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The development of a chronic, low-grade inflammation origi-
nating from adipose tissue in obese subjects is widely recognized
to induce insulin resistance, leading to the development of type
2 diabetes. The adipose tissue microenvironment drives specific
metabolic reprogramming of adipose tissue macrophages, con-
tributing to the induction of tissue inflammation. Uncoupling
protein 2 (UCP2), a mitochondrial anion carrier, is thought to
separately modulate inflammatory and metabolic processes in
macrophages and is up-regulated in macrophages in the context
of obesity and diabetes. Here, we investigate the role of UCP2 in
macrophage activation in the context of obesity-induced adi-
pose tissue inflammation and insulin resistance. Using a mye-
loid-specific knockout of UCP2 (Ucp2*™*™), we found that
UCP2 deficiency significantly increases glycolysis and oxidative
respiration, both unstimulated and after inflammatory condi-
tions. Strikingly, fatty acid loading abolished the metabolic dif-
ferences between Ucp2ALySM macrophages and their floxed
controls. Furthermore, UcpZAL"SM macrophages show attenu-
ated pro-inflammatory responses toward Toll-like receptor-2
and -4 stimulation. To test the relevance of macrophage-specific
Ucp2 deletion in vivo, Ucp2*™*™ and Ucp2™™ mice were ren-
dered obese and insulin resistant through high-fat feeding.
Although no differences in adipose tissue inflammation or insu-
lin resistance was found between the two genotypes, adipose tis-
sue macrophages isolated from diet-induced obese UcpZAL"SM
mice showed decreased TNFa secretion after ex vivo lipopoly-
saccharide stimulation compared with their Ucp2"? littermates.
Together, these results demonstrate that although UCP2 regu-
lates both metabolism and the inflammatory response of macro-
phages, its activity is not crucial in shaping macrophage
activation in the adipose tissue during obesity-induced insulin
resistance.

The occurrence of obesity and related metabolic disturban-
ces, including insulin resistance and development of type 2 dia-
betes, has risen to epidemic proportions (1, 2). The chronic
inflammatory processes that closely associate with a state of
obesity are now widely recognized as important drivers of insu-
lin resistance that may eventually evolve into type 2 diabetes
(3). In particular the activation of macrophages in expanding
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adipose tissue has been linked to this chronic, low-grade
inflammation (3-7).

Dynamic changes in tissue microenvironments can drive
specific metabolic alterations in tissue-resident immune cells in
an attempt to accommodate appropriate changes in immune
cell functioning (8). It is well known that modifications in meta-
bolic signatures are closely related to immune cell functioning,
demonstrated for instance by pro-inflammatory immune cells
that rely on glycolytic pathways (9). Activation of macrophages
in the context of obese adipose tissue was found to lead to
unique changes in the metabolic signature of these adipose tis-
sue macrophages (ATMs) (5, 7). This “metabolic activation” of
macrophages was also linked to functional changes, such as
the release of inflammatory cytokines (10). It is clear that modi-
fications in metabolic signatures are crucial for appropriate
immune cell functioning, yet might also drive immune cell dys-
function (11). Hence, specific metabolic reprogramming of adi-
pose tissue macrophages driven by the lipid-enriched adipose
tissue microenvironment during obesity might contribute to
increased adipose tissue inflammation.

Uncoupling protein 2 (UCP2) is a mitochondrial carrier pro-
tein belonging to the SLC25 family of transporters (12).
Although UCP2 mRNA is widely expressed throughout differ-
ent tissues in mice, UCP2 protein can only be detected in
spleen, lung, stomach, adipose tissue, and isolated immune
cells, including macrophages (13—15). These findings underline
the clear discrepancy between mRNA expression and protein
expression (16). Potentially, the presence of UCP2 protein in
immune cell-rich tissues such as spleen, lung, and adipose tis-
sue could largely be attributable to the infiltration of immune
cells. UCP2 shows a 59% homology to its family member
uncoupling protein 1 (UCP1), known for robust uncoupling ac-
tivity, although any uncoupling activity attributed to UCP2 is
likely not physiological (12, 17-19). Nonetheless, in line with
its presence in immune cells, UCP2 appears to play an impor-
tant role in immune regulation, with UCP2 knockout mice
showing increased survival after infections accompanied by an
up-regulation in pro-inflammatory cytokines (20, 21).

UCP2 has been suggested to regulate metabolic pathways,
determining the oxidation of glucose versus fatty acids in differ-
ent cell types in vitro (22, 23) and in colorectal cancer cells in
vivo (24). Possibly, UCP2 regulates cellular metabolism by
being involved in the export of four-carbon substrates out of
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UCP2 as regulator in adipose tissue macrophages

the mitochondria (25). In addition to its proposed metabolic
role, several SNPs in UCP2 were found to be related to obesity
and type 2 diabetes (26—32).

