD12, as a signaling
competent lipid [22]. ABHD6, which was first identified in the brain [23],
is a ubiquitously expressed lipase [22] and its biochemical and physio-
logical functions in different tissues are only being revealed recently.
Using global and tissue-specific ABHD6 knockout (KO) models, our group
has studied the metabolic and signaling roles of ABHD6 and its substrate
MAG in pancreatic insulin secretion [24,25], AT browning and obesity
[26] and cold-induced thermogenesis [27]. The beneficial effects of
ABHD6 suppression have been attributed to theMAG signaling through its
cellular targets, such as mammalian Unc13-1, cannabinoid receptors,
GPR119 and peroxisome proliferator-activated receptors (PPARs) [22].
Several initial studies have demonstrated that pharmacological blockade
of ABHD6 results in elevated levels of the endocannabinoid 2-
arachidonylglycerol (2-AG), which exerts anti-inflammatory effects in
LPS-stressed macrophages with potential therapeutic implications in the
context of neuroinflammation [28e31]. Nevertheless, these observations
are yet to be confirmed in vivo with transgenic animal models to avoid
potential off-target effects of ABHD6 inhibitors [32,33]. Besides, all of
these studies have investigated the inflammation regulatory role of
ABHD6 and 2-AG solely in response to the classical stimulus LPS and/or
other infectious agents, but not under metabolic nutrient-excess stress
(nutri-stress) [34], without microbial inflammation.
Here we combine pharmacological and genetic approaches to inves-
tigate the inflammation regulatory roles of ABHD6 during nutri-stress
condition. The results identify ABHD6 as a positive modulator of pro-
inflammatory macrophage activation and implicate a lipolysis/
ABHD6/2-MAG/PPARs cascade, possibly in conjunction with NADPH-
oxidase-2 (NOX2)/interleukin-6 (IL-6)/signal transducer and activator
of transcription 3 (STAT3)/arginase 1 (Arg1) signaling, as an important
immunometabolic pathway, which favors the anti-inflammatory po-
larization of ATMs in obesity.

2. MATERIALS AND METHODS

Study models and chemical/biological materials are summarized in
Supplemental Table 1.
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2.1. Animal studies
Mice were maintained in the local animal facility at a 12 h light/dark
cycle with free access to food and water. Whole-body ABHD6-KO
(KO) mice on pure C57BL/6N genetic background were generated
as described previously [24]. There are sex-associated differences in
the pattern of obesity-induced inflammation in humans, where
excessive production of pro-inflammatory mediators is more promi-
nent in men, while women exhibit reduced levels of the anti-
inflammatory adipokine adiponectin [37]. Several preclinical studies
in rodents have shown that females are protected against HFD-
induced inflammation [38e41] and therefore here we employed
male mice. At weaning, KO and WT mice were housed individually
and were placed on a 60% high-fat diet (HFD; Research Diet
#D12492) for 17 weeks. Body weight and food intake were measured
weekly. All the procedures for mouse studies were performed in
accordance with the Institutional Committee for the Protection of
Animals at the Université de Montréal Hospital Research Center
(CRCHUM).

2.2. Cells/macrophages
All cell cultures were incubated at 37 �C, with 5% CO2 in a humidified
atmosphere.
RAW264.7 and J774 cells were cultured in Dulbecco’s modified Ea-
gle’s medium (DMEM) and Roswell Park Memorial Institute 1640
(RPMI-1640), respectively. Cell culture media were supplemented with
10% (v/v) fetal bovine serum (FBS) and antibiotics. Cells were
passaged when they became 70%e80% confluent and media was
changed every 2e3 days.
The human monocytic cell line (THP-1) was grown in RPMI-1640,
supplemented with 10% (v/v) fetal bovine serum (FBS), 10 mM
HEPES, 1 mM sodium pyruvate/0.05 mM 2-mercaptoethanol and
antibiotics. Cells were then treated with phorbol-12-myristate 13-
acetate (PMA) (100 ng/mL) for 48 h to allow differentiation. The
adherent macrophages were used for experiments after 24 h. Differ-
entiation was ascertained by assessing the mRNA expression of the
macrophage marker CD68 (data not shown).
Peritoneal macrophages (PMs) were isolated from WT and KO male
mice as described [35]. In brief, PMs were obtained by peritoneal
lavage and plated in the presence of DMEM medium supplemented
with 10% (v/v) FBS and antibiotics.
At the end of the HFD protocol, stromal vascular fraction (SVF) cells
were isolated from visceral perigonadal white adipose tissue (gWAT),
subcutaneous inguinal WAT (iWAT) and interscapular brown
AT (iBAT). Concisely, harvested fat pads were minced, washed,
and then digested in collagenase type II (1 mg/mL in Krebs Ringer
Buffer Hepes (KRBH) supplemented with 2% fatty acidefree BSA)
for 30 min at 37 �C. Floating mature adipocytes were collected for
gene expression, TG and protein assessments and lipolysis. The SVF
pellet was washed, depleted of red blood cells, filtered and
re-suspended in various buffers or media, depending on the sub-
sequent analysis.
2.3. Polarization of macrophages
For MMe polarization, M0 (non-activated/untreated) macrophages
were treated with glucose (30 mM), insulin (10 nM) and palmitate
(0.4 mM) for 24 h [13]. The ABHD6 inhibitor (KT203 (10 mM)) was
added 1 h before the polarization treatments. Activated macrophages,
along with the untreated cells (M0), were then subjected to analysis by
qRT-PCR, immunoblotting, cytokine/lactate release, migration assay,
TG content, MAG species analysis, etc.
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2.4. Cytokine release
MMe-polarized macrophages and SVF cells were cultured for 24 h. The
cell culture supernatants were collected, centrifuged and the con-
centrations of IL-6, MCP1 and TNFa were determined by using
available commercial kits (Supplemental Table 1), following the
manufacturer’s instructions. Adherent cells were then washed and
collected for protein measurement and normalization.

