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Diet-induced obesity (DIO) leads to inflammatory activation of macrophages in white adipose tissue (WAT)
and subsequently to insulin resistance. PPARY agonists are antidiabetic agents known to suppress inflamma-
tory macrophage activation and to induce expression of the triacylglycerol (TG) synthesis enzyme acyl CoA:
diacylglycerol acyltransferase 1 (DGAT1) in WAT and in adipocytes. Here, we investigated in mice the relation-
ship between macrophage lipid storage capacity and DIO-associated inflammatory macrophage activation.
Mice overexpressing DGAT1 in both macrophages and adipocytes (referred to herein as aP2-Dgat1 mice) were
more prone to DIO but were protected against inflammatory macrophage activation, macrophage accumula-
tion in WAT, systemic inflammation, and insulin resistance. To assess the contribution of macrophage DGAT1
expression to this phenotype, we transplanted wild-type mice with aP2-Dgat1 BM. These mice developed DIO
similar to that of control mice but retained the protection from WAT inflammation and insulin resistance seen
in aP2-Dgat1 mice. In isolated macrophages, Dgat] mRNA levels correlated directly with TG storage capacity
and inversely with inflammatory activation by saturated fatty acids (FAs). Moreover, PPARy agonists increased
macrophage Dgat] mRNA levels, and the protective effects of these agonists against FA-induced inflammatory
macrophage activation were absent in macrophages isolated from Dgat1-null mice. Thus, increasing DGAT1
expression in murine macrophages increases their capacity for TG storage, protects against FA-induced inflam-

matory activation, and is sufficient to reduce the inflammatory and metabolic consequences of DIO.

Introduction
Chronic diet-induced obesity (DIO) promotes infiltration of the
white adipose tissue (WAT) by monocyte-derived phagocytic and
antigen-presenting cells that include macrophages and dendritic
cells. These macrophages accumulate in crown-like structures
(CLS) around dying or apoptotic adipocytes and change their over-
all polarity from a relatively antiinflammatory (M2) activation state
to amore inflammatory (M1) state (1-5). The M1 activation of mac-
rophages in WAT is linked to chronically elevated serum levels of
inflammatory cytokines, such as TNF-a, that are key to the develop-
ment of insulin resistance, diabetes, and atherosclerosis (6-9).
Determining the molecular mechanisms that trigger M1 activation
of macrophages in WAT during DIO may offer insights into the met-
abolic consequences of obesity. Recent evidence points to the impor-
tance of saturated fatty acids (FAs), which are systemically elevated
in chronic DIO (10, 11) and stimulate M1 activation of macrophages
and dendritic cells in culture (12-15). This stimulation is mediated,
atleastin part, by signaling through TLR2 and TLR4 and the associ-
ated activation of JNK (13-17). However, M1 activation may also be
influenced by the levels of intracellular FAs, which regulate a wide
variety of signaling pathways (18-22). These intracellular FAs exist in
different pools, including free FAs, FA acyl CoAs, and inert FA moi-
eties that are incorporated into glycerolipids, such as triacylglycerols
(TGs) (23). The capacity of macrophages to incorporate FAs into TGs
could thus serve to modulate the potential for M1 activation.
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Synthesis of TG involves acyl CoA:diacylglycerol acyltransferase
(DGAT) enzymes, which catalyze a reaction with diacylglycerol
and FA acyl CoA substrates (23). Cellular TG storage is directly
correlated with levels of DGAT activity. For example, overexpres-
sion of DGAT enzymes in transgenic mice is sufficient to increase
cellular TG storage in WAT, skeletal muscle, or liver in a tissue-spe-
cific manner (24-26). Moreover, DGAT1 helps to protect cultured
cells from the toxic effects of excess FAs (27). Interestingly, DGAT1
expression in adipocytes and WAT is upregulated by PPARY activa-
tion (28-30), and PPARY activation protects macrophages against
M1 activation in vitro and in vivo (13, 31-33). Given these find-
ings, we hypothesized that DGAT1 expression in macrophages
may modulate M1 activation by FAs.

In the current study, we examined this hypothesis by performing
a series of studies in genetically modified mice to determine how
increasing DGAT1 expression in the macrophage compartment
affects the response to a chronically high-fat diet. We also examined
primary macrophages from genetically modified mice to determine
whether the level of DGAT1 expression modulates FA- and cytokine-
induced M1 activation in a cell-autonomous manner. Finally, we
determined whether DGAT1 is regulated by PPARy agonists in mac-
rophages and whether DGAT1 is required for the antiinflammatory
effects of PPARYy agonists on FA-induced M1 activation.

Results
aP2-Dgat1 mice have increased Dgatl mRNA levels in both adipocytes and
macrophages. We previously showed that transgenic C57BL/6 mice
overexpressing murine Dgat] under the control of the FA-binding
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protein 4 (aP2) promoter (aP2-Dgat1) have increased Dgat] mRNA
levels in WAT (24). However, the aP2 promoter can drive gene
expression in both adipocytes and monocyte-derived macrophages
and dendritic cells (34, 35). We therefore examined the contribu-
tion of these cell types to increased Dgatl mRNA levels in aP2-Dgat1
WAT. We harvested the epididymal fat pads from mice, keeping 1
fat pad intact and separating the other to yield adipocytes and a
macrophage-containing stromal-vascular fraction (SVF). We then
analyzed mRNA levels in the whole WAT, adipocytes, and SVF by
quantitative PCR (qPCR) (Figure 1A). Dgat2 mRNA was highly
expressed specifically in adipocytes, a cell type rich in DGAT2,
while Emrl (EGF-like module-containing mucin-like receptor 1
or F4/80), a macrophage-expressed gene, was highly expressed in
the SVF, verifying the integrity of the adipocyte and macrophage
fractions. Although Dgat1 mRNA levels were, as expected, increased
(~10-fold) in the whole WAT of aP2-Dgatl mice, this increase
occurred to a similar magnitude in adipocytes and the SVF, sug-
gesting that the transgene is expressed in both adipocytes and
monocyte-derived macrophages.

To assess DGAT1 overexpression specifically in macrophages, we
measured Dgat] mRNA levels in peritoneal macrophages (P-M¢)
and BM-derived macrophages (BMD-M¢) from aP2-Dgatl mice.
Whereas the mRNA levels of controls Dgat2 and Emrl were simi-
lar in WT and aP2-Dgat] mice, Dgat] mRNA levels were increased
(~6-8.5-fold) in the P-M¢ of aP2-Dgat1 mice whether they were fed
a chow diet or a 16-week high-fat diet (Figure 1B). Interestingly,
mRNA levels of both Dgatl and Dgat2 were increased dramatically
(~50-fold for Dgat1 and ~800-fold for Dgat2) in macrophages after
high-fat feeding in WT mice (Figure 1B), suggesting both enzymes
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Figure 1

Dgat1 mRNA levels are increased in both adipocytes and macro-
phages from aP2-Dgat7 mice. (A) Increased Dgat? mRNA levels in
whole WAT and in adipocyte (Adip) and SVF fractions of aP2-Dgat1
mice fed a chow diet. mRNA levels were measured by gPCR and nor-
malized for each gene product to levels in whole WAT for WT (n = 5-6
per group; *P < 0.05). Samples were pooled for adipocytes and SVF.
(B) Increased Dgat? mRNA levels in P-M¢ of aP2-Dgat7 mice fed a
chow or high-fat diet. mRNA levels were measured by gPCR (n = 4-8
per group; *P < 0.05). Mean Ct values for Dgat1, Dgat2, and Emr1
(F4/80) were 27.6, 30.2, and 25.0, respectively, for WT chow-fed sam-
ples and 25.0, 24.0, and 24.9, respectively, for WT high-fat samples.
Data for each gene were normalized to WT chow. (C) Increased Dgat1
mRNA levels in BMD-M¢ of aP2-Dgat1 fed a chow diet. mRNA levels
were measured by gPCR (n = 4-8 per group; *P < 0.05). (D) Rep-
resentative immunoblot demonstrating increased DGAT1 protein in
BMD-M¢ of aP2-Dgat1 mice.