Because of its involvement in both immune cell functioning
and defining cellular metabolism of glucose versus fatty acids,
UCP?2 potentially provides an interesting target in elucidating
the molecular mechanisms underlying immunometabolic
reprogramming and activation of macrophages in the context
of obesity-induced adipose tissue inflammation and insulin re-
sistance. To investigate whether UCP2 plays a role in activation
of adipose tissue macrophages, we first set out to determine the
role of UCP2 in macrophages during inflammatory activation.
Secondly, we evaluated the consequences of the absence of
UCP2 in macrophages on the development of HFD-induced
obesity and its complications including adipose tissue inflam-
mation, glucose tolerance, and insulin resistance.

Our results reveal that UCP2 deficiency drives a distinct
increase in glycolytic and oxidative metabolism in activated
macrophages. Furthermore, specific Ucp2 deletion attenuates
pro-inflammatory activation in macrophages but does not alter
the development of obesity-induced adipose tissue inflamma-
tion and insulin resistance.

Results

Regulation of uncoupling protein 2 in macrophages during
obesity and diabetes

We compared the regulation of UCP2 in three adipose tissue
macrophage models: ATMs isolated from mice fed a high-fat
diet (HFD) versus a low-fat diet (LFD) (10); bone marrow—
derived macrophages (BMDMs) co-cultured with obese versus
lean adipose tissue; and human adipose tissue macrophages iso-
lated from obese diabetic patients versus obese nondiabetic
patients (33) (Fig. 1A and Fig. S1). In all three macrophage-
related models, Ucp2 mRNA expression was up-regulated. Fur-
thermore, after 10 to 16 weeks of HFD feeding in mice, Ucp2
expression was increased in the adipose tissue (Fig. 1B). These
levels likely correspond with the influx of immune cells into the
adipose tissue, because increased Ucp2 expression in the adi-
pose tissue of HFD-fed versus LFD-fed (Ctrl) mice is mainly at-
tributable to the stromal vascular fraction, including ATMs, and
not to adipocytes (Fig. 1C). To be able to determine the role of
UCP2 in regulating macrophage metabolism and activation in
more detail, we generated mice with a myeloid-specific deletion
of UCP2, using the Cre/loxP system coupled to the Lys2 (LysM)
promoter, resulting in Ucp2*™*M mice and their floxed control
littermates (Ucp2"™). The myeloid-specific deletion of UCP2
significantly silenced protein expression of UCP2 in BMDMs
derived from Ucp2*™*M mice compared with Ucp2™™ control
mice (Fig. 1D) and resulted in a nonsignificant trend toward
decreased Ucp2 mRNA expression in macrophage-rich tissues
such as gonadal adipose tissue, spleen, and liver (Fig. 1E).

Deficiency of UCP2 increases glycolytic and oxidative
metabolism in macrophages, which is attenuated by fatty
acids

To understand the impact of UCP2 on cellular metabolism,
we used extracellular flux assays. Basal glycolysis (Fig. 24) and
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maximal glycolytic capacity (Fig. 2B) were significantly
increased in Ucp2*™*M versus Ucp2™™ macrophages, both dur-
ing control conditions and during TLR4 agonist LPS-induced
inflammation. Furthermore, relative mRNA expression of the
glycolytic enzyme Pfkfb3 was increased in Ucp2*™*™M macro-
phages after LPS treatment, as was the production of lactate
(Fig. S2, A and B). Basal (Fig. 2C) and maximal (Fig. 2D) respira-
tion were significantly increased in Ucp2*™*M macrophages
compared with Ucp2™ cells during control conditions, and
only basal respiration followed this pattern after LPS-induced
inflammation. Strikingly, fatty acid loading abolished all dif-
ferences observed in basal and maximal glycolysis (Fig. 2, E
and F) and respiration (Fig. 2, G and H) between Ucp2~ysM
and Ucp2™™ macrophages, in addition to abolishing differen-
ces in Cptla expression (Fig. S2C). Hence, UCP2 deficiency
abolishes OA:PA-stimulated increases in glycolysis and maxi-
mal respiration.