2.5. Seahorse bioenergetic measurements
Real-time oxygen consumption rate (OCR) measurements in SVF cells
were made with a XF24 Analyzer (Seahorse Bioscience) as previously
described [18] with slight modifications. In brief, freshly isolated SVF
cells were plated into each well of Seahorse cell culture plates and
allowed adherence for at least 2 h before treatment. For assessing the
respiratory capacity, cells were subjected to pre-incubation at 37 �C
for a minimum of 30 min in the absence of CO2. The Seahorse assay
buffer was supplemented with 25 mM glucose, 2 mM glutamine, 1 mM
sodium pyruvate and 0.5% free-fatty acid BSA. After three basal OCR
measurements, compounds (1.5 mM Oligomycin; 5 mM fluoro-carbonyl
cyanide phenylhydrazone (FCCP); 2 mM Antimycin A and 1 mM Rote-
none) were sequentially injected into the plate. Basal respiration was
calculated by subtracting the average of the post-Antimycin A and
Rotenone measurements from the average of the first three
measurements.

2.6. Lipolysis
Lipolysis was assessed as described previously [27].

2.7. TG content
Tissues were homogenized in ice-cold lysis buffer (20 mM Tris-HCl, pH
7.2, containing 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% (v/v)
Triton X-100, 0.1% SDS) and then assayed for TG using available
commercial colorimetric kit (Supplemental Table 1). TG values were
normalized by protein content.
Freshly isolated mature adipocytes were carefully collected and equal
amount of packed adipocytes were aliquoted into two tubes. One tube
proceeded to lipid extraction and TG assessment and the other aliquot
was used for protein measurement. TG values were normalized by
protein content.

2.8. Lipidomics
Analysis of different species of 1- and 2-MAG was done as described
previously [26,27].

2.9. Immunoblotting
Proteins were extracted using ice-cold lysis buffer (20 mM Tris-HCl, pH
7.2, containing 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% (v/v)
Triton X-100, 0.1% SDS, and protease inhibitors). After protein
quantification, 25e40 mg protein was used for western blot analysis.
Antibodies are listed in Supplemental Table 1.

2.10. Flow cytometry
Flow cytometry analyses of macrophage subtypes using freshly iso-
lated SVF cells were performed as described [36] with minor modifi-
cations. Dead cells were labeled using LIVE/DEAD� Fixable Aqua
Dead Cell Stain Kit. Fluorophore-coupled primary antibodies and di-
lutions are listed in Supplementary Table 1. For analysis of flow
cytometry data, after elimination of cell aggregates and dead cells,
viable cells were gated for adipose tissue leukocytes (CD45þ cells).
Subsequently, CD45þCD11bþF4/80þ cells were defined as ATMs. As
recommended [36], to minimize contamination with other cell types
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only F4/80hi population was selected for assessment of surface
expression of CD11c (M1 marker) and CD301 (M2 marker). Analysis
was performed using a BD Fortessa flow cytometer equipped with
FACSDiva software. Quantification was done using FlowJo v10.7
software. Compensation was performed using single stain and
fluorescence-minus-one controls, as well as compensation beads.

2.11. Cytokine proteome profiler array
Plasma samples were run in duplicates with a MILLIPLEX MAP Mouse
Cytokine/Chemokine kit according to the manufacturer’s instructions.
The kit simultaneously quantified multiple cytokines and chemokines
with Bead-based Multiplex assays using the Luminex technology.

2.12. Tissue histology and analysis
Freshly dissected gWAT, iWAT and iBAT were fixed in 10% para-
formaldehyde in PBS, dehydrated, embedded in paraffin and
sectioned. Sections were stained with hematoxylin and eosin (H&E).
Images were processed for cell size and number as previously detailed
[27].

2.13. RNA isolation and analysis
Total RNA was isolated from tissues and cells using the RNeasy Mini
Kit according to the manufacturer’s instructions (Qiagen). Following
reverse-transcription of 2 mg RNA to cDNA, gene expression was
determined by qPCR using SYBR Green. All gene expression analyses
were run in duplicate and normalized to either 18s or Gapdh. Primer
sequences are listed in the Supplemental Table 2.