are involved in the response of macrophages to a high-fat diet. For
Dgatl, the increase was further accentuated in the transgenic mice
such that mRNA levels were over 200-fold higher than baseline levels.
Dgatl mRNA levels were also increased in BMD-M¢ from aP2-Dgat1
mice (Figure 1C), as were DGAT1 protein levels (Figure 1D).

aP2-Dgatl mice are prone to accentuated DIO but protected against its
metabolic and inflammatory consequences. To determine the impact of
increased Dgat] mRNA levels in the adipocyte/macrophage com-
partment on obesity and diet-induced insulin resistance, WT and
aP2-Dgat] mice were fed a chow diet or a high-fat diet for 16 weeks.
On either diet, aP2-Dgat1 mice gained more weight than WT mice
(Figure 2A), and an analysis of body composition by dual energy
X-ray absorptiometry (DEXA) showed increased adiposity (Figure 2B).
Glucose tolerance was similar in aP2-Dgat]l and WT mice fed a
chow diet (data not shown). However, despite their relative obesity,
aP2-Dgat] mice chronically fed a high-fat diet had less TG accumu-
lation in the skeletal muscle and liver (Figure 2C) and enhanced
glucose and insulin tolerance (Figure 2D). aP2-Dgatl mice with
chronic DIO also had lower fasting levels of insulin and glucose
and a lower mean value on the homeostasis model assessment
of insulin resistance (HOMA-IR) index, indicative of improved
insulin sensitivity (Table 1). aP2-Dgat] mice with chronic DIO dis-
played other phenotypic features associated with enhanced insulin
sensitivity. Serum resistin levels, which increase with DIO and pro-
mote insulin resistance (36), were not elevated in aP2-Dgat] mice,
and serum adiponectin levels, which correlate inversely with the
degree of DIO and insulin resistance (37), were higher in aP2-Dgat1
mice (Table 1). Additionally, aP2-Dgat1 mice had lower serum TG
levels when fed a high-fat diet (Table 1), as reported (24).

Given their improvement in insulin and glucose metabolism,
we hypothesized that the aP2-Dgatl mice would have less diet-
induced inflammation in the WAT. In agreement with this, the
expression of genes induced by M1 macrophage activation, includ-
ing Nos2 (iNOS), Itgax (integrin, alpha X [complement component
3 receptor 4 subunit]| or CD11c), and those encoding for inflam-
matory cytokines (Tnfa), and chemokines (Ccl2, or monocyte
chemoattractant protein-1 [MCP-1]), were reduced in the WAT of
aP2-Dgat] mice chronically fed a high-fat diet (Figure 3A). In con-
trast, mRINA levels for genes marking the alternative (M2) activa-
tion state of macrophages were not different between genotypes
(Figure 3A). Taken together, these data indicate that aP2-Dgatl
mice chronically fed a high-fat diet have reduced activation of the
M1 inflammatory pathway in the WAT.
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Activated resident WAT macrophages promote inflammation by
recruiting more macrophages, which accumulate in CLS around
adipocytes on histological sections (1-5). The number of such
structures in WAT was reduced by more than 50% in high-fac-fed
aP2-Dgat1 mice (Figure 3B). Thus, DIO in aP2-Dgat1 mice is asso-
ciated with reductions in both the M1 activation and accumula-
tion of macrophages in the WAT, 2 components of chronic WAT
inflammation. These differences were not seen in chow-fed mice,
in which CLS were rarely seen in WAT (data not shown). Consis-
tent with decreased recruitment of macrophages into the WAT, we
found that aP2-Dgat1 mice had 20%-40% lower levels of the serum
proinflammatory factors TNF-a,, MCP-1, and plasminogen activa-
tor inhibitor-1 (PAI-1) (Figure 3C).

Protection against inflammatory and metabolic consequences of DIO in
aP2-Dgat1 mice does not require adiponectin. The WAT-derived hormone
adiponectin modulates metabolic and inflammatory parameters in
mice (29, 38-42). Because aP2-Dgat1
mice had 60% more serum adiponec-
tin (Table 1), adiponectin emerged asa
potential contributor to the phenotype
of aP2-Dgat] mice. To address this pos-
sibility, we crossed aP2-Dgat1 mice with

Table 1

Plasma metabolites

: . : : . FFA (mmol/l)
adiponectin-deficient (Adipoq~~) mice TG (mgy/dl)
(39) to generate Adipoq”/-aP2-Dgatl TC (mg/dI)

mice and examined the inflamma-
tory and metabolic responses of these
mice to chronic DIO. On a chow diet,
Adipoq7/-aP2-Dgat] mice gained slight-
ly more weight than Adipog”~ mice
(Supplemental Figure 1A; supplemen-
tal material available online with this
article; doi:10.1172/JCI36066DS1).

Glucose (mg/dl)
Insulin (ng/ml)
HOMA-IR

Leptin (ng/ml)
Resistin (ng/ml)
Adiponectin (ug/ml)
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Figure 2

aP2-Dgat1 mice are prone to obesity but protected against its
metabolic consequences. (A) Growth curves (n = 9—12 per group;
*P < 0.05) showing increased body weight and (B) DEXA analysis of
body composition (n = 5-8 per group; *P < 0.05) showing increased
adiposity in aP2-Dgat1 mice fed a chow or a 16-week high-fat diet. (C)
Decreased TG content in the skeletal muscle and livers (n = 9-12 per
group) of aP2-Dgat1 mice fed a high-fat diet (*P < 0.05). (D) Enhanced
GTTs (top) and ITTs (bottom) in aP2-Dgat1 mice fed a high-fat diet
(*P < 0.05) (n =5-11 per group).

However, when fed a 16-week high-fat diet, the weight curves of
Adipoq”~ mice, which are prone to DIO (39), and Adipog7-aP2-Dgat1
mice were similar (Supplemental Figure 1A), suggesting an epistatic
interaction of these alleles in this dietary condition.

As expected, Adipoq”/~ mice developed diet-induced glucose
intolerance (Supplemental Figure 1B). Remarkably, however,
Adipoq”/-aP2-Dgat] had improved glucose tolerance and lower fast-
ing insulin levels on a high-fat diet than did Adipog~~ mice (Supple-
mental Figure 1B and Supplemental Table 1), indicating that over-
expression of DGAT1 in the adipocyte/macrophage compartment
was sufficient to suppress the impairment in glucose metabolism
induced by adiponectin deficiency. Further, Adipoq/-aP2-Dgatl
mice with chronic DIO had lower mRNA levels of M1 macro-
phage genes in the WAT (Supplemental Figure 1C) and lower
serum levels of TNF-a,, MCP-1, and PAI-1 (Supplemental Figure
1D) than did Adipog~7~ mice. TG levels in the serum (Table 1) and in
the livers and skeletal muscle (Supplemental Figure 1E) were also
lower in Adipog/-aP2-Dgat1 mice with DIO. These results indicate
that the protective metabolic effects of DGAT1 overexpression in
aP2-Dgat] mice with DIO are independent of adiponectin.