Lack of UCP2 specifically attenuates macrophage response to
inflammatory activation

Obesity-induced low-grade adipose tissue inflammation is
linked to inflammatory activation of macrophages in adipose
tissue with an important contribution of TLR2 and TLR4 re-
ceptor activation in driving metabolic inflammation (34). To
study the role of UCP2 in macrophage activation, we tested the
inflammatory response of Ucp2*Y*™ and Ucp2™™ macro-
phages toward TLR2 receptor agonist Pam3CysK (P3C) and
TLR4 receptor agonist lipopolysaccharide (LPS) on both a tran-
scriptional and a functional level (Fig. 3, A—E and Fig. 4, A-D).
Treatment for 6 or 24 h with either LPS or P3C significantly
increased the mRNA expression and protein secretion of all
measured cytokines. Although most differences were relatively
subtle, the pro-inflammatory response was generally attenu-
ated in Ucp2®™Y™ versus Ucp2™™ macrophages treated with
LPS, illustrated by lower I/1b expression after 24 h and lower
116 expression for both time points; Tnfa expression was not
different (Fig. 4, A—C). For P3C, the differential effect was
seen in I/1b expression for both time points. Accordingly,
anti-inflammatory /10 expression was mostly up-regulated
in Ucp2*™*M compared with Ucp2™™ macrophages, whereas
Il1ra was clearly up-regulated after 6 h following LPS stimula-
tion (Fig. 3D). On protein level, macrophage-specific defi-
ciency of UCP2 generally subtly decreased the secretion of
inflammatory cytokines IL6 and TNF« following LPS treat-
ment while increasing IL10 secretion (Fig. 4, A-D).

Myeloid-specific UCP2 deficiency affects adipose tissue
macrophage activation without affecting overall adipose
tissue inflammation

Our next step was to test whether UCP2 in macrophages
impacts adipose tissue inflammation and insulin resistance in
an in vivo model of high-fat diet—induced obesity. Ucp2*"™
and their Ucp2"? littermates were rendered obese and insulin
resistant by being fed a high-fat diet for 16 weeks, using a low-
fat diet as control. No differences between the two genotypes
were found in body weight gain (Fig. 5A4), feed intake (Fig. 5B),
or adipose tissue and liver weights (Fig. 5C and Fig. S3).
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Figure 1. Regulation of uncoupling protein 2 in macrophages during obesity and diabetes. A, relative fold changes of Ucp2 in adipose tissue macro-
phages isolated from lean and obese mice (n = 4 mice per group); bone marrow-derived macrophages co-cultured with lean or obese adipose tissue explants
(n =3 replicates per group) and CD14+ adipose tissue macrophages isolated from obese subjects with (DM) or without (NDM) diabetes type 2 (n = 6 subjects
per group). Per dataset, group means were significantly different (p < 0.05, p < 0.01, and p < 0.05, respectively). B, relative expression of Ucp2 in gonadal adi-
pose tissue of C57BI/6J mice fed a LFD or HFD for 1, 2, 3, 4, 10, and 16 weeks (n = 6 per diet). C, relative expression of Ucp2 in stromal vascular and adipocyte
fractions of C57BI/6J mice fed a LFD or HFD for 7 days (n = 3-4). D, protein expression of UCP2 in Ucp2™ and Ucp2*Y*M bone-marrow derived macrophages.
E, relative mRNA expression of Ucp2 measured in gWAT, spleen, and liver of Ucp2"™ and Ucp22™*M mice (n = 3). Data are presented as mean = S.D. NDM, no di-
abetes mellitus; DM, diabetes mellitus; SVF, stromal vascular fraction. **, p < 0.01; ***, p < 0.001.

Additionally, plasma levels of triglycerides, nonesterified fatty
acids, cholesterol, adiponectin, and leptin did not show any
differences between Ucp2*™*™ and Ucp2™™ mice (Fig. 5, D
and E).

Subsequently, we isolated adipose tissue macrophages from
the Ucp2*™*M and Ucp2™™ mice fed a high-fat diet. To com-

SASBMB

pare these to macrophages that did not reside in a lipid-rich
microenvironment, we additionally isolated macrophages from
the peritoneum of these mice and measured the release of
inflammatory cytokines of both types of macrophages unstimu-
lated, or upon an inflammatory stressor (LPS). In the
Ucp2*¥*M adipose tissue macrophages, no decrease was found
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in IL6 (Fig. 6A), but a significant decrease was found in the lev-
els of TNFa (Fig. 6B) and ILRa (Fig. 6D), and a similar trend for
IL10 (Fig. 6C) after LPS stimulation. In contrast, both IL6 and
TNFa« levels remained unchanged in peritoneal macrophages
isolated from Lcp2*™Y*™ versus Ucp2"™ mice after ex vivo LPS
stimulation (Fig. 6, E and F).

