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Obesity-associated complications are causing increasing morbidity and mortality worldwide. Expansion of adipose tissue

in obesity leads to a state of low-grade chronic inflammation and dysregulated metabolism, resulting in insulin resistance
and metabolic syndrome. Adipose tissue macrophages (ATMs) accumulate in obesity and are a source of proinflammatory
cytokines that further aggravate adipocyte dysfunction. Macrophages are rich sources of cyclooxygenase (COX), the rate
limiting enzyme for prostaglandin E2 (PGE2) production. When mice were fed a high-fat diet (HFD), ATMs increased
expression of COX-2. Selective myeloid cell COX-2 deletion resulted in increased monocyte recruitment and proliferation of
ATMs, leading to increased proinflammatory ATMs with decreased phagocytic ability. There were increased weight gain and
adiposity, decreased peripheral insulin sensitivity and glucose utilization, increased adipose tissue inflammation and fibrosis,
and abnormal adipose tissue angiogenesis. HFD pair-feeding led to similar increases in body weight, but mice with selective
myeloid cell COX-2 still exhibited decreased peripheral insulin sensitivity and glucose utilization. Selective myeloid deletion
of the macrophage PGE2 receptor subtype, EP4, produced a similar phenotype, and a selective EP4 agonist ameliorated the
metabolic abnormalities seen with ATM COX-2 deletion. Therefore, these studies demonstrated that an ATM COX-2/PGE2/

Introduction

There are currently about 2 billion people globally who are obese
or overweight, leading to health complications, type 2 diabetes,
cardiovascular disease, and liver disease. The expansion of adi-
pose tissue in obesity leads to a state of low-grade chronic inflam-
mation and dysregulated metabolism, resulting in insulin resis-
tance and development of metabolic syndrome.

Three major abnormalities promote dysfunctional adipose
tissue: persistent inflammation, inappropriate extracellular matrix
deposition, and abnormalities in angiogenesis (1, 2). Under these
conditions, there is an accumulation in adipose tissue of immune
cells, especially adipose tissue macrophages (ATMs), that are the
source of proinflammatory cytokines that further aggravate adi-
pocyte dysfunction (3-5). However, mechanisms underlying the
increases in ATMs and their proinflammatory phenotype are still
not fully understood.

Macrophages are rich sources of cyclooxygenase (COX), and
the most prevalent prostanoid produced by macrophages is pros-
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EP4 axis plays an important role in inhibiting adipose tissue dysfunction.

taglandin E2 (PGE2). PGE2 can be either proinflammatory or
antiinflammatory depending on the context. The cellular respons-
es mediated by PGE2 result from activation of 4 specific mem-
brane-associated G protein-coupled receptors, EP1 through EP4
(6-9). EP4, which is primarily coupled to G, is the predominant
PGE2 receptor in macrophages (10).

Two isoforms of COX exist in mammals, constitutive COX-1
and inducible COX-2. Although both COX isoforms are expressed
in macrophages, COX-2 expression increases in response to
inflammation (6, 11). NSAIDs inhibit PGE2 production by nonse-
lective inhibition of COX enzymatic activity.

Recent studies have shown that obesity leads to a proinflam-
matory and metabolically activated adipose tissue macrophage
phenotype (MMe), which is mechanistically and functionally dis-
tinct from the classic proinflammatory M1 phenotype and driven
in part by saturated fatty acids (such as palmitic acid) released by
insulin-resistant adipocytes (12-14). MMe macrophages express
mediators of lipid metabolism, such as perilipin-1 and CD36, as
well as proinflammatory cytokines, but they also play an essential
role in the phagocytic clearance of apoptotic adipocytes during
diet-induced obesity (DIO). Dysregulated macrophage MMe
polarization not only impairs clearance of apoptotic adipocytes
but also accelerates the development of insulin resistance. The
ATM COX-2 response to DIO has not been previously investigat-
ed. Therefore, the current studies examined the role of COX-2 and
the PGE2 receptor, EP4, in mediating ATM recruitment, prolifera-
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tion, and polarization and their role in adipose inflammation asso-
ciated with obesity and found that COX-2 in ATMs limited adipose
tissue dysfunction in obesity.

Results
ATM COX-2 expression increased in response to a high-fat diet. DIO
is characterized by increased ATMs and increased lipolysis and
release of saturated free fatty acid (FFA) and glycerol second-
ary to insulin insensitivity (15). WT mice were fed normal chow
or a high-fat diet (HFD; 36% fat accounting for 60% of calories)
for 4 weeks. As expected, the HFD led to increased body weight
and fasting blood glucose (Supplemental Figure 1; supplemental
material available online with this article; https://doi.org/10.1172/
JCI152391DS1). Flow cytometry confirmed increased ATMs
(CD45°CD11b*F4/80") in epididymal tissue after 4 weeks of the
HFD (Figure 1A). Four weeks of the HFD also led to increased
epididymal adipose tissue mRNA expression of Emr1 (F4/80) and
Cd68, two markers of ATMs (Figure 1B), as well as increased plas-
ma insulin, FFA, and glycerol concentrations (Figure 1, C-E).
ATMs are a major source of proinflammatory cytokines that
promote insulin resistance and metabolic syndrome in DIO.
COX-2 is highly expressed in macrophages. We compared COX-2
expression in ATMs isolated from epididymal adipose tissue from

mice on normal chow or the HFD. Ptgs2 (COX-2) mRNA levels
were markedly higher in ATMs isolated from epididymal tissue
from WT mice fed the HFD for 4 weeks or 12 weeks (Figure 1F).
Palmitic acid, the major FFA released by adipocytes, increased
COX-2 expression in mouse peritoneal macrophages (PMs; Figure
1G) and human (THP1) (Figure 1, H and I) and mouse (RAW264.7;
Figure 1]) macrophage-like cell lines.

COX-2 expression was effectively deleted in ATMs from CDII1b-
Cre COX-2"# mice. To investigate the potential role of myeloid
COX-2 expression in development of DIO and insulin resistance,
we crossed COX-2%% mice with CD11b-Cre mice (CD11b-Cre
COX-2%4, macrophage COX-27") and utilized COX-2%% mice as
WT controls. After 12 weeks of the HFD, flow cytometry indicated
greater increases in ATMs in epididymal fat (EF) in macrophage
COX-27 mice than WT mice (Figure 2A). Immunoreactivity of
F4/80, the macrophage marker, was increased in nonadipose cells
in EF in macrophage COX-27" mice compared with WT mice with
the HFD (Figure 2B). EF Ptgs2 mRNA levels were 10-fold lower in
macrophage COX-27/ mice than WT mice (2.99 + 0.29 vs. 0.30 *
0.06 for WT, P < 0.01, n = 6) (Figure 2C). COX-2 protein expres-
sion was minimal in EF ATMs in WT mice with normal chow but
was evident in ATMs in the crown-like structures (CLSs) in WT
mice on the HFD for 12 weeks, while COX-2 was not detectable in
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EF ATMs in CLSs in macrophage COX-27" mice on the HFD (Fig-
ure 2D). These findings confirmed increased COX-2 expression in
ATMs in DIO and effective deletion in macrophage COX-27"mice.