BM transplantation to generate mice with overexpression of DGATI in
macrophages. Our studies of aP2-Dgat] transgenic mice indicated
that the overexpression of DGAT1 in the adipocyte/macrophage
compartment yielded metabolic benefits in the setting of DIO but
could not distinguish the relative contributions of adipocytes and
macrophages to this effect. Because of the concomitantly reduced
inflammatory state of aP2-Dgat] mice, we elected to further study
the effects of DGAT1 overexpression in monocyte-derived macro-
phages. To this end, we transplanted lethally irradiated WT mice
with BM from age-matched WT or aP2-Dgat] mice. Our experimen-
tal design (Figure 4A) yielded one cohort of mice in which both
macrophages and adipocytes were genetically WT (WT—WT) and
another in which Dgat1 mRNA levels were increased in macrophages

Serum parameters of mice fed a high-fat diet

WT aP2-Dgat1 Adipoq~- aP2-Dgat1 Adipoq-
1.7+0A1 2.0+0.17 1.87+0.18 1.52+0.21
130.4 +20.5 88.6 +11.1A 150.0 + 28.7 98.2+ 138
154.9+6.5 143.0+8.9 1799+ 8.4 146.5 + 8.98
1726 +9.3 146.1 +10.1A 188.0+5.6 187.5+10.9
1.24 +0.09 1.04 +0.08* 2.04+0.34 1.56 +0.318
94+0.7 6.6 + 0.5 16.6 £2.5 13.2 £ 3.1
104 +3.7 11.2+21 124 +25 141+49
27+05 29+04 31+11 25+04
34+0.6 55+ 0.6 ND ND

FFA, free FA; TC, total cholesterol; ND, not detectable. n = 7-16 mice per group. AP < 0.05 vs WT.
BP < 0.05 vs Adipog~-. Glucose and insulin measured after 6-hour fasts.

Volume 120 Number3  March 2010



research article

Owr M aP2-Dgatt Figure 3
A ) M1 genes B WT Reduced markers of WAT and systemic inflammation in
| Nﬁ-\ aP2-Dgat1 mice chronically fed a high-fat diet. mRNA
1r * i b Ap™ I levels of macrophage M1 and M2 pathway genes were
5 r . = r~ ( ’ ), measured by qPCR in WAT of mice fed a high-fat diet for
E . L‘ ~ ~ Y VA 16 weeks (n = 7-14 per group). (A) Decreased mRNA
< ot Cel2 Nos2 Thfa Itgax T~ N levels of M1 but not M2 genes in WAT of aP2-Dgat1
E (MCP-1) (iNOS) (CD11¢) . Vs T‘”ﬁ mice (*P < 0.05). M1 genes included iNOS (Nos2),
£ M2 genes — A _CD11c (ltgax), Tnfa, and MCP-1 (Ccl2). M2 genes
_g 4- aP2-Dgat1 included macrophage galactose-/N-acetylgalactos-
© - - amine—specific lectin (Mgl2), Arginase-1 (Arg1),
2 ok A~ 4 — PPARgamma (Pparg), mannose receptor (Mrc2), and
Ei Ifh Ei B Pt “r~  Chitinase3-like 3, or Ym1 (Chi3I3). (B) Fewer macro-
ol Ei ; "%7 7 ..,,(;‘ phage CLS (arrows) in the WAT of aP2-Dgat1 mice
Mig2 Arg1 Pparg Mrc2 Chi3L3 . ({ BT N fed a high-fat diet (n = 4-5 per group). Representative
/) ) g 5 light micrographs of WAT sections stained with anti-
|"r‘ ) L T F4/80 are shown (top), with quantification from serial
= e sections at bottom (*P < 0.01). Scale bar: 50 um. (C)
C 12 Lower levels of serum inflammatory cytokines in serum
_ 10 joge] of aP2-Dgat1 mice fed a high-fat diet (n = 11-14 per
% - =28 group; *P < 0.05).
o F 200 * 2000 * go
ESS * T *
=
o 0 0 0 o )

TNF-at MCP-1 PAI-1

but not in adipocytes (Tg—WT). By using donor marrow (CD45.2)
and recipient marrow (CD45.1) that were genetically identical except
for a single point mutation, we confirmed that 94%-98% of periph-
eral leukocytes in transplanted mice were of donor origin 1 month
after the procedure (Figure 4B).

To detect aP2-DgatI cells in the blood of Tg—>WT mice, we per-
formed PCR on genomic DNA from whole-blood samples with
primers unique to the aP2-Dgat]I transgene. The aP2-Dgat1 ampli-
fication product was not found in samples from WT—WT mice
but was present in each of the samples from Tg—WT mice, indi-
cating the reconstitution of blood with aP2-DgatI leukocytes in
Tg—>WT mice (Figure 4C).

To determine which compartments of the WAT were reconsti-
tuted by transplantation, we analyzed DgatI mRNA levels in both
whole and fractionated WAT. The mRNA levels of the control genes
Dgat2 and Emrl in each WAT compartment were similar between
groups (Figure 4D). However, the Dgat] mRNA levels of Tg—=WT
mice were selectively increased in the SVF and not in the whole WAT
or adipocytes (Figure 4D). Taken together, these data are consistent
with Tg—WT mice having increased Dgat] mRNA levels in circulat-
ing monocytes and WAT macrophages but not in adipocytes.

Increased Dgatl expression in macrophages is sufficient to protect mice
against diet-induced insulin resistance. To determine the metabolic
impact of increasing DGAT1 expression in monocyte-derived mac-
rophages, WT—WT and Tg—>WT mice were fed a high-fat diet for
16 weeks. Both groups of transplanted mice developed a similar level
of moderate DIO (Figure SA). Although this DIO was less marked
than that induced in nontransplanted mice (see Figure 2A), both
groups of transplanted mice gained weight at a rate greater than
that of nontransplanted WT mice fed a chow diet (see Figure 2A)
and similar to that in another report of transplanted C57BL/6
mice fed a high-fat diet (43). Unlike aP2-Dgatl mice, Tg—>WT
mice were not protected against diet-induced nonadipose tissue
steatosis (Figure 5B). Remarkably, however, Tg—WT mice with
DIO exhibited enhanced glucose and insulin tolerance, indicat-
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ing that the transfer of hematopoietic cells with increased DGAT1
expression is sufficient to protect mice against diet-induced altera-
tions in glucose metabolism (Figure 5C).

Increased Dgatl expression in macrophages is sufficient to protect mice
against inflammatory consequences of DIO. We next determined whether
Tg—WT mice were protected against the inflammatory conse-
quences of obesity. The mRNA levels of M1 macrophage genes were
reduced in the WAT of Tg—WT mice fed a high-fat diet for 20 weeks
(Figure 6A), and separation of the WAT revealed a corresponding
reduction in the mRNA levels of these genes in the SVF but notin the
adipocytes. These findings indicate that transfer of hematopoietic
cells with increased Dgat] mRNA levels is sufficient to protect mice
against diet-induced M1 macrophage activation in the WAT. The
mRNA levels of M2 genes were similar in WT—WT and Tg—WT
mice with chronic DIO, indicating that the protection against mac-
rophage activation in the WAT of Tg—WT mice was specific to the
M1 pathway (Figure 6B). Consistent with this, WAT sections from
Tg—>WT mice showed fewer macrophage CLS (Figure 6C), indicating
that these mice were protected against the diet-induced accumula-
tion of macrophages in the WAT. The only cytokine with serum levels
sufficient for accurate measurement was PAI-1, and these levels were
3-fold lower in Tg—>WT mice than in WT—WT mice (491 + 199 ver-
sus 1530 + 358 pg/ml; n = 6-10 per group; P < 0.05).