Next, we assessed inflammation of total adipose tissue. Flow
cytometry of the stromal vascular fraction derived from go-
nadal adipose tissue (gWAT) of obese Ucp2*"Y*™ and Ucp2™"
mice revealed that there was no relative difference in general
(F4/80+) or pro-inflammatory (F4/80+CD11c+) macrophage
populations between the two genotypes (Fig. 7A). Additionally,
relative mRNA expression of macrophage markers Cd68 and
Adgrel (F4/90) did not differ significantly (Fig. 7B). Moreover,
mRNA expression of cytokines involved in the inflammatory
response of adipose tissue (I/1b, Tnfa, I1l6, and 1110) was not
found to be significantly altered between the genotypes (Fig.
7C), as was the release of IL6 and IL10 (Fig. 7D). The density of
crownlike structures stained for macrophage marker F4/80 did
not differ between obese adipose tissue from Ucp2*™Y*M versus
their Ucp2™ littermates (Fig. 7E and F). Also, no differences
were found in the mRNA expression of inflammatory markers
in the liver, nor any differences in liver histology (Fig. S4, A-C).
On a systemic level, we found no significant differences in
either insulin tolerance (Fig. 8, A and B) or glucose tolerance
(Fig. 8, C and D) in Ucp2*™*™ and Ucp2™™ mice. Furthermore,
nonfasted levels of both insulin and glucose did not differ sig-
nificantly between the two genotypes after either low-fat or
high-fat diet feeding (Fig. 8, E and F).

17540 J Biol. Chem. (2020) 295(51) 17535-17548

Discussion

This is the first study determining the function of UCP2 in
macrophages during low-grade adipose tissue inflammation in
the context of obesity and type 2 diabetes. Here, we demon-
strate that lack of UCP2 leads to an up-regulation of both glyco-
lytic and oxidative metabolism in macrophages, which is over-
ruled after an influx of lipids. Furthermore, UCP2-deficiency
specifically attenuates the macrophage response to inflamma-
tion, without impacting overall adipose tissue inflammation or
systemic glucose homeostasis.

The expression of UCP2 protein is not linked to mRNA
expression levels because of translational regulation of UCP2
(16). In this study, we use a macrophage-specific deletion of
UCP2 that was confirmed by using a highly specific, nonambig-
uous UCP2 antibody (13), which enables us to study UCP2
while minimalizing the induction of nonphysiological changes.

The results of our research confirm the immunomodulatory
role that was previously attributed to UCP2. We were able to
show that lack of UCP2 leads to general attenuation of the pro-
inflammatory response of macrophages toward LPS and P3C in
vitro. Additionally, Ucp2*"Y*™ adipose tissue macrophages iso-
lated from obese adipose tissue displayed an overall blunted
response to LPS treatment ex vivo, with decreased TNF« and
[L1ra levels. Interestingly, in earlier studies, loss of Ucp2 was
shown to promote inflammation, translating into prolonging
survival of mice in infection models (20, 21). However, these
models used whole-body Lcp2 " mice, which still leaves mac-
rophage-specific roles unclear. Furthermore, the enhancement
of inflammation by Ucp2 knockout is often attributed to

SASBMB
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Figure 5. Macrophage-specific UCP2 deletion does not lead to general differences in LFD- or HFD-fed mice. A-£, body weight (A); feed intake (B);

gWAT, iWAT, and liver weight (C); plasma concentrations of triglycerides, free fatty acids, and cholesterol (D); adiponectin and leptin (E) of Ucp.

2fl/ﬂ and

Ucp2Y*M mice (n = 24 Ucp2™™ and 22 Ucp22*M) fed either LFD or HFD for 16 weeks. Data are presented as mean = S.D. or mean = S.E. (A). iWAT, inguinal

white adipose tissue.

increased ROS production, although the induction of ROS in
Ucp2~'™ cells is not always present or consistent (23). Particu-
larly macrophage-specific Lcp2~'~ models have led to incon-
sistent results related to ROS induction (35, 36), leading to
contradictory results related to the contribution of UCP2 in
modulating inflammatory responses specifically in macro-
phages. A more recent study showed that enhanced survival of
Ucp2~’~ mice in a model of sepsis was coupled to a decreased
inflammatory phenotype (37). In their study, Moon and col-
leagues (37) suggest that macrophage-specific loss of UCP2
leads to reduced inflammasome activation through inhibition
of fatty acid synthase signaling, resulting in lower inflammatory
activation. Together with these findings, our results underline
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the importance of UCP2 in linking metabolic signatures and
inflammatory output in macrophages. Hereby, UCP2-deficient
macrophages are less equipped to successfully adapt to inflam-
matory environments and subsequently demonstrate an atte-
nuated inflammatory response.