Myeloid COX-2 deletion led to greater insulin resistance and
metabolic alterations in DIO. On the normal chow diet (4.5% fat
for 13% of calories), there were no differences in body weights,
fasting blood glucose, HbAlc, or glucose or insulin tolerance tests
between WT and macrophage COX-27" mice at either 20 or 40
weeks of age (Supplemental Figure 2). In contrast, on the HFD,
body weight increased significantly more in macrophage COX-2/-
mice (Figure 2E). Increases in subcutaneous adipose tissue (SAT)
and visceral adipose tissue (VAT) mass and liver mass were the
primary contributors to the increased body weight in macrophage
COX-2"/"mice (Figure 2F).
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Figure 2. Myeloid COX-2"/- mice had more
significant metabolic abnormalities in
DIO. WT (COX-2"") mice and myeloid
COX-2"/- (CD11b-Cre COX-2"") mice were
fed the HFD for 12 weeks. (A) Flow
cytometry gating on the SVF indicated
greater increases in EF ATMs in myeloid
COX-2"- mice (n = 5). (B and C) Myeloid
COX-2"- mice had more EF F4/80-pos-
itive ATMs, (B) but lower Ptgs2 mRNA
levels (C), compared with WT mice (n =
5-6). Scale bar: 100 um. (D) Represen-
tative images showed that COX-2 was
expressed in many ATMs in crown-like
structures in the HFD-treated WT mice
but was minimally expressed in WT mice
on normal chow and was undetectable in
the HFD-treated myeloid COX-27/- mice.
Scale bars: 100 pum (left) and 50 pm
(right). (E and F) Myeloid COX-2"/~ mice
had greater increases in body weight

(n =10) (E) and fat and liver masses

(n = 6-8) (F). (G-)) Myeloid COX-2"/- mice
had greater increases in fasting blood
glucose (n = 8) (G) and HbA1c (n = 6) (H)
and decreased insulin tolerance (n = 8) (l)
and glucose tolerance (n = 8) (J). (K) Rep-
resentative images showed more severe
liver steatosis in myeloid COX-27/- mice.
Scale bar: 100 um. Data are mean + SEM.
*P < 0.05, **P < 0.01, analyzed using
2-way ANOVA followed by Bonferroni’s
post hoc test for F, 2-tailed Student’s

t test for A, C, F, and H, 2-way ANOVA
followed by Tukey’s post hoc test for E, G,
and I, 2-tailed Student’s t test and 2-way
ANOVA followed by Tukey’s post hoc test
for ). EF, epididymal fat; SVF, stromal
vascular fraction.
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Fasting blood sugars were significantly increased in macro-
phage COX-27" mice compared with WT mice by 4 weeks of the
HFD and continued to be significantly increased throughout the
subsequent 8 weeks (Figure 2G). HbAlc levels measured at 12
weeks on the HFD were also significantly higher in macrophage
COX-27" mice (Figure 2H). The macrophage COX-2/" mice had
both abnormal insulin tolerance and glucose tolerance tests and
more severe liver steatosis compared with WT mice after 12 weeks
on the HFD (Figure 2, I-K).

Because we were able to detect increased COX-2 expression
in ATMs by 4 weeks after initiation of the HFD, we also investi-
gated earlier consequences and confirmed that after only 4 weeks
of the HFD, the macrophage COX-27" mice had abnormal glucose
tolerance and insulin tolerance compared with WT mice (Supple-
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mental Figure 3, A-C). Even a medium-fat diet (11% fat account-
ing for 25% of calories) for 4 weeks induced abnormal glucose
tolerance and insulin tolerance in macrophage COX-27/" mice
compared with WT mice (Supplemental Figure 3, D-F). We also
treated COX-2/" mice, littermate CD11b-Cre mice, and CD11b-
Cre COX-2%% mice with the HFD for 4 weeks. COX-2%% mice and
CD11b-Cre mice had comparable body weight, blood glucose, glu-
cose tolerance test, and insulin tolerance test at baseline and after
the HFD for 4 weeks (Supplemental Figure 3, G-J). Of note, there
were no differences among the groups when mice were fed a chow
diet (data not shown).

We noted that macrophage COX-27/" mice had significant-
ly greater food intake measured at 5 or 9 weeks after initiation
of the HFD (Supplemental Figure 4A). Further analysis showed
that the circadian rhythm of food intake was similar between WT
and macrophage COX-27/" mice either on a chow diet or an HFD
(Supplemental Figure 4, B and C). Given that body weight gain
and increased adiposity can contribute to abnormal glucose tol-
erance and insulin tolerance tests, we used HFD pair-feeding to
investigate further the potential role of ATM COX-2 deletion in

the observed metabolic disturbances. Pair-feeding of the HFD for
4 weeks led to similar increases in body weight in WT and mac-
rophage COX-27/~ mice. However, the macrophage COX-27" mice
still exhibited increased fasting blood glucose and abnormal glu-
cose tolerance tests and insulin tolerance tests compared with WT
mice (Supplemental Figure 4, D-G).

In hyperinsulinemic-euglycemic clamps of 5-hour fasted mice
after 12 weeks on the HFD, macrophage COX-27" mice required
significantly less glucose administration in order to maintain a
constant blood glucose throughout the course of the study (Figure
3A and Supplemental Figure 5). Macrophage COX-27/" mice had
significantly higher plasma insulin levels at baseline and during
the clamp (Figure 3B). Macrophage COX-27/" mice also exhibited
a decreased rate of glucose disappearance (RD; Figure 3C), consis-
tent with higher insulin concentrations needed for tissue glucose
utilization as well as increased endogenous hepatic glucose pro-
duction (Figure 3D). Macrophage COX-27/~ mice had significantly
less glucose uptake into SAT, VAT, and brown adipose tissue (BAT)
(Figure 3E). There was also significantly less glucose uptake into
skeletal muscles (soleus and gastrocnemius) as well as into the
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heart and brain (Figure 3E). After 12 weeks on the HFD, macro-
phage COX-27"mice had significantly more fibrosis in EF (percent-
age fibrotic area: 37.44% +3.41% vs. 3.97% * 0.48%, P< 0.01,n=8)
as well as in inguinal fat (IF) (Figure 3F), with less fibrosis in IF than
in EF in both WT mice and macrophage COX-27/" mice. Decreased
insulin-activated p-Akt levels in the adipose tissue, skeletal mus-
cle, and liver further confirmed insulin insensitivity in macrophage
COX-2""mice (Figure 3, G and H). EF mRNA levels of Adipog were
more than 6-fold lower in macrophage COX-27" mice than WT
mice 12 weeks after the HFD (39.55 * 5.85 vs. 249.35 £ 70.53, P <
0.01, n = 6) (Figure 31). The Adipog mRNA levels in IF were approx-
imately 10 times higher than that in EF in WT mice and were only
decreased by about 40% in macrophage COX-27/" mice (1421.12 +
28.63vs.2323.68 £ 242.46, P < 0.01, n = 6) (Figure 3I).

COX-2 deletion in adipocytes had minimal effects on development
of insulin vesistance and metabolic syndrome in DIO. Given that
adipose tissues are insulin sensitive, we also generated mice with
selective COX-2 deletion in adipocytes (Adipoq-Cre COX-2/1,
adipocyte COX-27") and COX-2% (WT) mice and fed them the
HFD for 16 weeks. Selective COX-2 deletion in adipocytes was
confirmed (Supplemental Figure 6A). In contrast to macrophage
COX-2"7" mice, body weights, fasting blood glucose levels, and
insulin tolerance tests were comparable between WT and adipo-
cyte COX-27-mice (Supplemental Figure 6, B-D).

Myeloid COX-2 deletion induced adipose tissue dysfunction. Both
increased adipocyte size (hypertrophy) and inappropriate extra-
cellular matrix remodeling contribute to the pathogenesis of dys-
functional adipose tissue in obesity (1, 16). Adipocytes in both EF
and IF were significantly larger in macrophage COX-27" mice, as
indicated by increased average adipocyte diameters (Figure 4A
and Supplemental Figure 7A). Macrophage COX-27" mice had sig-
nificantly increased EF mRNA expression of Acta2, Tgfbl, Collal,
and Col4al (Figure 4B) as well as markedly decreased EF Plinl
mRNA levels (191.4 *+16.8 vs. 18.0 + 2.8, P < 0.01, n = 6) (Figure
4C), possibly secondary to increased inflammation. Immunofluo-
rescent staining confirmed increased a-smooth muscle actin and
decreased adipocyte perilipin-1 expression in both EF and IF from
macrophage COX-27"mice (Figure 4, D and E, and Supplemental
Figure 8A). Macrophage COX-27" mice had increased plasma FFA
levels 4 weeks after the HFD but decreased plasma FFA levels 12
weeks after the HFD, consistent with the increased fibrosis at this
time point (Figure 4F).