Dgat1 mRNA levels in cultured macrophages determine TG storage capacity.
Our studies in Tg—WT mice showed that increasing DGAT1 expres-
sion in macrophages had a profound effect on the M1 activation
of WAT macrophages associated with DIO. To determine whether
these effects could be extended in vitro, we cultured BMD-M¢ from
mice with different levels of DGAT1 expression and treated these
cells with monounsaturated oleic acid and saturated palmitic acid,
2 abundant dietary FAs. In particular, treatment of cultured macro-
phages with palmitate activates the M1 response (12-15).

We first assessed the ability of BMD-M¢ to store FAs as TGs. WT
macrophages were incubated with radiolabeled oleate or palmitate
for 24 hours to enable examination of FA flux. Both oleate and pal-
March 2010 759
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fed a high-fat diet for 20 weeks (*P < 0.05).

mitate were taken up by cells and similarly incorporated into the
cellular lipid pool (Figure 7A). However, whereas half of the radiola-
beled oleate taken up by cells was incorporated into TG, only approx-
imately 12% of the palmitate was present in this fraction, indicating a
preference by WT cells for esterifying oleate (Figure 7A).

We next determined whether changes in Dgat] mRNA levels
altered TG storage capacity in BMD-Mg¢. Incubation of WT and
aP2-Dgat] BMD-M¢ with oleate showed that macrophages with
increased DGAT1 expression had larger and more numerous lipid
droplets (Figure 7B). The analysis of BMD-M¢ from Dgat1-deficient
(Dgat1~-), WT, and aP2-Dgat] mice incubated with FAs for 24 hours
showed that the level of Dgat1 expression correlated directly with
neutral lipid content (Figure 7C). In fact, aP2-Dgat1 BMD-M¢ in
medium without added FA (control) had a higher neutral lipid con-
tent than WT or Dgat17/- cells. Oleate treatment did not increase
the neutral lipid content of Dgat17/~ cells, but did so for both WT
and aP2-Dgat] cells in a stepwise manner correlating with Dgatl
mRNA level. Furthermore, although palmitate treatment did not
increase the neutral lipid content of WT cells (by this method or by
TLC) or Dgatl7~ cells, it did so for aP2-DgatI cells. Thus, the level of
Dgat] mRNA in BMD-M¢ directly correlates with their capacity for
TG storage whether treated with oleate or palmitate.
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The level of Dgat1 expression modulates M1 inflammatory activation in
BMD-M¢. Inasmuch as DGAT1 expression levels affected TG stor-
age capacity in macrophages, we hypothesized that expression levels
would also modulate their vulnerability to M1 inflammatory acti-
vation in response to FAs. Culturing WT BMD-M¢ with palmitate
but not oleate activated the M1 pathway (Figure 8A). We therefore
tested to determine whether the level of Dgatl mRNA expressed
in BMD-M¢ affects the M1 response to palmitate treatment. In
untreated (control) cells, the expression of M1 genes was relatively
low and varied little between DGAT1 genotypes, although Dgat1~/~
cells had increased mRNA levels of Nos2 and aP2-Dgat1 cells had
decreased levels of Tnfa (Figure 8B). In cells treated with palmitate
for 24 hours, mRNA levels of all M1 markers were increased in WT
BMD-M¢, and levels of Trnfa and Nos2 were increased relatively more
in Dgat17/- cells. In contrast, mRNA levels of all M1 markers were
decreased in palmitate-treated aP2-Dgat] BMD-M¢, indicating an
inverse correlation between the levels of Dgat] mRNA in BMD-M¢
and the induction of M1 gene expression by palmitate treatment.

M1-type activated macrophages secrete more IL-6, MCP-1, and
TNF-a (1,13, 14). We therefore measured the levels of these cytokines
in the medium of Dgat17/-, WT, and aP2-Dgat] BMD-M¢ treated with
palmitate. In untreated controls, cytokine levels were relatively low,
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and medium from Dgat17/~ cells had slightly higher MCP-1 levels
than medium from WT and aP2-Dgat] BMD-M¢ (Figure 8C). Palmi-
tate treatment increased the levels of each cytokine in the medium
from BMD-M¢ of each genotype. However, the increase for IL-6 and
TNF-a correlated inversely with the level of Dgat] mRNA in the cells,
and a similar trend was observed for MCP-1. Thus, increased DGAT1
expression in BMD-M¢ correlated with decreased secretion of proin-
flammatory substances in response to palmitate treatment.

The effects of DGAT1 expression on macrophage activation
were specific for the M1 pathway. The mRNA levels of M2 pathway
genes were generally more variable than those of the M1 markers
(Supplemental Figure 2). Palmitate treatment did not induce their
expression and, in fact, reduced mRNA levels of mannose receptor
(Mrc2) in BMD-M¢ of all genotypes. Moreover, the level of DGAT1
expression in these macrophages had no effect on the levels of M2
markers (Supplemental Figure 2).

Interestingly, the effects of increased DGAT1 expression in
BMD-M¢ were not restricted to M1 activation by FAs. Treatment
combining the TLR4 ligand LPS, a canonical M1 stimulator, and
IFN-y also increased the mRNA expression of M1 genes in a man-
ner that, in general, correlated inversely with Dgat] mRNA levels
(Supplemental Figure 3). In contrast, the level of DGAT1 expres-
sion did not affect the induction of M2 gene expression by treat-
ment with the canonical M2 stimulator IL-4, with the exception
of Mrc2, in which the effects of IL-4 were mitigated by increased
DGAT1 expression (Supplemental Figure 3).

Because the M1 response was reduced in aP2-Dgat] BMD-M¢
treated with either palmitate or LPS/IFN-y, we assessed whether the
M1 activation potential of these cells was generally impaired. We
treated WT and aP2-Dgat] BMD-M¢ with acetylated LDL (AcLDL)
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Figure 6

Transplantation of aP2-Dgat1 BM is sufficient to protect mice against
diet-induced inflammation in WAT. (A) Lower mRNA levels of M1
pathway genes specifically in the whole WAT and SVF of Tg—=WT
mice. (B) Similar mRNA levels of M2 pathway genes in the whole
WAT and SVF of Tg—WT and WT—WT mice. For A and B, mRNA
levels were measured by qPCR in whole and fractionated WAT
from transplanted mice fed a high-fat diet for 20 weeks (n = 7-13
per group; *P < 0.05). (C) Fewer CLS in the WAT of Tg—=WT mice
(n = 4-5 mice per group). Macrophages from WAT sections were
stained with anti-F4/80 (top), and quantified from serial sections at
bottom (*P < 0.01). Scale bars: 50 uM.
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Figure 5

Transplantation of aP2-Dgat1 BM is sufficient to protect
against impaired glucose metabolism in mice chroni-
cally fed a high-fat diet. Growth curves (A) and liver and
muscle TG content (B) of transplanted mice fed a high-
fat diet for 20 weeks showing no differences between
mice receiving WT—WT and Tg—=WT mice (n = 7-13

0 per group). (C) Enhanced glucose (top, GTT) and insulin

(bottom, ITT) tolerance in Tg—WT mice fed a high-fat
diet for 16 weeks (*P < 0.05).

and nonopsonized yeast cell-wall $-glucan (zymosan) particles,
which bind to scavenger receptors (44) and dectin-1 (45), respec-
tively, and stimulate M1 macrophage activation. The mRNA levels
of M1 genes in WT and aP2-Dgat] BMD-M¢ were similarly increased
by either treatment (Supplemental Figure 4, A and B). Additionally,
the phagocytic capacity of aP2-Dgat] BMD-M¢ activated by zymosan
treatment was similar to that of WT cells (Supplemental Figure 4C).
Collectively, these results indicate that the M1 activation capacity
of aP2-Dgat1 macrophages is intact in response to other stimuli. We
also assessed the M1 activation potential of aP2-Dgatl macrophages
in vivo by inducing peritonitis with thioglycollate treatment. After
3 days, the concentration of F4/80-positive P-M¢ in the peritoneal
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fluid was similar in WT and aP2-Dgat] mice (Supplemental Figure
4D), indicating normal macrophage recruitment, and the mRNA
levels of M1 genes were similar in these cells (Supplemental Figure
4E). The mRNA levels of M1 genes were nearly undetectable in peri-
toneal cells from WT or aP2-Dgat1 mice treated with saline (control).
These results indicate that the reduced WAT inflammation seen in
aP2-Dgt1 and Tg—WT mice fed a high-fat diet is not due to a general
defect in macrophage recruitment or activation potential.