UCP2 was previously identified as a protein that can regulate
cellular metabolism by exporting four-carbon substrates, favor-
ing oxidative respiration (22, 23, 25, 35). Loss of UCP2 had ear-
lier been found to lead to metabolic shifts in glucose utilization
(24) and to limit metabolic flexibility in resting macrophages
because of incomplete oxidation (38). Accordingly, in UCP2-
deficient macrophages we observed an increased glycolytic
rate, both in resting, nontreated cells as well as after LPS

J. Biol. Chem. (2020) 295(51) 17535-17548 17541



UCP2 as regulator in adipose tissue macrophages

A IL6 B TNFo "
¢ UCP2
800+ 801 . UCPZALysM
600 60
- -
£ 4001 £ 40-
n fe)) [e)]
% a . a A
£ 2004 |2 |* 20
S
o
C 0 0
g ctil LPS
g
[72]
8 C IL10 D IL1Ra
-
© 150 8000+
(72
8_ °
E - 6000
- - ®
£ £ 4000
()] (o))
= =
50
20004 |,
oTe
[ ]
0 0 ’
Ctrl
" E IL6 F TNFo
S 600+ 150
_(C“ d (]
S
<) ° °
3] 400 . 100
© il
= E
— )] oo |©
© ° a
o) 200 50
c °
o
= .
q) [ ]
o 0 T T 0 T T
Ctrl LPS ctrl LPS
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treatment. Although increased glycolytic flux is seen as a key
characteristic for inflammatory macrophages (39), Ucp2*™*M
macrophages actually display an attenuated pro-inflammatory
response after treatment. In these macrophages, enforced met-
abolic inflexibility likely disconnects metabolic rewiring from
inflammatory activation, exemplified by the impaired adapta-
tion to inflammatory environments.

Interestingly, after exposure to fatty acids, relevant for mac-
rophages residing in adipose tissue, differences in glycolytic
and oxidative metabolism between Ucp2*™**™ and Ucp2™"
macrophages disappear. This finding is in accordance with data
from Xu et al. (35), who found no difference in fatty acid—
induced B-oxidation between UCP2-deficient and control mac-
rophages after lipid loading. The abolishment of metabolic dif-
ferences after fatty acid loading suggests that changes in
immune cell metabolism are uncoupled from the presence or
activation of UCP2 during the influx of lipids. Therefore,
although UCP2 seems an important component in determining
effective metabolic adaptation during basal or inflammatory
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states, it is not a crucial component in controlling macrophage
metabolism in the presence of high amounts of lipids. Instead,
after knockdown of UCP2, the cell is able to bypass the UCP2-
driven mechanism and relies on other mechanisms to deal with
the increased influx of fatty acids. Likely, these lipids activate
the nuclear receptor PPARY, which controls the expression of
numerous lipid-related genes in macrophages (40) next to reg-
ulating Ucp?2 (41).

Based on our in vitro studies, we hypothesized that UCP2
deficiency in adipose tissue macrophages might attenuate
inflammatory activation, leading to a decrease in adipose tissue
inflammation in obese Ucp2*"¥*M mice. The blunted inflamma-
tory response of LIcpZALYSM versus Llcp2ﬂ/ fl adipose tissue mac-
rophages after ex vivo stimulation with LPS is in line with our
hypothesis. However, no evidence of decreased adipose tissue
inflammation nor reduced glucose tolerance was found ix vivo.
Several explanations may exist as to why loss of UCP2 in mac-
rophages does not impact on inflammation of the adipose tis-
sue or glucose tolerance upon HFD-induced obesity. Although
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Data are presented as mean = S.D.

the blunted response of adipose tissue macrophages hints to-
ward a difference in inflammatory phenotype between
Ucp2*™™ and Ucp2™" macrophages, this phenotype only
became apparent after ex vivo stimulation with LPS. Because
UCP2 seems to be a more subtle regulator of cellular metabo-
lism (24), which is dispensable for most metabolic processes in
the absence of constraints (12), substantial stressors are needed
to uncover the consequences of UCP2 deletion. Hence, the
inflammatory factors present in obese adipose tissue that lead
to metabolic activation of adipose tissue macrophages (42)
might not be potent enough to lead to a phenotype similar to
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activation by LPS. Next to that, as seen in vitro, the presence
of high amounts of lipids leads to an unaltered metabolic
status in both Ucp2*™Y*™ and Ucp2™™ macrophages, likely
similar to the in vivo situation in the adipose tissue. These
observations together could serve to explain the lack of dif-
ferences in adipose tissue inflammation between Ucp2*™Y*M
and Ucp2™" mice.