In addition to fibrosis and unresolved inflammation, insuf-
ficient angiogenesis also contributes to the pathogenesis of dys-
functional adipose tissue in obesity (1). The mRNA levels of EF
Pecaml/Cd31, a marker of vascular endothelial cells, were signifi-
cantly lower in macrophage COX-27" mice than WT mice after 12
weeks on the HFD (Figure 4G). CD31 immunofluorescent staining
confirmed that macrophage COX-27" mice had marked decreases
in EF vascular density (Figure 4H). COX-2 has been reported to
promote angiogenesis through induction of VEGF-A expression
(17). Macrophage COX-27/" mice had markedly decreased EF Vegfa
mRNA levels (Figure 41), while the expression of the prolymphan-
giogenic factor Vegfc was not significantly altered (Supplemental
Figure 8B). Immunofluorescent staining showed that VEGF-A was
primarily expressed in ATMs in EF. Its expression was minimal
in WT mice fed normal chow (Supplemental Figure 8C) but was
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evident in WT mice fed the HFD. In contrast, there was minimal
VEGF-A expression in EF ATMs in macrophage COX-27" mice on
the HFD (Figure 4]).

ATMs with COX-27" deficiency decreased their ability to clear
apoptotic adipocytes. Macrophage COX-27/~ mice had increased
mRNA expression of macrophage markers Emrl and Cd68 in both
EF and IF (Figure 5A). In DIO, ATMs form CLSs to clear surround-
ing dead or dying adipocytes. COX-2 plays an important role in
macrophage antiinflammatory polarization with an increased
phagocytotic capacity (18-21). Macrophage COX-27" mice had
increased EF CLS numbers (Figure 5B) and mRNA and protein
levels of proinflammatory cytokines, including TNF-o, IL-6, and
IL-1B (Figure 5, C and D). Flow cytometry confirmed increased
proinflammatory CD45'*CD11b*F4/80*CD11c* ATMs in macro-
phage COX-27"mice on the HFD (Figure 5E). Although there were
less inflammation and lower CLS numbers in IF, there were the
same relative increases in macrophage COX-27/" mice (Supple-
mental Figure 9, A and B).

Compared with WT mice, ATMs isolated from macrophage
COX-27" mice had decreased expression of genes relating to lipid
metabolism and phagocytosis, including Plin2, Cd36, and Gas6, and
increased expression of proinflammatory cytokines, including Tnf,
Il6, and Il1b (Figure 5F). In EF ATMs, the expression of LAMP2A,
a marker of MMe polarization (13), was decreased in macrophage
COX-27" mice on the HFD (Figure 5G). Failure to clear apoptotic
adipocytes can lead to secondary necrosis. High mobility group box
1 (HMGBI) released from the nucleus serves as a danger-associat-
ed molecular pattern signal. When apoptotic cells enter the phase
of secondary necrosis, HMGBI is released and can induce further
inflammatory injury (22). HMGB1 was primarily localized in the
nuclei in adipocytes and interstitial cells (primarily ATMs) in WT
mice on the HFD for 12 weeks, but it could be detected in the nuclei
and cytosol in macrophage COX-27"mice (Figure 5H).

To evaluate phagocytotic ability in vitro, apoptotic adipo-
cytes prestained with BODIPY (green) were cocultured with PMs
prestained with F4/80 (red). PMs containing adipocyte-derived
lipid could be observed in WT PMs, indicating effective phagocyto-
sis, but lipid accumulation was markedly impaired in COX-27~PMs
(Figure 5I). COX-2 inhibition also impaired the ability of THP1 and
RAW264.7 cells to efficiently phagocytose apoptotic adipocytes
(Supplemental Figure 10).

Myeloid COX-2 deficiency led to increased monocyte recruitment
and ATM proliferation in adipose tissue in DIO. To investigate the
role of COX-2 in myeloid infiltration of EF, we labeled WT bone
marrow-derived macrophages (BMDMs) with the monocyte
tracking dye PKH67 (green) and COX-27/- BMDMs with PKH26
(red) and injected a mixture containing equal amounts of labeled
WT and COX-27-BMDMs into WT or macrophage COX-2"" recip-
ients fed the HFD for 4 weeks (Figure 6A, part I). Flow cytometry
confirmed increased EF CD45'CD11b'F4/80* ATMs in macro-
phage COX-27" mice at this time point (Supplemental Figure 11
and Figure 6B). In EF, the percentage of PKH26* cells (COX-27")
was higher than that of PKH67-positive cells (WT) in WT and mac-
rophage COX-27 recipients, and the percentage of PKH67* ATMs
and PKH26* ATMs was higher in macrophage COX-27 recipients
than in WT recipients (Figure 6C). More PKH26* COX-27-BMDMs
were also observed in cell suspension smears from myeloid

:


https://www.jci.org
https://doi.org/10.1172/JCI152391
https://www.jci.org/articles/view/152391#sd
https://www.jci.org/articles/view/152391#sd
https://www.jci.org/articles/view/152391#sd
https://www.jci.org/articles/view/152391#sd
https://www.jci.org/articles/view/152391#sd
https://www.jci.org/articles/view/152391#sd
https://www.jci.org/articles/view/152391#sd
https://www.jci.org/articles/view/152391#sd
https://www.jci.org/articles/view/152391#sd
https://www.jci.org/articles/view/152391#sd
https://www.jci.org/articles/view/152391#sd
https://www.jci.org/articles/view/152391#sd

;

RESEARCH ARTICLE

*WT *M¢p COX-27-

50 100 150 200 WT
Adipocyte diameter

The Journal of Clinical Investigation

e WT e M¢p COX-27"-
3 *%
Tl %k k% k%

mRNA expression
(fold)

Adipocyte diameter

in EF (um)
- N w »
o 8 8 8 8
i; }*
*
*

£ - eoe

=<

v
COX-27"- N

in EF (um)

A WT M¢ COX-2-- 2
» 20y v, Oaide
815 3
IS
310
c
L] _q '3 —"’::‘("/ NIA X — 0
EF: Sirius red o ’ 0
C « D WT M¢ COX-2-+-
300 1 —~10
< S :
E ‘% 200
E 9
T S100
Q\_ (0]
0 T
@l\+ﬂ? EF: a-SMA/DAPI
K9
@N
F G H CD31
S TS
S N
S < . =
g 520 =
© c ¥
> ~
g g \‘
[T 0 o
4wk 12wk \$« Q@ O
OO+’ =
=
@&
| J CD86 VEGF-A
15
< S
Z 10
€
®
S 5
L

M¢ COX-2--

EF: Plin1/DAPI
CD31/DAPI Detail
*%k
© 25
Q ]
£ 20
i)
315
@ H
210
bt
85
m 9
& o
Lo
+
C)O
@N

Figure 4. Myeloid COX-2-/- mice had greater adipocyte hypertrophy, fat tissue fibrosis, and vascular rarefaction. WT and myeloid COX-2"/~ mice were on
the HFD for 12 weeks. (A) Myeloid COX-2"- mice had larger adipocytes in EF (n = 390, 65 adipocytes measured from each of 6 mice in each group). Scale bars:
200 pum. (B-E) Myeloid COX-2"- mice had increased EF mRNA expression of profibrotic and fibrotic components, including Acta2, Tgfb1, Col1al, and Col4al
(B), and increased a-SMA protein expression (D), but decreased EF expression of Plin1 mRNA (C) and protein (E) (n = 6 and 7). Scale bars: 100 um. (F) Myeloid
COX-2/- mice had higher plasma FFA levels at 4 weeks but lower FFA levels at 12 weeks after the HFD (n = 5 and 6). (G and H) Myeloid COX-2"- mice had
decreased EF blood vessel density, as indicated by decreased Cd37 mRNA expression (G) and quantitative CD31immunofluorescent staining for blood vessels
(H) (n = 6). Scale bars: 100 pm (left) and 50 um (right). (1) Myeloid COX-2"- mice had decreased EF Vegfa (n = 7). (J) VEGF-A was primarily localized to ATMs in
EF and its expression was markedly decreased in myeloid COX-27- mice (n = 6). Scale bars: 50 pm. Data are mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001,
analyzed using 2-tailed Student’s t test for A-E and G-J and 2-way ANOVA followed by Bonferroni’s post hoc test for F. EF, epididymal fat.