2.14. Statistical analysis
Graphs were plotted and data were analyzed by GraphPad Prism 9.4.1.
Results are expressed as means � SEM. Normal distribution of the
data was tested with the Gaussian distribution test. Statistical differ-
ences between 2 groups were assessed by unpaired 2-tailed Student’s
t test when data were normally distributed. The Mann Whitney test was
used for nonparametric data. For statistical analysis among multiple
groups, 1-way or 2-way ANOVAs were used, as indicated. A P value of
less than 0.05 was considered statistically significant.

3. RESULTS

3.1. Pan-deletion of ABHD6 limits high-fat diet-induced systemic
inflammation
In the present study, we determined whether ABHD6 suppression
protects against diet-induced chronic inflammation, in addition to the
previously recognized beneficial effects of global ABHD6 deletion
against obesity, glucose intolerance, insulin resistance and hyper-
insulinemia [26]. Whole body ABHD6-KO and WT mice were exposed
to a high-fat diet (HFD) regimen (60% calories from fat) for 17 weeks,
starting after weaning. Consistent with our previous study [26], at the
end of HFD protocol, ABHD6-KO gained w12% less body weight than
WT mice (p ¼ 0.01; data not shown).
Cytokine proteome profiler array revealed lower levels of pro-
inflammatory chemokines/cytokines (CXCL1 and IL1a), and upregu-
lation of VEGF in the plasma of HFD-fed ABHD6-KO versus WT mice
(Figure 1A). Trends of changes (p ¼ 0.1) towards increased IL-6 and
decreased CXCL5 and CXCL10 were also noticed. Large hypertrophic
adipocytes (>70 mm in diameter) in obesity are metabolically
dysfunctional and less responsive. These cells are associated with
insulin resistance and inflammation-related pathological conditions,
unlike the smaller adipocytes [42]. Fat pads from HFD fed ABHD6-KO
mice, compared to WT mice, contained smaller adipocytes
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Figure 1: Pan-deletion of ABHD6 limits high-fat diet-induced systemic inflammation. At weaning, male KO and WT mice were housed individually and were placed on a 60%
high-fat diet for 17 weeks. (A) Plasma cytokine and chemokine array. (BeG) The mRNA levels of pro-/anti-inflammatory and/or fibrosis/hypoxia markers. Minimum 7 mice/group.
Student’s t test; *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 2: Pan-deletion of ABHD6 limits high-fat diet-induced inflammation in the visceral and brown fat and decreased the number of M1-like ATMs. At the end of the
HFD regimen, stromal vascular fraction (SVF) cells were isolated from fat depots and were subjected to flow cytometry or RNA isolation procedures. (A and B) Representative plots
and quantification of flow cytometry for M1 (F4/80hiCD11cþCD301� cells) and M2 (F4/80hiCD11c�CD301þ cells) adipose tissue macrophages (ATMs, CD45þCD11bþF4/80þ cells)
in fat depots, and M1-like/M2-like ratio (n ¼ 6, each group). (C and D) The mRNA levels of M1, MMe and M2 markers. Minimum 6 mice/group. (A and B) Mann Whitney test; (C
and D) Student’s t test; *p < 0.05, **p < 0.01, ***p < 0.001.
(Figure S1a) with lower mRNA levels of pro-inflammatory, fibrosis and
hypoxia markers (Figure 1BeD). The anti-inflammatory marker Arg1
was significantly elevated in the gonadal fat (gWAT) of ABHD6-KO vs
WT mice (Figure 1B). Mcp1 mRNA expression was reduced in the liver
(Figure 1E) and spleen (Figure 1F) of the ABHD6-KO mice, but only a
trend of reduction was noticed in the heart (Figure 1G).
Chronic nutri-stress causes dysregulation of systemic lipid meta-
bolism, which leads to ectopic fat accumulation and a vicious cycle of
deteriorated immuno-metabolic regulation [43]. Under HFD, ABHD6-
KO mice compared to the WT, showed lower accumulation of
MOLECULAR METABOLISM 78 (2023) 101822 � 2023 The Authors. Published by Elsevier GmbH. This is an open a
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triglyceride (TG) in the liver and spleen (Figure. S1b). Accordingly, the
weights of liver, spleen and heart were lower in HFD-fed ABHD6-KO
versus WT mice (Figure S1c). Besides, significant decrease in TG
content was observed in the isolated mature adipocytes from KO iBAT
versus WT, but not in iWAT and gWAT depots (Figure S1d).
Obesity and associated insulin resistance/inflammation upregulate
basal lipolysis, yet suppress adrenergic receptor signaling in white
adipocytes [44,45]. To further examine if ABHD6 deletion, in addition to
exerting anti-inflammatory effects, also influences lipolysis in adipo-
cytes, isolated mature adipocytes from HFD-fed mice were treated
ccess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 5
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with b-adrenergic receptor agonist isoproterenol (ISO). No differences
were observed between groups in basal lipolysis of white adipocytes,
but ISO-stimulated release of glycerol and non-esterified fatty acids
(NEFA) were significantly higher in the ABHD6-KO gWAT adipocytes
versus control (Figure S1e). Also, ABHD6-KO adipocytes from inguinal
fat (iWAT) exhibited elevated ISO-stimulated NEFA release, compared
to the WT (Figure S1f). In addition, ABHD6-KO brown adipocytes
showed increased basal glycerol and NEFA release compared to the
WT (Figure S1g), consistent with their decreased TG content
(Figure S1d). Thus, ABHD6 deletion prevents the HFD-induced dys-
regulation of lipid metabolism and lipolysis in WAT, which may likely
play a role in curtailing HFD-induced systemic inflammation.