Dgat] mRNA levels in BMD-M¢ are increased by PPARY activa-
tion, and DGATT1 is required for PPARy-mediated inhibition of
palmitate-stimulated M1 activation. PPARy agonists are potent
antidiabetic agents that can suppress the M1 activation of cultured
macrophages by palmitate treatment (13). Additionally, DGAT1
expression is increased by PPARY agonist treatment in WAT and
in cultured adipocytes (28-30). By extrapolation, we sought to
determine whether PPARY agonists regulate DGAT1 expression in
macrophages and whether DGAT1 plays a role in PPARy-mediated
inhibition of M1 activation. Treatment of WT BMD-M¢ with the
PPARy agonists pioglitazone (10 uM) or troglitazone (10 or 100 uM)
increased Dgatl mRNA levels approximately 2-fold, whereas
treatment with 10 uM WY14643, a PPARa agonist, had no effect
(Figure 9A). We next treated WT or Dgatl”/~ BMD-M¢ with either
palmitate (150 uM) alone for 24 hours or with pioglitazone
(10 uM) for 24 hours followed by palmitate and pioglitazone togeth-
er for another 24 hours. As expected, the mRNA levels of M1 genes
were increased by palmitate treatment, and this effect was inhibited
by pre- and cotreatment with pioglitazone (Figure 9B). In contrast,
pioglitazone treatment was unable to suppress the M1 activation
in Dgat17- BMD-M¢ (Figure 9B). A similar pattern was found for
MCP-1,IL-6, and TNF-a levels in the secreted medium; these levels
were increased by palmitate treatment and reduced by PPARy ago-
nists in WT cells, but the pioglitazone effect was absent in Dgat1~~
cells (Figure 9C). These data indicate that DGAT1 is required
for the protective effects of pioglitazone in suppressing the M1
response of macrophages treated with saturated FAs.

Discussion

We demonstrate here that increased expression of the TG synthe-
sis gene Dgat] in macrophages is sufficient to protect against the
inflammatory and metabolic consequences of DIO in vivo and
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Figure 7

DGAT1 expression levels correlate with neutral lipid stor-
age in BMD-M¢. (A) WT macrophages take up oleate and
palmitate similarly but incorporate more oleate into cellu-
lar TG. WT BMD-M¢ (n = 3—-4 per group) were incubated
with 100 uM of either radiolabeled oleate or palmitate for
24 hours, and dpm were measured from total cellular lipid
and the TG fractions after isolation by TLC (*P < 0.05). (B)
BMD-M¢ from aP2-Dgat1 mice (n = 3—4 per group) exhibit
more prominent lipid droplets after 24 hours incubation
with 200 uM oleate. Scale bars: 25 um. (C) Neutral lipid
content (measured by Nile Red fluorescence) of Dgat1--,
WT, and aP2-Dgat1 BMD-M¢ after 24 hours in medium
alone or with 200 uM oleate or 150 uM palmitate (n = 3—4
per group; *P < 0.05 vs WT control, **P < 0.05 versus WT
for same treatment condition).

against M1 inflammatory activation of macrophages treated with
FAs or cytokines in vitro. aP2-Dgat] transgenic mice, which had
increased Dgat] mRNA levels in the adipocyte/macrophage com-
partment, were prone to DIO but protected against DIO-associat-
ed nonadipose tissue steatosis, WAT and systemic inflammation,
and insulin resistance. Remarkably, the protection against diet-
induced WAT inflammation and insulin resistance in aP2-Dgat1
mice could be conferred to WT mice by the simple transfer of
hematopoietic cells with increased DGAT1 expression, high-
lighting the importance of this enzyme within the macrophage
compartment in preventing inflammation associated with excess
lipids. In corroboration, in vitro studies of macrophages showed
that Dgat] mRNA levels correlated directly with macrophage
TG storage capacity and inversely and specifically with M1 mac-
rophage activation by palmitate. Further, Dgat] mRNA levels in
macrophages were regulated by PPARY activation, and DGAT1
was required for PPARy inhibition of the M1 response to palmi-
tate treatment. These findings identify DGAT1 as an important
modulator of lipid-induced inflammation in macrophages.

A finding of this study that we believe to be novel is that DGAT1
overexpression in the adipocyte/macrophage compartment of
transgenic mice increased their propensity to DIO but mark-
edly protected them from the associated deleterious metabolic
and inflammatory consequences. In a prior study of the same
aP2-Dgat1 mice, we showed that the aP2-Dgatl transgene was
expressed in the WAT and found that these mice were prone to
DIO on a short-term (4 weeks) high-fat diet (24). In that study, we
showed that glucose tolerance was similar in WT and aP2-Dgat1
mice in response to this short-term diet. In the current study, we
show that these mice are protected from developing insulin resis-
tance in response to a chronically high-fat diet (16 weeks). More-
over, this protection extended to include pronounced reductions
in M1-type inflammation in the WAT and nonadipose tissue
steatosis. The mRNA levels of several M1 inflammatory genes,
including Ccl2, which encodes the macrophage-secreted chemo-
kine MCP-1, and Tnfa, which encodes the inflammatory cytokine
TNF-a, were decreased in the WAT of aP2-Dgatl mice, and lev-
els of inflammatory cytokines were lower in the circulation of
aP2-Dgat1 mice with DIO. By crossing these mice with Adipoq~/~ mice,
we showed that this phenotype was not dependent on the presence
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of adiponectin, a hormone that is secreted by adipocytes and pro-
motes insulin sensitivity (29, 37-40), thus suggesting alternative
mechanisms, such as macrophage expression of the transgene.

A second major finding of this study is that increasing DGAT1
expression in macrophages by the transfer of hematopoietic cells
was sufficient to protect mice from the deleterious consequences of
DIO. Remarkably, BM transplantation of hematopoietic cells was
sufficient to recapitulate the enhanced glucose metabolism and anti-
inflammatory aspects of aP2-Dgat1 mice. On the other hand, increas-
ing DGAT1 expression in macrophages was insufficient to alter body
weight or prevent diet-induced hepatic or skeletal muscle steatosis,
indicating that the effects were specific for the insulin-sensitizing
and antiinflammatory components of the aP2-Dgat1 phenotype and
did not apply to TG partitioning. Of note, that Tg—WT mice expe-
rienced metabolic protection without a relative reduction in liver TG
suggests that hepatic steatosis per se is unlikely to contribute signifi-
cantly to the development of insulin resistance in this model.

Our findings in the BM transplantation studies do not discount
the possibility that increased TG storage capacity in adipocytes
may also contribute to the phenotype of aP2-Dgat1 mice. Indeed,
enhanced capacity for FA storage in adipocytes may serve to limit
the exposure of macrophages to proinflammatory FAs. Addition-
ally, recent studies have shown that adipocytes can regulate macro-
phage activity (14, 46, 47). Studies focusing on adipocyte-specific
DGAT1 expression in regulating the inflammatory and metabolic
consequences of DIO are needed to address this question.