COX-2" recipients (Supplemental Figure 12A). These results indi-
cated that macrophage COX-27" adipose tissue facilitated mono-
cyte recruitment, and COX-27/" monocytes were more responsive
to homing cues from the adipose tissue.

To investigate whether there were also differences in ATM
proliferation, Click-iT Plus EAU Alexa Fluor 647 was i.p. inject-
ed 3 hours before euthanization to evaluate cells in the S phase
of proliferation (Figure 6A, part II). EAU expression in EF

ATMs was significantly higher in macrophage COX-27" mice
than WT mice (Figure 6D). Macrophage COX-27" mice also
had increased percentages of ATMs that were positive for Ki67,
which was expressed at all stages of cell proliferation from G1
through mitosis (Figure 6E). A combination of strategies (I) and
(I1) indicated that infiltrating COX-27/- BMDMs had higher rates
of proliferation, which was further increased in recipient mac-
rophage COX-27" mice (Figure 6F). An increase in proliferating
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Figure 5. Myeloid COX-2-/- mice had increased ATMs with impaired ability to phagocytose apoptotic adipocytes in DIO. WT and myeloid COX-27/- mice
were on the HFD for 12 weeks. (A) Myeloid COX-2"/- mice had increased Emr1 and Cd68 expression in EF and IF (n = 6). (B) Myeloid COX-2"- mice had
increased CLSs in EF, as indicated by CD68 staining (n = 8). Scale bar: 100 um. (C) Myeloid COX-2-/- mice had increased proinflammatory mRNA and
protein expression of TNF-o, IL-6, and IL-1B in EF (n = 5 and 6). Scale bar: 200 pm. (D) ELISA determined higher EF TNF-a expression in myeloid COX-27/
mice (n = 5). (E) Flow cytometry showed more proinflammatory ATMs (CD45*CD11b*F4/80*CD11c*) in myeloid COX-27/~ mice (n = 5). (F) EF ATMs isolated
from myeloid COX-2"/- mice had increased proinflammatory cytokines (7nf, I/6, and //1b) but decreased expression of genes relating to lipid metabolism
(Plin2, Cd36, and Gasé), indicating impaired ATM MMe polarization (n = 5). (G) Representative images showed that EF ATMs from myeloid COX-2"- mice
had decreased expression of LAMP2A, a marker of MMe polarization. Scale bars: 50 um. (H) HMGB1 was localized to nuclei of adipocytes and stromal
cells in WT mouse EF but was detected in nuclei and cytosol in myeloid COX-27/- mice. Scale bars: 50 um. (1) In vitro, the ability to phagocytose apoptotic
adipocyte contents (green) was impaired in COX-27/- PMs (PMs, F4/80 staining, red) isolated from myeloid COX-2-/- mice, as indicated by decreased lipid
vesicles (asterisks) (n = 6). A, adipocytes; M, peritoneal macrophages. Scale bars: 50 um. Data are mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ana-
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PKH26 cells (EAU and PKH26-double positive) was confirmed
by immunofluorescence in EF in macrophage COX-27/" mice
(Supplemental Figure 12B).

Mice with selective EP4 deletion in myeloid cells recapitulated the
phenotype of mice with selective COX-2 deletion in myeloid cells in
DIO. Activation of the PGE2 receptor subtype EP4 can mediate
macrophage polarization to inhibit proinflammatory cytokines/
chemokines (18-20). We investigated the role of myeloid EP4 in
the pathogenesis of DIO by generating CD11b-Cre EP4%% (mac-
rophage EP47") mice. Compared with WT (EP4%%) mice, Ptger4
(EP4) mRNA expression was markedly decreased in both EF and
IF in macrophage EP47~ mice 12 weeks after initiation of the HFD
(Figure 7A). Of note, Ptger4 mRNA expression was markedly high-
erin IF than EF in both WT and macrophage EP47 mice. Because
reliable antibodies against EP4 receptors are not available, we uti-
lized RNAscope to confirm colocalization of Ptger4 mRNA with
Cd68 mRNA in CLSs in EF from WT mice and determined that
Ptger4 mRNA was not detectable in CLSs from macrophage EP4/
mice, although more Cd68-positive ATMs were present in CLSs
(Figure 7B). Interestingly, EF Ptger4 mRNA expression was also
decreased in ATMs in macrophage COX-27/" mice on the HFD,
suggesting a feed-forward regulation (Supplemental Figure 13).

High fat diet x 4 wk

CD45'CD11b*F4/80* cells

The Journal of Clinical Investigation

Figure 6. Increased monocyte recruit-
ment and proliferation of ATMs con-
tributed to more ATM accumulation in
the HFD-treated myeloid COX-2-/- mice.
WT and myeloid COX-2/- mice were on
the HFD for 4 weeks and EF was used for
experiments. (A) Schematic of experi-
mental protocol. (B) The percentage of
CD45+ live cells and CD45+CD11b*F4/80*
ATMs in EF were markedly higher in
myeloid COX-27/- mice than in WT

mice (n = 4). (C) COX-2/- BMDMs had
increased EF infiltration in both WT and
myeloid COX-27/~ recipients, and myeloid
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There were no differences in body weights, fasting blood glu-
cose, HbAlc, or glucose or insulin tolerance tests between WT
and macrophage EP47" mice after 20 weeks on the normal chow
diet (Supplemental Figure 2). However, after 12 weeks of the HFD,
macrophage EP47" mice had greater body weight gains on the
HFD than WT mice (Figure 7C); more severe liver steatosis (Fig-
ure 7D); increased SAT, VAT, and liver mass (Figure 7E); greater
increases in fasting blood glucose (Figure 7F) and HbAlc levels
(Figure 7G); abnormal glucose tolerance tests (Figure 7H) and
insulin tolerance tests (Figure 71); lower Adipog mRNA levels (Fig-
ure 7]); an increased number of ATMs with a more proinflammato-
ry CD45*CD11b*F4/80*CD11c* phenotype (Figure 7, K and L, and
Supplemental Figure 14A); and increased CLSs (Figure 7M). Sim-
ilar to macrophage COX-27/~ mice, macrophage EP47~ mice also
demonstrated abnormal glucose tolerance and insulin tolerance
after only 4 weeks of the HFD (Supplemental Figure 15).