3.2. Pan-deletion of ABHD6 limits high-fat diet-induced
inflammation in the visceral and brown fat and decreases the
number of M1-like ATMs
In obesity macrophages are the most abundant innate immune cells
that infiltrate and accumulate in AT and contribute to a state of low-
grade chronic inflammation and impaired metabolism [46]. To
further investigate the involvement of ABHD6 in the regulation of diet-
induced AT inflammation, we analyzed the macrophage content/sub-
sets in the stromal vascular fraction (SVF) from HFD-fed ABHD6-KO
and WT mice by flow cytometry using CD45, F4/80, CD11b, CD11c
and CD301 markers [18,36] (see Figure S2a for gating strategy). Flow
cytometry analysis showed comparable number of CD45þ cells in the
gWAT and iWAT, but significantly less CD45þ cells in the interscapular
brown AT (iBAT) SVF from KO vs WT mice (Figure S2b). There was no
difference in the distribution of CD45þF4/80þCD11bþ cells (ATMs)
between KO and WT in all fat depots, with an expected higher pro-
portion of ATMs within SVF cells in gWAT (w45%), compared to the
iWAT (w22%) and iBAT (w20%) (Figure S2c). Within the F4/
80hiCD11bþ ATM population, we identified a significant decrease in
the percentage of CD11cþCD301- cells (M1-like ATMs) in both gWAT
(Figure 2A) and iBAT (Figure 2B), thus causing a marked decline in the
M1/M2 ratio (Figure 2A,B). Further, the percentage of CD11c�CD301þ

cells (M2-like ATMs) was higher in the iBAT from ABHD6-KO mice
compared to WT (Figure 2B). No significant changes were found in the
M1-and M2-like ATMs within the iWAT depot of KO versus WT mice
(Figure S2d).
Transcriptional analysis using isolated SVF cells yielded results
consistent with those of the flow cytometry. Thus, M1-like marker,
Cd11c, was drastically downregulated, while ‘metabolically activated’
(MMe) (Plin2, Fabp4, Cd36 [13]) and M2 (Arg1) markers were all
upregulated in the gWAT SVF from ABHD6-KO vs WT mice (Figure 2C).
Compared to the WT, iBAT SVF from ABHD6-KO mice also showed a
marked decrease in Cd11c expression and a significant upregulation of
Cd11b, with no changes in MMe markers (Figure 2D). Recently,
another subpopulation of ATMs, triggering receptor expressed on
myeloid cells 2 (Trem2)þ lipid-associated macrophages (LAM), have
been implicated in the obesity-related complications [47]. To study the
possible role of ABHD6 in regulating LAM macrophages in obesity, we
have assessed the mRNA expression of Trem2 in the ATs and SVF cells
from HFD-fed KO versus WT mice. Based on our data, Trem2 was
highly expressed in the gWAT compared to the iWAT and iBAT depots
(in the ATs (Figure S2e) and the corresponding SVF cells (Figure S2f)).
The results shown that Trem2 is downregulated in the BAT of ABHD6-
KO mice, yet no differences were found in the WATs (Figure S2e).
Further, as illustrated in Figure S2f, Trem2 levels were comparable
between KO and WT SVF cells. Therefore, the observed decrease in
Trem2 expression in the BAT (Figure S2e) could be due to its
expression in adipocytes or other cells, rather than macrophages.
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Overall, while the anti-inflammatory effects of ABHD6 deletion
observed in gWAT SVF were largely mirrored in the brown fat SVF, the
changes in the gonadal depot were more prominent. This prompted us
to compare gWAT vs. iWAT vs. iBAT Abhd6 mRNA levels using whole
AT lysates and SVF cells. In the HFD-fed mice, although iBAT,
compared to the gWAT and iWAT, harbors more Abhd6 level, the
expression of Abhd6 in SVF is significantly higher in the gWAT and
iWAT (Figure S2g). Hence, there are depot-specific differences in the
immunometabolic profile of ABHD6-KO ATMs across fat depots, with
more favorable changes in the gWAT SVF/ATMs, which normally have
higher Abhd6 expression. Further, despite the high expression of
Abhd6 in the iWAT SVF, there were no substantial changes in the
inflammation of iWAT depot comparing KO and WT, which may sug-
gest other roles, rather than inflammation, for ABHD6 in this depot.