Several potential limitations existed in this study. Because
functional UCP2 antibody is scarce and UCP2 protein expres-
sion is not directly linked to mRNA expression, detailed
mechanistic studies are complicated. Furthermore, because
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the Ucp2*"**™ model is myeloid-specific in the whole orga-
nism, any potential differences in the in vivo phenotype
could have been attributable to deletion of UCP2 in myeloid
cells in other organs, including the brain (43). Lastly, only
male mice were used for the in vivo studies, possibly leading
to bias.

In conclusion, UCP2 has a role in modulating both metabo-
lism and inflammatory response in macrophages. When UCP2
is specifically deleted in macrophages, both glycolytic and oxi-
dative metabolism are up-regulated, although metabolic differ-
ences equalize after fatty acid loading. Furthermore, UCP2
deficiency in macrophages attenuates the pro-inflammatory
response toward LPS, also in adipose tissue macrophages, but
does not impact adipose tissue inflammation after high-fat
feeding. Therefore, although UCP2 modulates macrophage
metabolism and subsequent inflammatory responses, its pres-
ence is not essential to shape ATM activation during lipid
influx or obesity.
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Experimental procedures

Animal studies

For the animal studies, purebred WT C57BL/6] animals
(The Jackson Laboratory, Bar Harbor, ME), LIcpZALySM
mice and their floxed littermates, were used. UCP2"" mice
were acquired from The Jackson Laboratory (B6;129S-
Ucp2tm2.1Lowl/J; Bar Harbor, ME) and crossed at least five
generations with C57Bl/6] mice. Subsequently, UCP2flox/flox
mice were crossed with lysM-Cre transgenic mice (The
Jackson Laboratory, Bar Harbor, ME; B6.129P2-Lyz2tm1
(cre)Ifo/], no. 004781) to generate mice with a specific Cre-
mediated deletion of UCP2 in the mature myeloid cell frac-
tion. Mice were housed individually under normal light—
dark cycles in temperature- and humidity-controlled specific
pathogen-free conditions. Mice had ad [libitum access to
food and water. All animal experiments were carried out in
accordance with the EU Directive 2010/63/EU for animal
experiments.
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To induce obesity and insulin resistance, male Ucp2™"°

mice age 9-12 weeks and their male floxed littermates were
placed on a high-fat diet for 16 weeks. To calculate the power,
previous data on fasting glucose values were used. Fasting glu-
cose values of mice fed a high-fat diet may differ on average 3
mM (= 8-11 mm) compared with mice fed a low-fat diet. Differ-
ences in responses might lead to an S.D. around 2 mMm or higher.
To perform the power calculation, we used a one-way analysis
of variance with a significance level of 0.05 and a power of 90%,
leading to an estimation of around # = 11 mice needed per
group. To allow for the compensation of unforeseen circum-
stances or potential loss of mice during the study, n = 12 mice
were included per group. Thus, 12 mice per genotype were ran-
domly allocated to a standardized high-fat diet or a low-fat diet
for 16 weeks (D12451 and D12450H, Research Diets, New
Brunswick, NJ, USA; y-irradiated with 10-20 kilograys).

Body weight and food intake were assessed weekly. At the
end of the study, mice were anesthetized with isoflurane and
blood was collected via orbital puncture in tubes containing
EDTA (Sarstedt, Niumbrecht, Germany). Subsequently, mice
were immediately euthanized by cervical dislocation, after
which tissues were excised, weighed, and frozen in liquid nitro-
gen or prepared for histology. Samples from liquid nitrogen
were stored at —80°C. All animal experiments were approved
by the local animal welfare committee of Wageningen Univer-
sity (2016.W-0093.002). The experimenter was blinded to
group assignments during all analyses.

Intraperitoneal glucose and insulin tolerance test

Glucose and insulin tolerance tests were performed after 14
or 15 weeks by oral gavage of glucose (0.8 g/kg, Baxter) or intra-
peritoneal injection of insulin (0.75 units/kg, Novo Nordisk).
Mice were fasted for 5 h prior to the tolerance tests and blood
was collected at 0, 15, 30, 45, 60, 90, and 120 min after adminis-
tration of glucose or insulin by tail bleeding. Blood glucose was
measured using glucose sensor strips and a GLUCOFIX Tech
glucometer (GLUCOFIX Tech, Menarini Diagnostics, Valkens-
waard, the Netherlands).