The HFD-treated macrophage EP47 mice also had increased
adipose tissue proinflammatory cytokines (Figure 8, A and B, and
Supplemental Figure 14B) and increased adipocyte size (Sup-
plemental Figure 16), decreased vascular density (Figure 8C),
decreased EF Vegfa mRNA expression (Figure 8D), and decreased
VEGF-Aproteinexpressionin ATMs (Figure 8E). Macrophage EP4 7/
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Figure 7. Mice with myeloid EP4 deletion recapitulated the phenotype of macrophage COX-2/- mice in DIO. WT (EP4"") and myeloid EP4~/- (CD11b-Cre
EP4"/") mice were fed the HFD for 12 weeks. (A) Ptger4 mRNA expression was more than 5 times lower in EF than IF in WT mice, and its expression was
markedly decreased in both EF and IF in myeloid EP4~/- mice (n = 6). (B) In situ hybridization indicated that Ptger4 mRNA was colocalized with Cd68 mRNA
in ATMs in WT mice (arrows) but was not detectable in myeloid EP4~/- mice. Scale bars: 50 um. (C-E) Myeloid EP4-"- mice had greater increases in body
weight (n =15) (C), liver steatosis (D), and SAT, VAT, and liver masses (n = 7) (E). Scale bar: 100 pm. (F and G) Myeloid EP4~- mice had greater increases in
fasting blood glucose (n = 15) (F) and HbA1c (n = 8) (G). (H and J) Myeloid EP4-/- mice had decreased glucose tolerance (n = 9) (H) and insulin sensitivity

(n=9) (1), and decreased Adipog expression in both EF and IF (n = 6) (J). (K-M) Flow cytometry analysis showed more EF ATMs (n = 3) (K) with more proin-
flammatory phenotype (n = 3) (L) and higher number of crown-like structures (n = 8) (M) in myeloid EP4~/- mice. Scale bar: 100 um. Data are mean + SEM.
*P < 0.05, **P < 0.01, analyzed using 2-way ANOVA followed by Bonferroni's post hoc test for A and J; 2-tailed Student’s t test for C, E-G, K-M; 2-way

ANOVA followed by Tukey’s post hoc test for I; and 2-tailed Student’s t test and 2-way ANOVA followed by Tukey’s post hoc test for H. EF, epididymal fat;
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mice had decreased Plin] mRNA and protein expression (Figure
8, F and G) and increased adipose tissue fibrosis (Figure 8, H and
I). Similar to myeloid COX-2 deletion, myeloid EP4 deletion also
led to impaired ATM MMe polarization as indicated by decreased
LAMP2A expression in epididymal ATMs (Figure 8]). In addition,
EP47/- PMs isolated from myeloid EP47~ mice had impaired ability
to phagocytose apoptotic adipocytes (Supplemental Figure 17).
Activation of EP4 receptors ameliorated insulin resistance and
metabolic syndrome seen in myeloid COX-27~ mice but not in myeloid
EP47~ mice. WT mice, macrophage COX-27/" mice, and mac-
rophage EP47/~ mice were fed the HFD with or without the EP4
agonist, ONO-4819, which was given via mini-pump at a dose
of 75 pg/kg/day throughout the 10-week experimental period.
Although the EP4 agonist did not significantly affect metabol-
ic readouts in WT mice (Supplemental Figure 18), it led to lower

J Clin Invest. 2022;132(9):e152391 https://doi.org/10.1172/)CI152391

body weights (Figure 9A); improved glucose tolerance tests and
insulin tolerance tests (Figure 9B); and decreased SAT, VAT, and
liver mass in macrophage COX-27 mice (Figure 9D). In contrast,
the EP4 agonist had no effect on body weight or glucose tolerance
tests and insulin tolerance tests in macrophage EP47~ mice (Fig-
ure 9, A and C). Flow cytometry determined that both total ATMs
and proinflammatory CD45'CD11b*F4/80*CD11c* ATMs were
decreased in EP4 agonist-treated macrophage COX-27"mice (Fig-
ure 9, E and F). Increased EF insulin-activated p-Akt levels con-
firmed increased insulin sensitivity in EP4 agonist-treated macro-
phage COX-27"mice (Figure 9G).

Discussion
The current studies demonstrated that in response to an HFD,
ATMs increased COX-2 expression. Palmitic acid, the major FFA
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Figure 8. Mice with myeloid EP4 deletion had similar ATM dysfunction as myeloid COX-2"/- mice. WT mice and myeloid EP4~/~ mice were fed with the
HFD for 12 weeks. (A and B) Myeloid EP4-/- mice had higher EF mRNA levels of proinflammatory cytokines (Tnf, /16, and I/1b) (A) and higher EF TNF-a
protein levels (B) (n = 5 and 6). (C) CD31immunofluorescent staining showed less vascular density in myeloid EP4~/- mice. Scale bars: 100 um (left) and 50
um (right). (D and E) Myeloid EP4-"- mice had decreased EF Vegfa mRNA expression (D) and decreased EF ATM VEGF-A expression (E) (n = 4 and 6). Scale
bar: 50 um. (F and G) Myeloid EP4-/- mice had decreased adipose tissue perilipin 1(PlinT) mRNA (F) and protein (G) expression (n = 6). Scale bar: 100 pm.
(H) Myeloid EP4/- mice had increased EF mRNA expression of Acta2, Tgfb1, and Col1al (n = 6). (1) Myeloid EP4~- mice had significantly increased fibrosis
in both EF and IF, with more than 4-fold higher level of fibrosis in EF compared with IF (n = 8). Scale bar: 100 um. (J) Myeloid EP4-- mice had decreased EF
ATM expression of LAMPZ2A, a marker of ATM MMe polarization. Scale bar: 100 pm. Data are mean + SEM. *P < 0.05, **P < 0.01, by 2-tailed Student’s t
test for A, B, D, E, and H, and 2-way ANOVA followed by Bonferroni's post hoc test for F and I. EF, epididymal fat; IF inguinal fat.

released by adipocytes, stimulated COX-2 expression in mouse
PMs and in both human and mouse macrophage-like cell lines.
Selective deletion of COX-2 expression in ATMs increased EF and
IF deposition, with increased peripheral insulin resistance. COX-2
deletion in ATMs induced a more proinflammatory phenotype and
inhibited the ability to phagocytose lipid contents from apoptotic
adipocytes. Selective myeloid COX-2 deficiency led to increased

monocyte recruitment to adipose tissue and increased prolifer-
ation of ATMs in DIO. Macrophage expression of the PGE2 EP4
receptor was inhibited by COX-2 deletion, and selective myeloid
deletion of EP4 produced a similar phenotype to that seen with
myeloid deletion of COX-2, with a more proinflammatory ATM
phenotype, increased fat deposition, insulin resistance, and inhi-
bition of adipocyte phagocytosis (Figure 9H). EP4 expression was
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relatively greater in superficial inguinal adipose tissue than in
epididymal adipose tissue, consistent with increased metabolic
abnormalities with visceral adiposity (23). These results indicate
arole for a COX-2/PGE2/EP4 axis to modulate the phenotype of
ATMs to lessen the complications of obesity.

In the current studies, the lack of efficacy of the EP4 agonist
in mice with myeloid EP4 deletion indicated that the predominant
effect of the EP4 agonist was its ability to ameliorate the proin-
flammatory ATM phenotype. In this regard, previous studies by
us and others have indicated that deletion of macrophage-depen-
dent COX-2 expression can mediate macrophage polarization to a
proinflammatory M1 phenotype in resident kidney tissue macro-
phages (18, 24), and EP4 activation in macrophages inhibits mac-
rophage cytokine and chemokine release (8, 19, 20, 25-27).

Prior studies by the Scherer group have identified 3 factors
leading to dysfunctional adipose tissue: persistent inflammation,
inappropriate extracellular matrix deposition, and abnormalities
in angiogenesis (1, 2). In the current studies, selective myeloid
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deletion of either COX-2 or EP4 induced all 3 elements in adipose
tissue: ATMs from these mice had increased expression of proin-
flammatory cytokines, increased expression of TGF-p and fibrosis,
and impaired expression of VEGF-A, indicating an important role
for the COX-2/EP4 axis to serve as a brake on development of adi-
pose tissue dysfunction in response to high-fat feeding. Although
COX-2 expression has been implicated in regulation of macro-
phage-derived VEGF-A in tumor angiogenesis (17), these studies
demonstrated an important role for COX-2 regulation of macro-
phage-derived VEGF-A in angiogenesis in adipose tissue.