3.3. ABHD6 contributes to MAG lipolysis in gWAT and iBAT SVF
cells during obesity
To study the role of ABHD6 in ATM metabolism in the context of
obesity, we measured oxygen consumption rate (OCR) and lactate
release, as well as TG content and lipolysis of freshly isolated SVF cells
of HFD-fed WT and ABHD6-KO mice. We found significantly higher
basal OCR in the gWAT-SVF cells from ABHD6-KO versus WT mice,
though no differences were found in lactate release or TG content
(Figure 3 a-c). Although the expression of lipolytic enzymes (Atgl, Hsl
and Mgll) in gWAT-SVF was unchanged (Figure 3D), ABHD6-KO SVF
cells released less glycerol and FFA compared to WT (Figure 3E), which
indicates a contribution of ABHD6 to MAG hydrolysis, besides that of
MAGL.
Unfortunately we were not able to measure OCR in iBAT-SVF cells,
probably due to the low yield/cell density, and also remarkably distinct
cell populations of iBAT compared to the WAT SVF [48]. Lactate release
from iBAT SVF, regardless of glucose concentration, was not signifi-
cantly changed between the two groups (Figure 3F). Notably, ABHD6-
deficient iBAT-SVF exhibited lower TG content, compared to the WT
(Figure 3G). Similar to gWAT-SVF, KO iBAT-SVF exhibited significantly
reduced glycerol and NEFA release (Figure 3H), yet no changes were
observed in the mRNA levels of lipolytic enzymes (Figure 3I). There
were no differences between KO and WT iWAT-SVF either in TG
content or in glycerol/NEFA release (Figure 3a and b).
Together, these data demonstrate that ABHD6 contributes to MAG
lipolysis in HFD visceral and brown fat SVF cells and its deletion in
gWAT-SVF reprograms macrophage metabolism to adopt high basal
respiratory capacity, without alterations in glucose metabolism,
correlated with their anti-inflammatory properties [49].

3.4. ABHD6 suppression or inhibition in MMe macrophages
upregulates lipid metabolism genes and reduces pro-inflammatory
markers
As SVF contains a variety of cell types, to better investigate the
immunometabolic state of ABHD6-suppressed macrophages during
nutri-stress, we used murine and human monocyte/macrophage cell
lines. To generate diet-induced inflammation in vitro, macrophage cell-
lines were polarized into MMe state [13]. Continuous exposure to free
fatty acids (FFA) drives MMe phenotype polarization by two indepen-
dent pathways: FFA/toll-like receptors (TLRs), which drive pro-
inflammatory cytokine production, and FFA/PPARg and the
autophagy-associated protein p62, which induce lipid metabolism
pathways [13]. Notably, M2 markers are suppressed or not expressed
in MMe macrophages in vitro [13]. Likewise, in our experimental
setting, polarization of RAW 264.7 and THP1 macrophages into MMe
by incubation with palmitate/glucose/insulin induced the upregulation
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 3: ABHD6 contributes to MAG lipolysis in gWAT and iBAT SVF cells during obesity. At the end of the HFD regimen, stromal vascular fraction (SVF) cells were isolated
from fat depots and were used in various experiments. (A) Basal oxygen consumption rate (OCR) level. (B and F) Lactate release. (C and G) TG content. (D and I) The mRNA
expression of lipolytic enzymes. (E and H) Glycerol and NEFA release. 4e10 mice/group. Student’s t test; *p < 0.05, **p < 0.01, ***p < 0.001.
of both lipid metabolism and pro-inflammatory associated genes
(Figure 4a and b), yet as reported before [13], M2 markers were
expressed at very low levels (data not shown).
To inhibit ABHD6 activity, MMe macrophages were treated with KT203
(IC50, 0.82 nM [50]), which is a much more selective and potent
pharmacological ABHD6 inhibitor than the previously used WWL70
(IC50, 55 nM [32]) [28]. In fact, the near complete inhibitory effect of
KT203 against ABHD6 has been reported earlier in vitro using Neuro2A
cells and in vivo in mice [50]. Inhibition of ABHD6 in MMe-polarized
murine macrophage cell line, RAW 264.7, led to lower intracellular
lipid accumulation (Figure 4A,B), less release (Figure 4C) and
expression (Figure 4D) of pro-inflammatory TNFa and MCP1 cytokines,
yet significantly higher levels of lipid metabolism related genes (Plin2,
Fabp4, Cd36 and Cpt1a), compared to vehicle treated cells (Figure 4D).
Compatible with their pro-inflammatory properties, MMe macrophages
released more lactate compared to the unstimulated macrophages
(M0); however, KT203 had no effect on lactate release by MMe cells
(Figure S4c). Moreover, inhibition of ABHD6 with KT203 in human
macrophages (THP1) (Figure 4E) and deletion of ABHD6 (KO) in primary
mouse peritoneal macrophages (Figure 4F) resulted in the down-
regulation of pro-inflammatory markers and upregulation of genes
associated with lipid metabolism. Next, we have assessed if the
MOLECULAR METABOLISM 78 (2023) 101822 � 2023 The Authors. Published by Elsevier GmbH. This is an open a
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expression of Trem2 (LAM marker [47]) is altered with ABHD6 inhi-
bition in MMe-polarized RAW 264.7 macrophages in vitro. As shown in
Figure S4d, Trem2 expression was higher in MMe compared to the M0
macrophages; yet, ABHD6 inhibition had no effect on Trem2 mRNA
level in the MMe macrophages. Finally, mRNA expression of Gapdh
(used as a reference gene for the cell-lines) (Figure S4e) revealed
stable levels among KT203-treated and untreated M0 and MMe RAW
264.7 cells.
Collectively, our in vitro and ex vivo data suggest that inhibition or
deletion of ABHD6 in MMe macrophages limits pro-inflammatory
pathways and promotes more anti-inflammatory phenotype charac-
terized by enhanced lipid metabolism [13,49].

