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Aog Adenosine Receptors
Prevent Insulin Resistance by
Inhibiting Adipose Tissue
Inflammation via Maintaining
Alternative Macrophage

Activation

Obesity causes increased classical and decreased
alternative macrophage activation, which in turn
cause insulin resistance in target organs. Because
A,g adenosine receptors (ARs) are important
regulators of macrophage activation, we examined
the role of A,g ARs in adipose tissue inflammation
and insulin resistance. Ayg AR deletion impaired
glucose and lipid metabolism in mice fed chow but
not a high-fat diet, which was paralleled by
dysregulation of the adipokine system, and
increased classical macrophage activation and
inhibited alternative macrophage activation. The
expression of alternative macrophage activation-
specific transcriptions factors, including
CCAAT/enhancer-binding protein-$, interferon
regulatory factor 4, and peroxisome proliferator-
activated receptor-vy, was decreased in adipose
tissue of A,g AR-deficient mice. Furthermore, in in
vitro studies, we found that stimulation of A,g ARs
suppressed free fatty acid-induced deleterious
inflammatory and metabolic activation of
macrophages. Moreover, AR activation upregulated

the interleukin-4-induced expression of
CCAAT/enhancer-binding protein-g, interferon
regulatory factor 4, and peroxisome proliferator-
activated receptor-y in macrophages. Altogether,
our results indicate that therapeutic strategies
targeting A,g ARs hold promise for preventing
adipose tissue inflammation and insulin resistance.
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Cardiovascular disease, the leading cause of death in the
Western world, is the primary clinical outcome of met-
abolic syndrome, the definition of which includes several
components, such as abdominal obesity, elevated glucose
levels, insulin resistance, elevated blood pressure, and
elevated triglycerides (TGs) (1). The obesity epidemic is
mainly responsible for the rising prevalence of metabolic
syndrome, and thus obesity continues to be a major focus
of public health efforts worldwide. In the United States,
the prevalence of childhood obesity is 17% (2), and

the obesity rate in adults has reached 36% (3). Un-
fortunately, the pathogenesis of obesity-induced insulin
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resistance remains incompletely understood despite
decades of investigative efforts. Metabolic messengers
generated and released by the adipose tissue have long
been implicated as links between obesity and decreased
insulin action in fat, muscle, and liver. Free fatty acids
(FFAs) were originally proposed as possible culprits in
1963 by Randle et al. (4); however, the precise mecha-
nism by which FFAs impair insulin signaling has been
debated since then.

A paradigm change in how we view the development
of insulin resistance took place in 1993, when Hotamisligil
et al. (5) found that the neutralization of tumor
necrosis factor-o. (TNF-o) ameliorated insulin resistance,
thereby establishing a link between inflammation and
diet-induced insulin resistance. A mechanistic link be-
tween inflammatory processes and insulin resistance was
further established by demonstrating that inhibiting the
inhibitor of kB kinase or Jun NH,-terminal kinase,
intracellular pathways commonly associated with
inflammatory processes, attenuates insulin resistance
(6-8). Subsequent studies have established adipose tissue
macrophages as the primary anatomical link among
obesity, inflammation, and insulin resistance. The
abundance of macrophages in adipose tissue increases
as obesity progresses in rodents and humans, and
blocking macrophage recruitment from the bone mar-
row (C-C motif ligand 2 [CCL2] knock-out [KO] mice) or
ablating CD11c" macrophages (9) normalizes insulin
sensitivity in obese mice. Later studies have refined the
role of adipose tissue macrophages. The prevalent con-
cept is that while macrophages in nonobese adipose
tissue are protective, due to the fact that they are al-
ternatively activated and produce anti-inflammatory
mediators, the macrophages that are recruited during
the progression of obesity are classically activated and
release inflammatory mediators, such as TNF-q, in-
terleukin (IL)-1, and IL-6, all of which can induce insulin
resistance (10). Alternatively activated macrophages
(aaMds) in nonobese adipose tissue are maintained by
IL-4, which is produced by eosinophils and other cell
types. In contrast, the recruited classically activated
macrophages are stimulated by increased local amounts
of FFA acting via Toll-like receptor (TLR) 2 and TLR4
(11), necrotic adipocytes (12), and hypoxia (13). In ad-
dition to the macrophages, adipocytes are also active
participants in defining the inflammatory response of
the adipose tissue, as they produce proinflammatory
mediators such as TNF-a and CCL2 (14).