The phenotype in our 2 studies of aP2-Dgat] mice contrasts with a
report of a different aP2-Dgat1 transgenic line that exhibited glucose
intolerance and tissue steatosis in response to a high-fat diet (48).
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Figure 8

DGAT1 expression levels modulate M1-type activation of BMD-M¢ by
palmitate. (A) Treatment with palmitate but not oleate increases M1
gene mRNA levels in WT BMD-M¢. mRNA levels were measured by
gPCR (n = 3—6 per group; *P < 0.05). (B) Expression of M1 pathway
genes from Dgat1--, WT, and aP2-Dgat1 BMD-M¢ in medium alone
(control) or after treatment for 24 hours with 150 uM palmitate (n = 3—-7
per group; *P < 0.05 vs WT in the same treatment condition). (C) Lev-
els of IL-6, MCP-1, and TNF-a in conditioned medium of control and
palmitate-treated BMD-M¢ (n = 6—7 per group; *P < 0.05 vs WT).

While we do not know for certain what accounts for this discrepancy,
our current study suggests that one possible contributing variable
might be the amount of DGAT1 expression in macrophages, which
was not measured in the other model. If those mice, in contrast to
ours, have little aP2-driven DGAT1 expression in macrophages, then
they may have been more prone to WAT inflammation and insulin
resistance in response to a high-fat diet. Other variables that may
contribute to the different phenotypes include genetic background
(the other model was on an FVB background, whereas our model was
on C57BL/6) or the timing or duration of the high-fat diet employed.
The other mice were studied after 6 weeks of a high-fat diet starting
at the age of 24-29 weeks, whereas we studied the effects of high-fat
diets of at least 16 weeks starting at age 12 weeks.

Our BM transplantation studies suggested that macrophages
with increased DGAT1 and increased lipid synthesis capacity
might be protected from the proinflammatory effects of lipids.
Indeed, we found that macrophages isolated from mice that over-
express DGAT1 had an increased capacity for TG storage and were
resistant to the M1 inflammatory response that results from treat-
ment with palmitate. Conversely, macrophages lacking DGAT1
were more sensitive to palmitate-stimulated M1 activation. These
findings are consistent with DGAT1 having a role in protecting
cells from lipotoxicity mediated by FAs, as was shown in other cell
types (27). In the case of macrophages within the WAT, this func-
tion for DGAT1 may be of considerable importance, since these
cells may encounter and take up large amounts of lipids by endo-
cytic or phagocytic means.

Precisely how DGAT1 protects against M1 macrophage activa-
tion by FAs is unclear. We found that Dgat] mRNA levels correlated
inversely with the level of M1 activation in macrophages treated with
palmitate or the combination of LPS (a TLR4 ligand) and IFN-y.
Interestingly, this correlation was not seen when M1 activation
was stimulated in WT and aP2-Dgat] macrophages by treatment
with AcLDL, a ligand for scavenger receptors (44), or nonopsonized
zymosan, a ligand for dectin-1 (45). Taken together, these findings
suggest that palmitate and LPS/IFN-y may signal through a shared
downstream step modulated by DGAT1. This finding is consistent
with other work suggesting that saturated FAs and LPS engage
common signaling elements, including JNK1, JNK2, NF-kB, and
activating transcription factor 3, an NF-kB target (13-17, 49).

FAs may also regulate macrophage activation by mechanisms
distinct from that of LPS. In support of this, the kinetics by which
LPS treatment upregulates Tnfa mRNA levels in RAW 264.7 mac-
rophages were quite different from those induced by palmitate
treatment (14). While LPS acts extracellularly, our findings sup-
port DGAT1 functioning to modulate FA flux intracellularly.
Increased esterification of intracellular FAs into the TG pool may
act as a “sink” to lower their flux into pathways affecting the lev-
els of signaling metabolites linked to inflammation (ceramides,
March 2010 763
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eicosanoids, diacylglycerols, lysophosphatidic acids) and ER stress,
which itself can induce JNK phosphorylation and NF-kB activa-
tion in cells (20-22, 50-53).

In contrast to the effects on the M1 pathway, the level of Dgat1
mRNA expression in macrophages had little effect on IL-4-medi-
ated activation of the M2 response, further highlighting the speci-
ficity of the DGAT1 effect on inflammatory pathways. We note,
however, that a more appropriate analysis of the consequences of
altering DGAT1 expression on the M2 pathway in macrophages
would require studying mice on the BALB/c genetic background,
which exhibit a more robust M2 macrophage phenotype than do
those on the C57BL/6 background in the current study (54).

By sensing levels of intracellular FA metabolites, PPARy links
nutritional status to the transcriptional regulation of metabolic
genes. In macrophages, PPARY activity regulates the expression
of M1 and M2 genes (19, 31-33, 55) and modulates FA-induced
inflammatory activation (13). Since PPARy activation increases
Dgatl mRNA levels in adipocytes (28-30), we hypothesized that a
similar pathway may exist in macrophages. Indeed, mRNA levels of
Dgatl were increased by pharmacologic activation of PPARy in cul-
tured macrophages. More importantly, DGAT1 was required for the
antiinflammatory effects of PPARy in suppressing FA-mediated M1
inflammatory activation. This suggests that DGAT1 is an impot-
tant mediator of the beneficial effects of PPARy agonists in this cell
type. Chronic DIO in humans, as in mice, is associated with WAT
inflammation (5), and the systemic manifestation of this inflam-
mation is ameliorated by treatment with PPARy agonists (33). Our
findings suggest that the level of DGAT1 expression in human
macrophages is a determinant of this process and that DGAT1 may
be involved in the antiinflammatory effects of PPARYy.

We note that the mRNA levels of both murine Dgat1 and Dgat2
were markedly increased in WT P-M¢ in response to chronic high-
fat feeding. This pattern likely reflects an adaptive change in the
gene expression program of macrophages to facilitate the esterifi-
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Figure 9

Dgat1 mRNA levels are increased by PPARy agonists in macrophages,
and DGAT1 is necessary for protective effects of PPARYy activation in
macrophages treated with saturated FAs. (A) Dgat? mRNA levels are
increased by PPARy agonists in cultured BMD-M¢ (n = 3—4 per group).
BMD-M¢ were incubated in medium alone (control) or treated for
24 hours with PPARa agonist (10 uM WY 14643) or PPARy agonists
(10 or 100 uM troglitazone [Trog] or 10 uM pioglitazone [Pio]) as indi-
cated (*P < 0.05). (B) PPARYy activation suppresses M1 response to
palmitate treatment in macrophages of WT but not Dgat7-- mice.
mRNA levels in BMD-M¢ (n = 6-7 per group) incubated in medium
alone (control) or with either 150 uM palmitate or the combination of
150 uM palmitate and 10 uM pioglitazone were measured by gPCR
(*P < 0.05 vs control, **P < 0.05 vs palmitate). (C) PPARy activation
suppresses cytokine secretion from WT but not Dgat7-- BMD-M¢
treated with palmitate (*P < 0.05 vs control; **P < 0.05 vs palmitate).

cation of high levels of FAs and their derivatives. The mechanism
for these changes in DGAT gene expression in macrophages is
unknown but offers an opportunity for further investigation.