One of the most important functions of ATMs in adipose tissue
is to remove apoptotic adipocytes (3). With obesity, metabolical-
ly active MMe ATMs surround apoptotic adipocytes in the CLSs.
Macrophages are only one-sixth or less the size of adipocytes,
so traditional methods of efferocytosis of apoptotic adipocytes
are not possible. Previous studies have demonstrated that ATMs
attach to the apoptotic adipocytes and inject lysosomal lipases that
release FFAs that are then phagocytosed by the macrophages (13,
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28). In the current studies, we found that although selective dele-
tion of myeloid COX-2 or EP4 led to increased formation of CLSs,
the ATMs had decreased expression of multiple components of
macrophage phagocytotic machinery and limited ability to phago-
cytose lipid contents from apoptotic adipocytes.

Increased adipose lipolysis and increased plasma FFA and
glycerol due to adipose inflammation may contribute to the insu-
lin insensitivity and abnormal glucose disposal observed in the
macrophage COX-27 mice. Previous studies have clearly demon-
strated that adipose tissue inflammation increases lipolysis (29).
With deletion of COX-2 in ATMs, we also found increased FFAs
and glycerol after 4 weeks on the HFD. The relative decrease seen
at 12 weeks was presumably due to the increased adipose tissue
fibrosis and a decreased number of viable adipocytes. We also
cannot discount the possibility that increased inflammation in
other tissues in the macrophage COX-27/~ mice may also play a role
in insulin resistance. In addition, a recent study has also indicat-
ed a role for resident islet macrophages to affect p cell function in
high fat-induced obesity (30).

Prior studies investigating the potential role of COX-2 in adi-
pocytes have provided contradictory results. In models of high
fat-induced obesity, adipocyte COX-2 expression was reported
to increase (31), and administration of selective COX-2 inhibi-
tors or global COX-2 gene deletion reduced adipose tissue mass
and inflammation and skeletal muscle insulin resistance (31-34).
Adipose MIF (migration inhibitory factor) has been reported to
be mediated by COX-2 activity and to mediate adipose macro-
phage polarization to an M1 phenotype (35). Selective deletion of
adipose phospholipase A2, the mediator of arachidonic release,
prevented development of high fat-induced obesity (36). In vitro
studies suggested that adipocyte-derived PGE2 may mediate
macrophage recruitment (37), and mice with mPGES-1 deletion,
which mediates PGE2 synthesis, had decreased weight gain and
adipose inflammation when fed an HFD (38). In contrast, a recent
study investigating adipocyte-specific overexpression of COX-2
reported a small selective decrease in dietary high fat-induced
inguinal adipose tissue mass, with no change in glucose tolerance
and marginal improvement in insulin sensitivity (39). In our stud-
ies, we also failed to detect any significant effect on blood glucose
or glucose tolerance as well as any significant difference in total
body weight for the HFD in mice with selective adipocyte COX-2
deletion. Therefore, although it remains unclear whether adipo-
cyte-derived COX-2 has any involvement in mediating adiposity
and inflammation, the current study clearly demonstrated that
deletion of macrophage COX-2 will predispose to adipose inflam-
mation due to a more proinflammatory ATM phenotype.

There is similar uncertainty in the literature about the effects
of EP4. It has been reported that chronic administration of an
EP4-selective agonist inhibited insulin resistance and adipose
inflammation in a model of obesity-induced diabetes (db/db mice;
ref. 40). A recent study reported that global EP4 deletion led to
increased body weight when mice were fed a chow diet or an HFD
but had no effect on ATM density and polarization. When mice
were fed an HFD, either global or adipocyte-selective EP4 dele-
tion stimulated adipose lipolysis and improved insulin sensitivity.
The authors determined that adipocyte EP4 was primarily acti-
vated by COX-1-derived PGE2 (41). In contrast, the present study
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utilized mice with selective EP4 deletion in myeloid cells, and the
differences in metabolic readouts were only observed when they
were fed the HFD. Therefore, similar to COX-2, there appear to be
phenotypic differences in effects seen with EP4 deletion depend-
ing on the cell type.

It should be emphasized that the current studies were limit-
ed to investigation in mice, and further studies will be required to
determine whether there is a similar role for a COX-2/PGE2/EP4
axis in human ATMs. Previous studies have suggested that unlike
mice, in which obesity induces a phenotypic switch of macro-
phages to a proinflammatory phenotype, in obese humans, ATMs
may represent a mixed inflammatory phenotype characterized by
the presence of markers classically associated with both an M1and
M2 phenotype (42). This mixed M1/M2 phenotype or MMe phe-
notype is metabolically active, increased lysosomal activity, and
is associated with increased formation of CLSs and insulin resis-
tance in obese humans (13, 43).

Itis also noteworthy that in addition to the increased adiposity
and insulin resistance, macrophage COX-27/~ mice were noted to
have increased food intake. Previous studies have indicated that
centrally administered PGE2 inhibits food intake (44). High-fat
feeding leads to development of a proinflammatory microglial
phenotype in the mediobasal hypothalamus, a key regulatory site
of food intake and satiety, which disrupts the normal physiological
pattern of food intake as well as energy expenditure (45). COX-1
has been shown to be activated in microglia in brain inflammation
and to mediate prostanoid release that further promotes inflam-
mation. In contrast, upregulated microglial COX-2 expression
promotes production of lipid mediators that promote resolution of
inflammation (46). To obviate the potential effect of differences
in weight gain on metabolic abnormalities, we pair-fed WT and
macrophage COX-27/"mice the HFD for 4 weeks. Both groups had
similar body weight gains, but COX-27" mice still exhibited higher
fasting blood glucose and greater abnormality of glucose toler-
ance tests and insulin tolerance tests.

In summary, these studies report a role for expression of
COX-2 and its metabolite, PGE2, to mitigate adipose responses to
an HFD. Selective deletion of ATM COX-2 expression or the PGE2
receptor subtype EP4 exacerbated a proinflammatory ATM phe-
notype and the metabolic abnormalities associated with obesity.
Administration of an EP4 agonist improved the metabolic abnor-
malities by selectively correcting the metabolically activated ATM
phenotype. Therefore, an ATM COX-2/PGE2/EP4 axis plays a
protective role in response to an HFD.

Methods

Animals. EP4%" mice were generated in Matthew Breyer’s laboratory
(Vanderbilt University School of Medicine, Nashville, Tennessee, USA)
(47), COX-2"1 mice in Garret A. Fitzgerald’s laboratory (University of
Pennsylvania, Philadelphia, Pennsylvania, USA) (48), CD11b-Cre mice
with transgene integration in the Y chromosome in Jean Vacher’s lab-
oratory (Institut de recherches cliniques de Montreal, Montreal, Que-
bec, Canada) (49), and all these mice were backcrossed onto the FVB
background for 12 generations. Myeloid COX-2 deletion (CD11b-Cre
COX-21, macrophage COX-27) and EP4 deletion (CD11b-Cre EP4"/1,
macrophage EP47") mice and corresponding WT mice (WT, COX-21/1,
and EP4%1 respectively) on the FVB background were used for experi-
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ments. Adipog-Cre mice were purchased from The Jackson Laboratory
(stock 028020, C57BL/6]) and crossed with C57BL/6] COX-2" mice
to generate mice with selective COX-2 deletion in adipocytes (Adi-
pog-Cre COX-2"1 adipocyte COX-27"). We used 2 controls for studies.
For most of the studies, we used either COX-21 or EP4%/1 as controls.
In addition, we generated CD11b-Cre littermate mice by crossing
female COX-2"* with CD11b-Cre COX-2"*to generate CD11b-Cre lit-
termate controls and CD11b-Cre COX-2"% mice. CD11b-Cre mice and
COX-2"" mice had similar responses to an HFD. Male 8- to 10-week-
old mice were used for all experiments, and genotypes were confirmed
with PCR before and after experiments. The primers used in this
study included the primers for Ptgs2 (COX-2) floxed mice: 5'-TGAG-
GCAGAAAGAGGTCCAGCCTT-3' and 5-ACCAATACTAGCT-
CAATAAGTGAC-3'; Ptgs2 deletion allele. 5-TGAGGCAGAAAGAG-
GTCCAGCCTT-3" and 5-TTTGCCACTGCTTGTACAGCAATT-3".
The primers for Ptger4 (EP4) floxed mice were 5'-GTTAGATGGG-
GGGAGGGGACAACT-3' and 5-TCTGTGAAGCGAGTCCTTAG-
GCT-3'; the primers for CDI11b-Cre mice were 5'-AATGCTTCTGTC-
CGTTTGC-3' and 5-CGGCAACACCATTTTTTCTG-3'; and the
primers for Adipog-Cre mice were 5-ACGGACAGAAGCATTTTC-
CA-3' and 5'-GGATGTGCCATGTGAGTCTG-3'. The HFD (F3282)
was from Bio-Serv and the medium-fat diet (PicoLab 5LJ5 diet) was
from LabDiet. For pair-feeding experiments, we housed 2 mice with
similar body weights in each cage according to a protocol approved by
Vanderbilt IACUC. We measured food intake as g/100 g body weight
from WT mice and gave that amount to myeloid COX-27" mice. Circa-
dian rhythm was similar between WT and myeloid COX-27" mice on
chow food or HFD, with the majority of food intake during the night.
We added food to the pair-feeding myeloid COX-2 mice at 8 pm, so the
mice ate most of their food at night.