3.5. ABHD6 inhibition promotes 2-MAG/PPARg and a signaling in
macrophages
We investigated the mechanism by which ABHD6 suppression allevi-
ates the inflammatory responses in macrophages. In order to assess
whether MAG-mediated signaling is involved, we first treated MMe
macrophages, derived from RAW264.7 cells, with exogenous MAG
species (1-oleoylglycerol (1-OG), 2-OG and 2-AG), as well as agonists
of PPARa (WY-14643 (WY)) and PPARg (pioglitazone (Pio)). Conse-
quently, the levels of inflammatory cytokines, MMe and LAM markers,
ccess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 7
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Figure 4: ABHD6 suppression or inhibition in MMe macrophages upregulates lipid metabolism genes and reduces pro-inflammatory markers. The M0 macrophages
were polarized into MMe phenotype by treatment with glucose (30 mM) and insulin (10 nM) and palmitate (0.4 mM) for 24 h. ABHD6 inhibitor KT203 (10 mM) was added 1 h before
the polarization treatments. (A and B) Representative images and quantity of oil red O staining. Scale bar: 100 um. (C) Cytokine release. (DeF) The mRNA levels of lipid
metabolism and inflammatory genes. Minimum 6 mice/group. (B) One-way ANOVA and Tukey’s post hoc test; (C) Mann Whitney test; (DeF) Student’s t test; *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001; ##p < 0.01.

Original Article
and PPAR target genes were examined in these conditions. Treatment
of cells with 2-OG significantly reduced Tnfa expression, yet elevated
the expression of MMe marker Plin2, a PPARg target gene [13] and
Cpt1a, a PPARa target gene [51], comparable with the effects of WY
and Pio (Figure 5A).
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Further, there was no significant changes in Trem2 expression when
MMe macrophages were stimulated with MAGs or PPAR agonists
(Figure S5a). We next analyzed the different MAG species in the MMe
macrophages with or without treatment with the ABHD6 inhibitor,
KT203. As shown in Figure 5B, levels of different 1-MAG species were
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 5: ABHD6 inhibition promotes 2MAG/PPARg and a signaling in macrophages. The RAW264.7 macrophages (M0) were polarized into MMe phenotype by treatment
with glucose (30 mM) and insulin (10 nM) and palmitate (0.4 mM) for 24 h. Exogenous MAGs or ABHD6 inhibitor KT203 (10 mM) were added 1 h before the polarization treatments.
(A) Macrophages were treated with 10 mM MAG species (1-oleoylglycerol (1-OG), 2-OG and 2-Arachidonoylglycerol (2-AG)), as well as 50 mM PPARa (WY-14643 (WY)) or PPARg
(pioglitazone (Pio)) agonists for 24 h. The mRNA expressions of pro-inflammatory marker Tnfa, MMe marker Plin2 (PPARg target gene), and Cpt1a (PPARa target gene) were
measured. (B) Analysis of 1-MAG, 2-MAG and total MAG species. (CeE) The mRNA and protein levels of PPARs. (F) Nox2 mRNA level. (G) IL-6 release. (H) The mRNA levels of IL-6
signaling pathway components. (I) Western blot analysis of p-STAT3. (A) One-way ANOVA and Tukey’s post hoc test; (BeI) Student’s t test; *p < 0.05, **p < 0.01,
****p < 0.0001.
unchanged by ABHD6 inhibition, but a significant augmentation in 2-
MAG species (C16:0, C18:0, and C18:1) was observed in the
KT203-treated versus control cells (Figure 5B). We have previously
shown that 2-MAG [27], as well as 1-MAG [26], can activate PPARs.
MOLECULAR METABOLISM 78 (2023) 101822 � 2023 The Authors. Published by Elsevier GmbH. This is an open a
www.molecularmetabolism.com
Accordingly, we found elevated mRNA expression of Ppara and Pparg
in ABHD6-inhibited MMe human macrophage (THP1) cell-line
(Figure 5C), gWAT-derived SVF from HFD-fed ABHD6-KO mice
(Figure 5D). Enhanced protein expression of PPARg was also observed
ccess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 9
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in KT203-treated murine and human macrophage cell-lines
(Figure 5E), as compared to the corresponding controls.
Next, we aimed to evaluate the mechanistic link between 2-MAG/
PPARs and enhanced anti-inflammatory M2 marker Arg1 expression in
the gonadal SVF of HFD-fed ABHD6-KO mice (Figure 2C). PPARa has
been reported to be essential for NOX-induced oxidative stress in
human and mouse macrophages [52]. Accordingly, as shown in
Figure 5F, mRNA expression of Nox2 was marginally, but significantly,
enhanced in the gWAT SVF cells of HFD-fed ABHD6-KO mice,
compared to the WT. Additionally, it was reported that MMe polarized
ATMs from obese mice generate IL-6 in a NOX2-dependent manner
[15]. Interestingly, we noticed that ABHD6-KO gWAT SVF cells
exhibited a striking increase in IL-6 release ex vivo, compared to WT
(Figure 5G; p < 0.0001). It is noteworthy that IL-6 is a pleiotropic
cytokine that displays pro-inflammatory properties when mediating its
effects through the trans-signaling pathway via the proteolytic cleav-
age of IL-6Ra by ADAM10 and ADAM17, and exerts anti-inflammatory
effects through a classic signaling pathway [53]. Based on our results,
the increased secretion of IL-6 from ABHD6-KO gWAT SVF appeared to
elicit anti-inflammatory properties through the classic signaling
pathway, as it was associated with decreased levels of Adam10 and
Adam17 (Figure 5H). Because STAT3 activity was previously linked to
IL-6 signaling and Arg1 expression in LPS-induced macrophages [54],
we tested whether similar pathway is activated in ABHD6-deleted
ATMs during obesity. In fact, we found increased STAT3 phosphory-
lation in gWAT SVF cells from ABHD6- KO mice versus WT (Figure 5I),
highlighting a possible role of autocrine IL-6/STAT3 signaling in the
anti-inflammatory effects of ABHD6 suppression.
Furthermore, iBAT-SVF from KO vs. WT also demonstrated enhanced
expression of PPARs (Figure S5b), marginally increased IL-6 secretion
(Figure S5d), and decreased Adam10 and Adam17 levels (Figure S5e),
but without changes in Nox2 (Figure S5c), and as shown earlier, no
difference in Arg1 mRNA expression (Figure 2D). Finally, the negligible
phenotype observed in the KO inguinal depot was consistent with lack
of alterations in PPARs levels and IL-6 release from iWAT-SVF
(Figure 5f and g). Overall, our data support the involvement of a
novel immunometabolic pathway 2-MAG/PPARs-NOX2/IL-6/STAT3/
Arg1, which favors the anti-inflammatory state of gWAT-SVF in obesity.