The purine nucleoside adenosine is an endogenous
signaling molecule, and its physiologic role has been
studied for nearly a century (15). Under physiological
conditions, extracellular adenosine is constantly present
in tissues at low concentration, mostly as a product of
extracellular ATP degradation. In response to cellular
stress and damage, the extracellular concentration of
adenosine increases (up to 200-fold), and elevated levels
of adenosine are found in conditions of metabolic stress,

Csodka and Associates 851

ischemia, hypoxia, and inflammation (16-18). Adenosine
binds to specific G-protein—coupled receptors, termed
adenosine receptors (ARs) (19). The following four dif-
ferent subtypes of ARs are known; A;, Aga, Asp, and Az
(20). Ayg ARs are expressed on monocytes and macro-
phages, where they can regulate a plethora of immune/
inflammatory functions, including production of in-
flammatory mediators (most notably, TNF-a) and
phagocytosis (21-23). With respect to macrophage po-
larization, we have recently observed that adenosine
promotes alternative macrophage activation via primarily
Aos ARs (24,25).

Recent reports suggest that A,z ARs regulate glucose
homeostasis during diabetes and obesity. We found that
AR activation ameliorates the course of diabetes and
inflammation in low-dose streptozotocin-treated and
nonobese diabetic mice, and our results suggested that
A,z ARs may mediate protection (26). In contrast, in
the KK-AY mouse model of diabetes, A,z AR signaling
increases insulin resistance, which is linked to elevated
production of proinflammatory mediators, such as IL-6
and C-reactive protein (27). In high-fat diet (HFD) fed
mice, Ayp ARs were recently shown to regulate glucose
homeostasis and insulin signaling (28). However, little is
known about how Asg ARs orchestrate adipose tissue
macrophage function, inflammation, and metabolism.
Here we report that A,z ARs are important for preserving
glucose homeostasis and preventing insulin resistance by
maintaining aaMs.

RESEARCH DESIGN AND METHODS

Animal Studies, Intraperitoneal Glucose Tolerance
Test, Intraperitoneal Insulin Tolerance Test,
Intraperitoneal Pyruvate Tolerance Test, and Indirect
Calorimetry

C57Bl6/J (wild-type [WT]), Axpa KO, and Az KO mouse
colonies were established via heterozygous breeding at
our animal facility. WT and A,z KO mice were kept in the
same room, and animal husbandry was identical for all
mice. All mice were maintained in accordance with the
recommendations of the U.S. National Institutes of
Health Guide for the Care and Use of Laboratory Animals,
and the experiments were approved by the New Jersey
Medical School Animal Care Committee. Before the diet
studies, WT and Ayp KO mice were fed with regular ro-
dent diet, and then 8- to 10-week-old male mice were fed
chow diet (CD) (10 kcal% fat) (Research Diet, New
Brunswick, NJ) or HFD (60 kcal% fat) for 16-24 weeks.
After 16-24 weeks of CD or HFD, or at the beginning of
the diet (at 8-10 weeks of age), intraperitoneal glucose
tolerance test (ipGTT), intraperitoneal insulin tolerance
test (ipITT), and intraperitoneal pyruvate tolerance test
(ipPTT) measurements were performed on WT and Ayp
KO mice. For ipGTT, mice were fasted overnight,

and glucose (1 g/kg body weight) was injected in-
traperitoneally. Blood glucose was measured before

and after injection at the indicated time points using



852 Asg ARs in Inflammation and Insulin Resistance

Accu-Chek Active glucose monitoring system (Roche
Diagnostic Co., Indianapolis, IN). ipITT was conducted
by injecting 0.75 units insulin/kg body weight (in-
traperitoneally), and measuring glucose levels before
and after the injection. ipPTT was performed by injecting
2 g pyruvate/kg body weight (intraperitoneally), and mea-
suring glucose levels before and after the injection. One
week after ipGTT, ipITT, and ipPTT, animals were fasted
for 4-6 h, and then blood, white fat depots, brown adi-
pose tissue, pancreas, and liver samples were collected,
and the weight of these organs was measured. Tissue
samples were stored in formalin or at —70°C for further
analysis. Indirect calorimetry was performed by the
Promethion system (Sable Systems, Las Vegas, NV). Mice
were individually housed for a week prior to the mea-
surements. Indirect calorimetry was conducted for 5
consecutive days.