Antibodies and reagents. Rabbit anti-murine COX-2 (catalog
160106) was from Cayman Chemical; rat anti-mouse F4/80 (cata-
log ab6640), rabbit anti-VEGF-A (catalog ab52917), anti-IL-1p (cat-
alog ab9722), and anti-Ki67 (catalog abl6667) were from Abcam;
rat anti-mouse CD68 (catalog MCA1957B) was from Bio-Rad; rabbit
anti-LAMP2A (catalog LO668), mouse anti-B-actin (catalog A1978),
and anti-a-smooth muscle actin were from Sigma-Aldrich; mouse anti-
IL-6 (catalog sc-32296) and anti-TNF-a (catalog sc-133192) were from
Santa Cruz Biotechnology; rabbit anti-p-AKT (Ser473) (catalog 4046,
clone D9E), anti-AKT (catalog 4685), anti-perilipin-1 (catalog 9449,
clone D1D8), and HMGBI (catalog 6893S) were from CST; and rabbit
anti-CD31/PECAM-1 was from Novus Biologicals (catalog NB100-
2284). The HFD was from Bio-Serv (36% fat accounting for 60% of
calories, F3282); water-soluble dexamethasone (catalog D2951) and
palmitic acid (catalog 506345) were from MilliporeSigma. For the in
vitro study, 5 mM palmitate conjugated to 2 mM FFA-free BSA in ster-
ile water (pH 7.4) was used. ONO-4819 (Rivenprost, LS-H93, LSbio)
was given at 75 pg/kg/day via Alzet model mini-pump.

Isolation of BMDMs, PMs, and fat tissue myeloid cells. The mice
were anesthetized with isoflurane and euthanized by cervical disloca-
tion. Femurs, tibias, and humeri were dissected, and the shafts were
flushed using a syringe and a 26-gauge needle with RPMI 1640 sup-
plemented with 100 U/mL penicillin, 100 pg/mL streptomycin, 10 U/
mL heparin, and 0.2% FBS. The cell suspension was passed through a
40-um strainer and centrifuged, and the pellets were resuspended in
3 mL red blood cell lysis buffer and incubated for 3 minutes at room
temperature. After centrifugation, the pellets were resuspended with
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10 mL Dulbecco’s PBS containing 0.5% FBS, followed by monocyte
isolation using a monocyte isolation kit for mice (Miltenyi Biotec,
130-100-629) (50). Adipose tissue myeloid cells were enriched using
mouse CD11b microbeads and MACS columns (Miltenyi Biotec) fol-
lowing the manufacturer’s protocol. For isolation of PMs, mice were
i.p. injected with 3 mL of sterile thioglycolate medium (3% w/v of an
autoclaved stock prepared from dehydrated thioglycolate medium
and sterile saline water) (Sigma-Aldrich). Three days later, peritone-
al fluid was harvested, and pellets were resuspended in RPMI 1640
supplemented with 100 U/mL penicillin, 100 pg/mL streptomycin, 10
U/mL heparin, and 10% FBS and seeded in a 10-cm dish for 3 hours.
After washing 3 times with culture medium, cells were used for study.

Hyperinsulinemic-euglycemic clamp. Mice were anesthetized under
2% (v/v) isoflurane and the left common carotid artery and the right
jugular vein were catheterized for sampling and infusions, respectively,
as previously described (51). On the day of the experiment, food was
removed at 8 am. After 3.5 hours fasting, a primed (2 minutes, 0.5 uCi/
min) followed by continuous infusion (0.05 pCi/min) of [3-*H] glucose
was administered to measure whole-body glucose turnover. After 5
hours of fasting, mice received a continuous insulin infusion (4 mU/
kg/min), and blood glucose was maintained at basal levels by a variable
infusion of a 50% (w/v) glucose solution. Arterial blood samples were
collected during steady-state conditions and at 80, 90, 100, 110, and
120 minutes for determination of the rate of whole-body glucose dis-
appearance (Rd) and the rate of endogenous glucose appearance (Ra),
as described above. At 120 minutes, a 13 uCi bolus of [*C]-2-deoxy-D-
glucose (2-DG) was injected into the jugular vein, and arterial blood
was sampled at 122,135, 145, and 155 minutes. Mice were administered
pentobarbital anesthesia, and tissues were extracted and frozen for
subsequent gene expression and glucose uptake determinations.

Flow cytometry. EF tissue cell suspension was prepared using
DNase I (56 U/mL, Bio-Rad, 7326828) and collagenase D (4 mg/mL,
Roche, 11088882001), and then suspended in 100 pL of PBS contain-
ing 1% BSA and incubated with 0.5 uL Fc block (BD Pharmingen, puri-
fied rat anti-mouse CD16/CD32). Anti-CD45 (30-F11, 103149), anti-
CD11b (M1/70, 101226), and anti-F4/80 (BM8, 123129) were used
to identify ATMs, and anti-CD11c (N418, 117317) was used to label
proinflammatory ATMs. All these reagents were from BioLegend.
Appropriate isotype controls were included for each sample. A total of
100,000 cells were acquired by scanning using NovoCyte Quanteon
Flow Cytometer Systems. Cell debris and dead cells were excluded
from the analysis based on scatter signals and use of Zombie Violet
Fixable Viability kit (423114, BioLegend). For evaluation of monocyte
infiltration into adipose tissue, 100 pL of solution containing 1 x 10¢
PKH67-labeled WT BMDMs (green, PKH67GL, Sigma-Aldrich) and
1 x 10° PKH26-labeled COX-27- BMDMs (from myeloid COX-27/-
mice) (red, PKH26GL, Sigma-Aldrich) were injected retro-orbitally to
either WT or myeloid COX-27"mice on the HFD for 4 weeks, 72 hours
before euthanization. Cell proliferation in S phase was evaluated using
Click-iT Plus EAU Alexa Fluor 647 Flow Cytometry Assay kit (Invit-
rogen, C10634), which was administrated via i.p. injection 3 hours
before euthanization according to the manufacturer’s protocol.

RNAscope. RNA in situ hybridization (RNAscope, ACD Bio-Techne)
was performed on FFPE sections using the RNAScope Multiplex Fluo-
rescent Reagent v2 kit RED according to the manufacturer’s instruc-
tions. Probes against mouse Cd68 (Mm-Cd68-C2, ACD 316611-C2)
and mouse Ptger4 (EP4, Mm-Ptger4, ACD 441461) were used.
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Phagocytic activity assay. 3T3-L1 adipocytes (ATCC CL-173) were
differentiated with IBMX-DEX-INS for 10 days and then induced to
form apoptotic bait cells by staurosporine apoptosis inducer (1:1000)
and prelabeled with BODIPY (1:2500, BODIPY 493/503, Invitrogen)
to stain neutral lipids. Effector cells, including PMs, mouse mac-
rophage-like RAW264.7 cells (ATCC TIB-71), and human macro-
phage-like THP1 cells (ATCC TIB-202) were prelabeled with F4/80
(1:50 staining) and plated on 24-well plates. Macrophages were lay-
ered on the top of adipocytes in a ratio of 4:1 and were cocultured for
24 hours at 37°C in a 5% CO, atmosphere, and images were obtained
with a Nikon TE300 fluorescence microscope and spot-cam digital
camera (Diagnostic Instruments).