Plasma measurements

Blood collected in EDTA tubes was spun down for 15 min
at 5000 rpm and at 4°C. Plasma was aliquoted and stored at
—80°C. Measurement of insulin (Ultra Sensitive Mouse Insulin
ELISA Kit, Crystal Chem USA, Elk Grove Village, IL, USA),
glucose (Liquicolor, Human GmbH, Wiesbaden, Germany),
adiponectin (Adiponectin ELISA DuoSet Kit, R&D Systems),
leptin (Leptin ELISA DuoSet Kit, R&D Systems), cholesterol
(Liquicolor), triglycerides (Liquicolor), and nonesterified fatty
acids (NEFA-HR set R1, R2 and standard, WAKO Diagnostics,
Instruchemie, Delfzijl, the Netherlands).

Explants and isolation of adipose tissue macrophages

After collection of gonadal adipose tissue (gWAT), part of
the gWAT was separated and transferred on ice in Dulbecco’s
modified Eagle’s medium (DMEM, Corning, NY, USA), supple-
mented with 1% penicillin/streptomycin (p/s) (Corning), and
1% FFA-free BSA (BSA fraction V, Roche via Merck). For each
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mouse, an explant of 50 mg was kept in culture for 24 h in
DMEM supplemented with 10% FCS (BioWest, Nuaillé,
France) and 1% p/s, after which supernatant was collected for
ELISA measurements or harvested as conditioned medium.
Stromal vascular fractions of gWAT was isolated by collagenase
digestion for 45 min in RPMI 1630 medium (Lonza, Basel, Swit-
zerland) supplemented with 10% FCS, 1% p/s, 0.5% FFA-free
BSA, 1 m CaCl,, 1 m HEPES, and 0.15% collagenase (from Clos-
tridium histolyticum, Merck). gWAT was pooled for three mice
of the same group after digestion, mature adipocytes were stored
separately, and erythrocytes were lysed with ACK buffer. From
the resulting stromal vascular cells, 500,000 cells were sampled
for flow cytometry; remaining cells were used for ATM isolation.
ATMs were isolated by magnetic separation using the Octo-
MACS Cell Separator System with MS columns, mouse anti-F4/
80-FITC antibody, and anti-FITC MicroBeads (all Miltenyi Bio-
tec, Bergisch Gladbach, Germany). ATMs were kept in culture in
RPMI 1630 with 10% FCS and 1% p/s for 24 h in the presence or
absence of 10 ng/ml LPS (Merck) to obtain supernatants.

Flow cytometry

Stromal vascular cells were stained with antibodies against
CD45-ECD (Beckman Coulter), F4/80-FITC, CD206-APC,
CD11c-PE-Cy7, and CD11b-PE (BioLegend, San Diego, CA,
USA). Samples were measured on a flow cytometer (FC500,
Beckman Coulter) and results were analyzed using Kaluza anal-
ysis software 2.1 (Beckman Coulter).

Histological studies

gWAT and liver samples were fixed in 3.7% paraformalde-
hyde and embedded in paraffin. Sectioned slides were stained
with hematoxylin and eosin according to standard protocols.
Sections were incubated 20% normal goat serum before over-
night incubation with F4/80 antibody (MCA497G, Bio-Rad).
Secondary antibodies used were anti-rat or anti-rabbit IgG con-
jugated to HRP (Cell Signaling Technology, Danvers, MA,
USA). No primary antibody was used for negative controls.

Primary cell isolation

Peritoneal macrophages were harvested from the mice by
injection washing the peritoneal cavity with ice-cold PBS and
F4/80 based magnetic separation was used to ensure purity (see
isolation ATMs). Peritoneal macrophages were kept in culture
for 24-h in RPMI 1630 with 10% FCS and 1% p/s with or without
the presence of 10 ng/ml LPS (Merck) to obtain supernatants.
For BMDM isolation, 8- to 12-week-old Ucp2*™*™ and their
Ucp2™ littermates were euthanized by cervical dislocation.
Femurs were isolated, bone marrow was extracted and differen-
tiated in DMEM, supplemented with 10% FCS, 1% p/s and 15%
L929 conditioned medium. After 7 days of differentiation,
BMDMs were scraped and plated as appropriate.

Cell culture experiments

Palmitate (Merck) and oleate (Merck) were solubilized using
EtOH and KOH and conjugated to FFA-free BSA in sterile
water (Versol, Aguettant, Lyon, France) at 37°C for 30 min.
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Oleate was used at a concentration of 200 uM or a mixture of
oleate and palmitate (oleate:palmitate) was made in a ratio of
2:1 and used in a final concentration of 600 um. BSA was used
as control for fatty acid treatments. LPS (Merck) was used in a
concentration of 10 ng/ml, P3C (Merck) was used in a concen-
tration of 5 ug/ml, both were diluted in PBS. All cells were
washed with PBS (Corning) before treatment. For macrophage-
adipose tissue co-cultures (Fig. 14), BMDMs were plated in 12-
well plates and after adhesion, an insert was added with 100 mg
of carefully minced live adipose tissue isolated from mice fed a
HEFD or LED for 13—-16 weeks. BMDMs were co-cultured with
adipose tissue for 24 h.