4. DISCUSSION

The current in vitro and in vivo studies demonstrate that ABHD6 plays a
pro-inflammatory role under metabolic nutri-stress conditions. Be-
sides, our data show that global deletion of ABHD6 curtails the adipose
and systemic pro-inflammatory responses to high-fat feeding. This led
us to uncover an endogenous macrophage lipolysis/ABHD6/2-MAG/
PPAR axis that acts as an immunometabolic network and favors anti-
inflammatory polarization of gWAT ATMs in obesity.
Here we have studied the link between ABHD6 and chronic inflam-
mation in the context of obesity. To our knowledge, this is the first
report showing the favorable effect of lipolytic-derived 2-MAG species
in ATM reprogramming to harbor enhanced lipid metabolism and
decreased pro-inflammatory features in obesity. In contrast to the pro-
inflammatory roles of fat resident macrophages, it is now accepted that
during obesity certain subsets of ATMs maintain AT health and pro-
mote adipocyte turnover by taking-up excess FFAs and clearing the
dead fat cells [14,55,56]. Thus, the lipid metabolism components,
which were highly increased in ABHD6-inhibited/deleted MMe mac-
rophages/gWAT SVF, may enable these cells to appropriately buffer
their environment from excessive lipids while maintaining cell health.
In fact, the observed reduced lipid (TG) content of ABHD6-suppressed
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MMe and ABHD6-KO iBAT-SVF, in parallel with enhanced lipolytic
activity of the KO mature adipocytes, suggests a high rate of lipid
metabolism in ABHD6-suppressed ATM/MMe. Noteworthy, enhanced
ATM lipophagy, independent of their inflammatory phenotype, has
been associated with lower ATM lipid content and increased AT
lipolysis [57,58]. The possible involvement and impact of autophagy/
lipophagy processes in ABHD6-deleted ATM requires further studies.
What is the evidence for the role of a macrophage lipolysis/2-MAG/
PPARg and a axis in modulating the phenotype of ATMs upon ABHD6
inhibition or suppression? We previously reported that ABHD6 sup-
pression in pancreatic islets or adipose tissues results in the accu-
mulation of intracellular MAG species [24,26,27]. In the current study,
ABHD6 suppression reduced SVF lipolysis, as evidenced by reduced
glycerol and FFA release, consistent with the fact that this enzyme
contributes to the last step of lipolysis. MAG analysis of MMe mac-
rophages showed elevated 2-MAG species in KT203-treated versus
untreated cells. Further, we have recently shown that 2-MAG (in
particular 2-OG) strongly enhances PPARa transactivation [27]. Here,
in vitro treatment of MMe macrophages with exogenous 2-OG resulted
in the downregulation of M1 markers and upregulation of PPARg/a
target genes. Accordingly, the results showed increased mRNA and
protein expression of PPARg and PPARa and their target genes in
ABHD6 inhibited MMe macrophages, as well as in SVF cells of gWAT
and iBAT from HFD-fed ABHD6-KO mice. Thus, these data provide
strong evidence that suppression of ABHD6 in MMe macrophages
leads to the accumulation of 2-MAG species, but not 1-MAG, which
likely results in PPARs activation, as evidenced by enhanced levels of
PPAR target genes and decreased inflammation. This view is consis-
tent with the known anti-inflammatory effects of PPARs activators on
macrophage phenotype under different pathological and inflammatory
conditions [59,60].
With respect to the involvement of a NOX2/IL-6/STAT3/Arg1 signaling
cascade in the anti-inflammatory effects of ABHD6 suppression,
PPARa agonists were shown to increase macrophage ROS production
through elevated expression of NADPH oxidases (NOX), which leads to
the formation of lipid metabolites that exert anti-inflammatory PPARae
dependent responses in rodents and human macrophages [52].
Consistently, our data reveal parallel increase of Ppara and Nox2
expression in gWAT SVF cells of HFD-fed KO vs WT mice. Further, it
was recently reported that obesity-associated MMe macrophages
release IL-6 in a NOX2-dependent manner [15]. Accordingly, we found
enhanced secretion of IL-6 from KO gWAT SVF versus WT in an anti-