The current findings raise an interesting paradox when com-
pared with those from DGAT1-knockout mice, which also exhibit
increased insulin sensitivity (56) and reduced markers of inflam-
mation in the WAT (R. Streeper, S. Cases, and R. Farese, unpub-
lished observations). Thus, whole-body DGAT]1 deficiency is asso-
ciated with reduced WAT inflammation, yet DGAT1 deficiency
in isolated macrophages increased the propensity to FA-medi-
ated inflammation. What could account for this? We suspect that
whole-body DGAT1 deficiency effectively prevents FA accumula-
tion in the WAT, through shunting of FA to oxidative and thermo-
genic pathways and through a decreased rate at which dietary FAs
enter the circulation (57). In such a model, DGAT1-deficient mac-
rophages would not be exposed to toxic levels of FAs that would
normally induce inflammation. Thus, the overall phenotypic
effects of DGAT1 deficiency may depend on the relative contri-
butions of different cell types. This implication may have clinical
relevance, since highly potent and specific inhibitors of DGAT1
activity are being developed to treat clinical obesity and related
TG-associated disease (58).

Methods
Mice. Studies were of WT C57BL/6] and genetically modified mice, including
aP2-Dgatl transgenic (24), Dgat17~ (56), and Adipoq”~ mice (39). aP2-DgatI,
Dgat1~/~, and Adipog”~ mice were on a C57BL/6] background (backcrossed
for more than 10 generations). Pups were weaned onto a standard 5053
PicoLab chow diet (Purina). For DIO studies, 12-week-old mice were fed
a Western-type diet containing 20% anhydrous milk fat, 1% corn oil, and
0.2% cholesterol by weight (TD.01064; Harlan-Teklad) for 16 weeks. For
BM transplantations, donor mice were C57BL/6] (CD45.2; Jackson Labora-
tory), and recipients were B6.SJL-Ptprc*Pep3/Boy] (CD45.1; Taconic). Anes-
thesia was induced with isoflurane (survival procedures) or with avertin
or halothane (terminal procedures). All procedures were approved by the
UCSF Animal Research Committee and followed NIH guidelines.
Isolation of BMD-M¢. Marrow from the femurs and tibias of 22- to 26-
week-old mice fed a chow or a chronic high-fat diet was collected by flush-
ing with 10 ml of RPMI (Gibco; Invitrogen) containing 20% heat-inacti-
vated FBS (Hyclone). The suspension was passed through a 70-um cell
strainer, incubated in red cell lysis buffer for 10 minutes at room tempera-
ture, washed twice, and resuspended in RPMI with FBS. Cells were plated
at a density of 1 to 2 x 10° per well in medium supplemented with 30%
L929-conditioned medium to stimulate differentiation of precursors into
Volume 120
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BMD-M¢. Noncoated tissue culture plates were used to prevent adher-
ence of dendritic and nonprogenitor cells. The medium was changed every
3 days; after 6 days, nearly all cells had differentiated into macrophages by
visual analysis. Cells were harvested 8 to 12 days after plating.

Isolation of primary P-M¢. The peritoneal cavities of mice fed a chow or
chronic high-fat diet were infused with 10 ml of ice-cold PBS, and after
agitation, approximately 7 ml of fluid recovered from each mouse was pro-
cessed and plated as described for BM samples. Cells were washed 3 hours
after plating to isolate adherent P-M¢ and cultured for 3 days, after which
the medium was changed. P-M¢ were used 4 days after plating.

BM transplantation. To facilitate the assessment of BM reconstitution,
the genetic background of the recipient mice (B6.SJL-Ptprc? Pep3t/Boy])
was identical to that of the donor mice (C57BL/6), except for a single
point mutation in the leukocyte antigen Ptprc (CD45.2). The mutant ver-
sion of Ptprc (CD45.1) is functionally equivalent, but allows the identi-
fication of cells that are of recipient (CD45.1) or donor (CD45.2) origin
in peripheral blood leukocytes by FACS (see below). BM cells harvested
from 8-week-old WT or aP2-Dgatl donor mice were resuspended in PBS
with 0.1% FA-free BSA, and 1 to 1.2 x 10° donor cells were injected into
age- and sex-matched recipient mice by tail vein. Recipient mice were
irradiated in two 5-Gy doses spaced 3 hours apart 1 day before injection.
After BM injections, recipient mice were placed in their home cages with
antibiotic water for 1 month, after which blood was drawn for analysis
of BM reconstitution by FACS and for detection of aP2-DgatI leukocytes
with transgene-specific primers. The mice then recovered under usual care
until they were 12 weeks old, at which time they were placed on a high-fat
diet. Glucose tolerance tests (GTTs) and insulin tolerance tests (ITTs) were
performed as for other cohorts of mice after 16 weeks of diet, and tissues
were harvested after 20 weeks of diet.

FACS analyses. The percentage of CD45.1* (recipient) and CD45.2*
(donor) cells in the peripheral blood of BM-transplanted mice was deter-
mined by flow cytometry (FACSCalibur; BD Biosciences). Data were
acquired with CellQuest Pro software (version 5.1.1; BD Biosciences)
and analyzed using Flow]Jo software (version 6.4.7; Tree Star). Gating was
set using the Zebra plot feature of FlowJo, based on unstained samples,
and CD45.1* and CD45.2* cells were identified using FITC-coupled anti-
CD45.1 (1:200) and allophycocyanin-coupled (APC-coupled) anti-CD45.2
(1:1000) antibodies, respectively (BD — Pharmingen). The percentage of
donor cells was expressed by multiplying the total number of live cells by
the percentage of CD45.2* cells.

To measure acute macrophage recruitment, peritoneal fluid was
obtained from mice 3 days after intraperitoneal injection with 1 ml of 1%
thioglycollate (BD Biosciences) to induce transient aseptic peritonitis. The
percentage of macrophages in this fluid was determined by flow cytom-
etry as above, and macrophages were identified using a PE-conjugated anti-
F4/80 antibody (1:1000; Caltag Laboratories). The concentration of P-M¢
was expressed by multiplying the total number of live cells in the peritoneal
fluid by the percentage of F4/80" cells.

Separation of SVF and adipocyte fractions of WAT. Epididymal fat pads were
excised from adult chow-fed mice and placed in HBSS (Gibco; Invitrogen)
containing 1% HEPES and 3% BSA. Fat pads were finely minced, washed
twice in DMEM/F-12 (Gibco; Invitrogen), and placed in DMEM/F-12 con-
taining 1 mg/ml collagenase (type I; Worthington) at 37°C for 30 minutes
with gentle agitation. The cell suspension was filtered through a 250-um
nylon filter (Nitex; Safar America), and the filtrate was spun at 80 g for
S minutes at room temperature to separate the pellet containing the SVF
from the floating adipocytes. The adipocytes were resuspended in medium
containing 5 mM EDTA and 2% BSA in PBS and spun again at 200 g for
S minutes. Floating cells were plated. SVF cells were spun again at 600 g,
and the pelleted cells were plated as for PM-¢.
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Real-time PCR. RNA was isolated using RNA Stat-60 (Tel-Test), accord-
ing to the manufacturer’s protocol, from homogenized whole epididymal
WAT, separated WAT fractions, or cultured macrophages. RNA (0.5-2 ug)
was reverse-transcribed with SuperScript III reverse transcriptase and
random hexamers (Invitrogen) to generate cDNA. Real-time qPCR was
performed with an ABI Prism 7700 (Applied Biosystems) and SYBR green
detection of amplified products. Each 25-ul PCR reaction mix contained
2 wl of cDNA, 12.5 ul of SYBR green master mix (QIAGEN), and 10 pmol
of each primer. Relative mRNA abundance was normalized to the internal
standard cyclophilin with the AACT method, as described by the manufac-
turer (Invitrogen). Primer sequences are listed in Supplemental Table 1.