Extracellular flux assay

To measure extracellular flux in BMDMs, the Agilent Sea-
horse XF96 Analyzer (Agilent Technologies, Santa Clara, CA,
USA) was used. Cells were seeded in XF-96 plates (Agilent
Technologies) in a density of 200,000 cells/well, and treated
with LPS or fatty acids appropriately. Before flux measurement,
cells were washed and cultured for an hour in Seahorse XF base
medium (Agilent Technologies) at 37°C in a non-CO, incuba-
tor until the measurement. The base medium was set to a pH of
7.4-and was supplemented with 2 mMm L-glutamine for glycolytic
stress tests or 2 mMm L-glutamine and 25 mm glucose for mito-
chondrial stress tests. Glycolytic stress tests included the injec-
tion of glucose (25 mm) after which basal glycolysis was meas-
ured, oligomycin (1.5 um) after which glycolytic capacity was
measured and 2-deoxyglucose (50 mm). Mitochondrial stress
tests included the injection of oligomycin (1.5 um), carbonyl cy-
anide p-trifluoromethoxyphenylhydrazone (FCCP) (1.5 um),
plus pyruvate (1 mm) after which maximal respiration was
measured, and antimycin A (2.5 um) plus rotenone (1.25 um).
Basal respiration was measured unstimulated. All experiments
were performed at least with quadruplicates. Oxygen consump-
tion rate and extracellular acidification rate were measured at
baseline, and following the injections, calculations were made
using Wave Desktop 2.6 (Agilent Technologies).

Real-time PCR and microarray

For cells and liver tissue, total RNA was isolated using TRIzol®
Reagent (Invitrogen, Thermo Fisher Scientific). For gWAT, total
RNA was isolated with the RNeasy Micro Kit (Qiagen, Venlo, the
Netherlands). The iScript ¢cDNA kit was used to synthesize
¢DNA (Bio-Rad) according to manufacturer’s instructions. The
CFX384 Touch™ Real-Time Detection System (Bio-Rad) was
used to perform real time PCR, using a SensiMix"™- (BioLine,
London, UK) based protocol. Human B2M and mouse 36b4
expression were used to normalize values for human and mouse
samples, respectively. The microarray datasets used for Fig. 1A
were described earlier (10, 33).

Immunoblotting

Cell protein lysates were separated by electrophoresis on a
precast 4—20% Tris-glycine gel (SDS-PAGE) (Bio-Rad) and
transferred onto nitrocellulose membranes using a liquid trans-
fer cell (all purchased from Bio-Rad), blocked in nonfat milk
and incubated overnight at 4°C with primary antibody and sub-
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sequently for 1 h with appropriate peroxidase conjugate anti-
body at room temperature. Membranes were developed with
the chemiluminescence substrate (SuperSignal West Pico
PLUS, Thermo Fisher Scientific) and images were captured
with the ChemiDoc MP system (Bio-Rad). The primary anti-
bodies for UCP2 were described earlier (13). Full membranes
are shown in Figure S5.

ELISA

TNFe, IL10, IL1ra, and IL6 levels were measured in cell or
explant supernatant with DuoSet sandwich ELISA kits for
(R&D Systems) according to manufacturer’s instructions. To
normalize the data, the concentration of DNA per well was
measured for adipose tissue macrophages and peritoneal
macrophages (Quant-iT dsDNA Assay Kit High Sensitivity,
Thermo Fisher Scientific). For gWAT explants, the exact
weight per explant was used for normalization.

Lactate assay

Proteins were removed from cell supernatants using
perchloric acid precipitation to avoid contamination with lac-
tate dehydrogenase. Lactate concentrations were determined
using conversion of lactate by lactate oxidase (Merck), and sub-
sequent oxidation of Amplex Red reagent (Thermo Fisher Sci-
entific) into resorufin by HRP (Thermo Fisher Scientific),
which was measured as a fluorescent signal.

Data and statistical analysis

Data are represented as mean = S.D. as indicated in the
legend. Statistical analyses were carried out using the unpaired
Student’s ¢ test or two-way analysis of variance followed by
Bonferroni’s post hoc multiple comparisons test, if genotype
and diet or genotype and treatment were both found significant
(GraphPad Software, San Diego, CA, USA). A value of p < 0.05
was considered statistically significant.

Data availability

All data are contained within the manuscript. Microarray
datasets that were used were described earlier (10, 33).
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