inflammatory manner. Thus, the current data support the recent report
[15] regarding the possible association of NOX2 with the IL-6 release
from MMe macrophages. However, as the increase in Nox2 expression
in the KO gWAT-SVF was only w1.25-fold (p ¼ 0.02) and the cor-
responding increase in IL-6 release was more than 2-fold (p< 0.0001)
versus WT, we cannot rule out the possible contribution of other
pathways that may induce IL6 release in absence of ABHD6. Further,
the increased autocrine IL-6 production may have resulted in induction
of Arg1 expression and STAT3 phosphorylation known to modulate the
Arg1 gene [54]. Indeed, several recent studies have provided evidence
for the beneficial metabolic and anti-inflammatory actions of IL-6 in
white fat depots [61e63]. Overall, we propose that the beneficial ef-
fects of ABHD6 deletion in nutri-stress macrophages relies on 2-MAG/
PPARs signaling, which limits pro-inflammatory responses (pro-in-
flammatory markers/cytokine release), enhances lipid metabolism
(PPARg target genes: Fabp4, Plin2, and Cd36) and basal respiratory
capacity, and possibly activates the downstream anti-inflammatory
NOX2/IL-6/STAT3/Arg1 cascade (Figure 6). Therefore, our findings
identify ABHD6 as a key component of pro-inflammatory pathways in
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Figure 6: ABHD6 deletion attenuates obesity-related inflammation of gWAT ATMs by promoting anti-inflammatory pathways. Suppression of ABHD6 leads to the
accumulation of 2-monoacylglycerol (2-MAG) species in nutri-stress macrophages, which results in peroxisome proliferator-activated receptors (PPARs) activation, and thus
enhanced levels of PPAR target genes (Fabp4, Plin2, and Cd36) and basal respiratory capacity, and decreased inflammation. Also, PPARa activation possibly activates the
downstream anti-inflammatory NADPH-oxidase-2 (NOX2)/interleukin-6 (IL-6)/signal transducer and activator of transcription 3 (STAT3)/arginase 1 (Arg1) cascade.
ATMs of obese mice, and that its suppression activates anti-
inflammatory/lipid metabolism pathways to counterbalance the
obesity-induced pro-inflammatory programs.
A limitation of the current study is the use of whole-body ABHD6-KO
mouse model only, which does not allow us to definitively rule out,
in vivo, the possible involvement of other tissues or other cells within
the SVF fraction, other than macrophages, in the beneficial action of
ABHD6 suppression. Even though an additional macrophage-specific
ABHD6-KO mouse model can be useful in delineating the role of
macrophage ABHD6, in vivo, the exhaustive in vitro work in both
mouse and human macrophages using pharmacological and genetic
approaches entirely support our conclusions. With regard to the clinical
implication of these findings, further studies are required to assess if
ABHD6 can serve as a diagnostic biomarker in inflammatory diseases.
Indeed, the expression of ABHD6 is known to be elevated in the
lymphoblastoid cells of European donors with systemic lupus erythe-
matosus [64,65]. In addition, our findings support a model wherein
ABHD6-deleted gWAT-SVF cells exhibit an activation of anti-
inflammatory NOX2/IL-6/STAT3/Arg1 pathway. However, additional
work, employing tissue-specific knockout models, may be required to
fully demonstrate the direct link between 2-MAG/PPARs and the NOX2/
IL-6/STAT3/Arg1 pathway.
In summary, the current study demonstrates that ABHD6 is a novel
determinant of macrophage polarization and systemic inflammation
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during nutritional stress with high-fat feeding. We propose that during
obesity-induced chronic low grade inflammatory condition, i.e. in the
presence of elevated circulating lipids, ABHD6 suppression limits pro-
inflammatory and activates anti-inflammatory pathways in macro-
phages. Finally, we report a novel endogenous ATM lipolysis/ABHD6/2-
MAG/PPARs-associated lipid signaling and immunometabolic pathway
in gWAT that plays a protective role in response to obesity-induced
inflammation.
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