Immunoblotting. The abundance of DGAT1 protein was detected in BMD-M¢
by immunoblotting. Briefly, confluent cells in 6-well plates were partially
dislodged by incubating them at 37°C in PBS with 10 mM EDTA for 10 min-
utes. The cells were then washed twice, manually scraped into 200 ul of PBS,
and spun at 800 g for 5 minutes. The supernatant was discarded, and the cells
were resuspended in 500 ul of buffer containing 50 mM Tris (pH 7.4) and
250 mM sucrose. The suspended cells were passed several times through a
27-gauge needle, then spun at 15,000 g (max) for 5 minutes at 4°C. Protein
(10 ug) from the supernatant of each sample was loaded onto a 10% Bis-Tris
gel (NUPAGE; Invitrogen), and SDS-PAGE was performed using compound
3-(N-morpholino) propanesulfonic acid (MOPS) as the running buffer. Pro-
teins were transferred to PVDF membranes over 90 minutes, and membranes
were blocked at 4°C overnight in 0.1% Tween-20 containing 5% nonfat milk
(TBS-T). Membranes were then washed and incubated in TBS-T containing
1:2000 anti-DGAT1 antibody (polyclonal rabbit anti-mouse) for 2 hours,
washed again, and incubated for another 2 hours in TBS-T containing 1:2000
HRP-conjugated anti-rabbit IgG (ECL; GE Healthcare). Protein abundance
was detected by chemiluminescence (ECL-plus). As an internal loading con-
trol, membranes were stripped and reprobed with murine monoclonal anti-
B-actin antibody (1:2500; Sigma-Aldrich) for 45 minutes and incubated in
TBS-T containing HRP-conjugated anti-mouse IgG for 1 hour prior to detec-
tion of chemiluminescence (Super Signal West Pico; Thermo Scientific).

Measurement of tissue TG content. Liver and skeletal muscle (gastrocnemius
and soleus) samples were pulverized in liquid nitrogen and homogenized
in buffer A (50 mM Tris-HCI, pH 7.4, 250 mM sucrose) containing pro-
teinase inhibitors. Lipids were extracted in chloroform:methanol (2:1)
and separated by TLC on silica gel G-60 plates with the solvent hexane:
ethyl ether:acetic acid (80:20:1). The TG bands were visualized by exposure
to iodine and then scraped and analyzed as described (59), with triolein
(Sigma-Aldrich) as a standard, and expressed per tissue weight.

Measuring incorporation of FAs into cellular TG. FA fluxes were followed in
BMD-M¢ treated with medium containing oleate or palmitate. Each FA
was a mixture of cold (100 uM) and '“C-labeled (0.04 uCi/ml) forms, with
the label appearing at the distal carbon. Cells were incubated for 24 hours,
after which total lipid was extracted from cell lysates and separated by TLC
to visualize the TG fraction as above. FA incorporation was then deter-
mined by scintillation counting of *C from both total cellular lipid and
the cellular TG fraction, respectively.

Nile Red fluorescence assay. BMD-M¢ cultured in 12-well plates (BD Fal-
con) were incubated in DMEM plus FBS alone or in medium containing
either 200 uM oleate or 150 uM palmitate (both from Sigma-Aldrich). Ole-
ate and palmitate were prepared and complexed with BSA (2:1 molar ratio
of FA to albumin) as described (27). After 24 hours, intracellular neutral
lipid content was measured by Nile Red fluorescence with the AdipoRed
assay reagent as described by the manufacturer (Cambrex). Fluorescence
was measured with a Victor® 1420 fluorometer (PerkinElmer) at excitation
and emission wavelengths of 485 nm and 572 nm, respectively. To correct
for nonspecific fluorescence, measurements taken before incubation with
Nile Red were subtracted from those taken after incubation.
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Activation of M1 and M2 inflammatory pathways in BMD-M¢. Cells were
incubated in medium alone (control), for 24 hours in medium containing
either 150 uM palmitate, 100 U/ml IFN-y plus 5 ng/ml LPS, or 10 ng/ml
IL-4 (all from Sigma-Aldrich), for 6 hours in medium containing 50 ug/ml
AcLDL (gift from Tobias Walther, Max Planck Institute of Biochemistry,
Martinsried, Germany), or for 2 hours in medium containing zymosan at
a particles/cells ratio of approximately 50:1 (Cell BioLabs). Cells were then
lysed for RNA isolation, and the medium was collected for cytokine mea-
surements. The concentration and duration of palmitate treatment have
been shown to be nontoxic (12), and we did not observe any signs of toxic-
ity in the cells we treated. Activation of PPARy in BMD-M¢ was stimulated
by incubating cells with troglitazone (Sigma-Aldrich) or pioglitazone (gift
from Brian Hubbard). Activation of PPARa was stimulated by incubating
cells with WY14643 (Sigma-Aldrich).

Phagocytosis assay. Phagocytosis of zymosan particles by BM-M¢ was mea-
sured colorimetrically at 405 nm using a kit (Cell BioLabs) per manufac-
turer instructions.

Immunobistochemistry. Formalin-fixed, paraffin-embedded epididymal WAT
sections were deparaffinized, rehydrated, and treated with antigen-unmask-
ing reagent, as described by the manufacturer (Vector Laboratories). Sections
were blocked in normal serum and incubated with biotinylated anti-F4/80
antibody (Serotec) overnight. Endogenous HRP activity was quenched by
incubation with 3% hydrogen peroxide for 10 minutes. Samples were then
incubated with streptavidin-HRP (BD Biosciences), and specific HRP activity
was detected with 3,3'-diaminobenzidine (DAB; Vector Laboratories). Sec-
tions were counterstained with hematoxylin before dehydration and mount-
ing. CLS were counted from 10 separate x20 fields per sample in serial sam-
ples, and the mean numbers of CLS per sample in each group were plotted.

Analyses of serum and medium. Mice were fasted for 12 hours (overnight)
for lipid analyses and 8 hours for hormone levels. Blood was obtained from
tail veins of unanesthetized mice, and kits were used to measure the lev-
els of free FA (Wako Pure Chemical Industries), TG (Roche Diagnostics),
and total cholesterol (Wako). Levels of insulin, adiponectin, and resistin
in serum and levels of inflammatory markers (MCP-1, IL-6, PAI-1, and
TNF-a) in both serum and culture medium were measured by multiplexed
bead-based immunoassays (Millipore Corporation) using xMAP technol-
ogy (Luminex). Blood glucose of mice fasted for 8 hours was measured
with a glucometer (OneTouch Ultra; LifeScan).

Assessment of glucose and insulin tolerance and insulin sensitivity in vivo. Glu-
cose tolerance was assessed in mice after an 8-hour fast by measuring basal
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blood glucose and monitoring glucose excursion 15, 30, 60, 90, and 120
minutes after a peritoneal injection of dextrose (1 g/kg). Insulin tolerance
was assessed in mice after a 2-hour fast by measuring basal blood glucose
and its excursion after an injection of insulin (1 U/kg). Insulin sensitivity
was expressed as an index (HOMA-IR) calculated as follows: (GO x 10)/22.5,
where Gy is fasting glucose (mmol/l), and I0 is insulin (WU/ml) (60).

Body composition. Body composition in mice fasted for 4 hours was ana-
lyzed under isoflurane anesthesia by DEXA with a PIXImus2 scanner (GE
Healthcare Lunar).

Statistics. Data are presented as the mean + SEM. Measurements were
compared by 2-tailed Student’s ¢ test or Mann-Whitney rank-sum test.
Body weights were compared by repeated-measures ANOVA with Bonfer-
roni’s post-hoc analysis. GTTs and ITTs were analyzed similarly and also
by comparing the areas under each curve calculated by the trapezoid rule
(Prism4; GraphPad Software). Significance was determined at P < 0.0S.
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