Glucose tolerance test and insulin tolerance test. For the glucose tol-
erance test, mice fasted overnight (16 hours) were i.p. injected with
glucose at a dose of 2 mg/g body weight and blood glucose was mea-
sured 0, 15, 30, 90, 120, 150, and 180 minutes after glucose injection
(52). For the insulin tolerance test, insulin was given at a dose of 3
ng/kg body weight to mice fasting from 8 am to 2 pm, and blood glu-
cose was monitored 0, 15, 30, 45, 60, 75, and 90 minutes after insulin
administration (52).

Quantitative PCR. Total RNA from tissues and cells was isolated
using TRIzol reagent (Invitrogen). SuperScript IV First-Strand Syn-
thesis System kit (Invitrogen) was used to synthesize cDNA from
equal amounts of total RNA from each sample. Quantitative real-
time PCR was performed using TagMan real-time PCR (7900HT,
Applied Biosystems). The Master Mix and all gene probes were also
purchased from Applied Biosystems. The probes used in the experi-
ments included the following mouse primers: Gapdh (Mm99999915),
Ptgs2 (Mm00478374), Ptges (mm00452105), Ptger4 (Mm00436053),
Emrl (Mm00802529), Cd68 (MmO03047343), Tnf (Mm99999068),
Illa (MmO00439621), Il1b (Mm00434228), Il6 (Mm00446190), Ccl2
(MmO00441242), Collal (Mm00801666), Col4al (MmO01210125),
Acta2 (MmO01546133), Tgfbl (Mm00441726), Gas6 (Mm00490378),
Cd31(MmO01242584), Adipoqg (MmO00456425), Cd36 (Mm00432403),
Plinl (perilipin 1, Mm00558672), Plin2 (perilipin 2, Mm00475794),
Vegfa (MmO01281449), and Vegfc (MmO00437313). Human primers
included GAPDH (Hs99999905) and PTGS2 (Hs00153133). Real-
time PCR data were analyzed using the 22T method to determine the
fold difference in expression.

Quantitative immunofluorescence staining. Animals were anesthe-
tized with Nembutal (70 mg/kg, i.p.) and given heparin (1000 U/kg,
i.p.) to minimize coagulation. After perfusion with cold PBS through
a transcardial aortic cannula, tissues were removed for immunoblot-
ting, flow cytometry, quantitative PCR, immunofluorescent staining,
isolation of renal myeloid cells, or histology with immersion in fixative
containing 3.7% formaldehyde, 10 mM sodium m-periodate, 40 mM
phosphate buffer, and 1% acetic acid. To determine insulin sensitiv-
ity in different organs with p-Akt immunoblotting and immunoflu-
orescent staining, insulin at a dose of 1.5 U/kg was given i.p. 5 min-
utes before euthanization. The fixed tissue was dehydrated through
a graded series of ethanol, embedded in paraffin, sectioned (5 pm),
and mounted on glass slides. The deparaffinized sections underwent
antigen retrieval with citrate buffer by microwave heat for 10 minutes,
and then were blocked with 10% normal donkey serum for 1 hour at
room temperature. For double immunofluorescence staining, the sec-
tions were incubated in 2 rounds of staining: CD68 (1:100 dilution)
versus COX-2 (1:100 dilution) or VEGF-A (1:50 dilution) or LAMP2A
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(1:50 dilution); perilipin-1 (1:100 dilution) versus HMGB1 (1:100
dilution) overnight at 4°C, followed by either anti-rabbit IgG-HRP or
anti-mouse IgG-HRP incubation at room temperature for 1 hour. Each
round was followed by tyramide signal amplification with Alexa Flour
488 tyramide or Alexa Flour 555 tyramide (Tyramide SuperBoost kit
with Alexa Fluor tyramides, Invitrogen) according to the manufactur-
er’s protocols. DAPI was used as a nuclear stain. Of note, 5-um cryo-
sections from fresh tissue embedded in Tissue-Tek OCT were used for
PKH26, PKH67, and EQU evaluation as well as F4/80 and Ki67 double
immunofluorescent staining in fat tissues. Sections were viewed and
imaged with a Nikon TE300 fluorescence microscope and spot-cam
digital camera (Diagnostic Instruments), followed by quantification
using Image] (NIH) in more than 10 fields per slide and expressed as
arbitrary units or percentage per field by 2 independent investigators.

Immunoblotting analysis. Skeletal muscle, liver, PMs, RAW 264.7,
and THP1 cells were homogenized using lysis buffer containing 10
mM Tris-HCI (pH 7.4), 50 mM NaCl, 2 mM EGTA, 2mM EDTA, 0.5%
Nonidet P-40, 0.1% SDS, 100 uM Na,VO,, 100 mM NaF, 0.5% sodium
deoxycholate, 10 mM sodium pyrophosphate, 1 mM PMSF, 10 pg/mL
aprotinin, and 10 pg/mL leupeptin and centrifuged at 15,000g for 20
minutes at 4°C (53). Adipose tissue protein was extracted with Min-
ute Total Protein Extraction kit (Invent biotechnologies). The BCA
protein assay kit (Thermo Fisher Scientific) was used to measure the
protein concentration. Immunoblotting was performed as previously
described (53) and quantitated with Image].

Evaluation of adipocyte size and lipid accumulation in macrophages.
Adipocyte diameter was measured in Picrosirius red-stained slides
with Image]. Sixty-five adipocytes were analyzed for each of 6 mice
from each group. Gaussian distribution was added to illustrate the
normal distribution of the data set. Lipid vesicles from 20 to 25 mac-
rophages were quantitated and the mean was used for each sample.

Measurement of plasma insulin, FFA, glycerol, and tissue TNF-a.
Ultra Sensitive Mouse Insulin ELISA kit (900800, Crystal Chem) was
used to measure plasma insulin concentration according to the manu-
facturer’s protocol. FFA quantitation kit (MAKO44) and glycerol assay
kit (MAK117) from Sigma-Aldrich were used to measure plasma FFA
and glycerol according to the manufacturer’s protocol. Mouse fat tis-
sue TNF-a levels were evaluated using mouse TNF-a DuoSet ELISA
kit (DY410, R&D Systems).

HbAIc evaluation. HbAlc levels were measured using a DCA Van-
tage Analyzer (Siemens).

Oil Red O and Picrosirius red staining. Frozen liver tissues were
embedded in Tissue-Tek OCT and 10-um thick cryosections were
used for Oil Red O staining to detect neutral lipid accumulation
using an Oil Red O Stain Kit (Abcam, ab150678). Fat tissue fibro-
sis was determined using a Picrosirius red stain kit (Direct Red 80,
365548, Sigma-Aldrich).

Statistics. Statistical analyses were performed with GraphPad
Prism 9. Data are presented as the mean + SEM. Data were analyzed
using a 2-tailed Student’s ¢ test, 1-way ANOVA, or 2-way ANOVA fol-
lowed by Tukey’s or Bonferroni’s post hoc tests. A P value less than
0.05 was considered significant. For each set of data, at least 4 animals
were examined for each condition. Collection, analysis, and interpre-
tation of data were conducted by at least 2 independent investigators,
who were blinded to the study.

Study approval. All animal experiments were performed in accor-
dance with the guidelines of the IACUC of Vanderbilt University.
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