Hyperinsulinemic-Euglycemic Clamp
Hyperinsulinemic-euglycemic clamp studies were con-
ducted by the Vanderbilt-National Institutes of Health
Mouse Metabolic Phenotyping Center in Nashville, TN,
as described previously (29). All procedures required for
the hyperinsulinemic-euglycemic clamp studies were ap-
proved by the Vanderbilt University Animal Care and Use
Committee.

Cell Cultures

Thioglycolate-elicited mouse peritoneal macrophages,
bone marrow-derived macrophages (BMDMs), and RAW
264.7 macrophages (American Type Culture Collection,
Manassas, VA) were grown in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% FBS, 50 U/mL
penicillin, 50 pwg/mL streptomycin, and 1.5 mg/mL
sodium bicarbonate in a humidified atmosphere of 95%
air and 5% CO,. BMDMs were isolated from femurs and
tibias of WT, A,,, or Ayg KO mice. Bone marrow was
triturated with a 26-gauge needle, and the resultant cell
suspension was passed through a 70-pwm nylon mesh cell
strainer in DMEM containing 50 ng/mL recombinant
macrophage colony-stimulating factor (Peprotech, Rocky
Hill, NJ). The cells were then cultured for 7 days, with
a change in the culture media at day 3. Thereafter,
BMDMs were scraped in cold 0.1% EDTA-PBS solution,
and then the cells were counted and placed in cell culture
plates.

Preparation of 20 mmol/L Palmitate Stock Solution and
Palmitate Treatment of Macrophages

To prepare a 20 mmol/L palmitate solution, 5.14-mg
palmitic acid (Sigma) was dissolved in 888 pL of

10 mmol/L NaOH at 70°C for 30 min, and then 111 pL
of 5% fatty acid (FA)-free BSA (Sigma) was added drop by
drop to the solution. This stock solution was further
diluted with serum-free DMEM for the treatment of
macrophages. Vehicle solutions were prepared in the
same way without palmitic acid, but in the presence of
NaOH and FA-free BSA.
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Isolation of Stromal Vascular Fraction From
Epididymal Fat Tissue

Epididymal fat tissue was minced in sterile PBS using

a scalpel. Minced tissues were digested in 0.2% collage-
nase type 2 in PBS for 30 min at 37°C. After digestion,
cell suspensions were passed through a 70-pm nylon
mesh filter, and then were centrifuged at 600 g for

10 min. Cells from pellets after centrifugation were saved
for further analysis as stromal vascular fraction (SVF).

Measurement of Plasma FFAs, Insulin, Cholesterol,
and Plasma and Liver TGs

Plasma levels of FFAs and TGs, as well as hepatic TGs
were measured using commercially available kits from
Bioassays Systems (Hayward, CA). Plasma insulin was
determined using Ultra Sensitive Mouse Insulin ELISA kit
(Chrystal Chem, Inc., Downers Grove, IL). Cholesteryl-
ester and free cholesterol levels were determined using
THE Cholesterol/Cholesteryl Ester Quantification kit
(Abcam, Cambridge, MA). HDL and LDL/VLDL choles-
terol were measured using EnzyChrom HDL and LDL/
VLDL Assay Kit (Bioassay Systems).

Adipocyte Morphometry and Adipose Tissue
Immunohistochemistry

Hematoxylin-eosin (H-E) staining, F4/80 immunohisto-
chemistry, and analysis of paraffin-embedded epididymal
adipose tissue were performed by IHC World (Wood-
stock, MD).

RNA Extraction, cDNA Synthesis, and Quantitative
PCR

Total RNA was extracted from epididymal adipose tissue
and SVFs of epididymal fat tissue, liver, and macrophages
using TRI reagent (Molecular Research Center, Cincin-
nati, OH) and reverse transcribed, as described pre-
viously (24). For detecting various mRNA transcripts,

a commercially available real-time PCR kit was used
(Applied Biosystems, Foster City, CA), and all data were
normalized to constitutive rRNA (18S) values. The Ap-
plied Biosystems 7700 sequence detector was used for
amplification of target sequences, and quantitation of
differences between treatment groups was performed
using the comparative threshold cycle method.

Protein Extraction for TG Analysis, ELISA, and Western
Blot Analysis

Livers for TG analysis and ELISA, and epididymal fat
tissue for ELISA measurements were homogenized in
modified radioimmunoprecipitation assay buffer. The
lysates were centrifuged at 15,000g for 15 min, and the
supernatant was recovered. The Bio-Rad (Hercules, CA)
protein assay kit was used to determine the protein
concentrations. TG measurements were normalized to
the protein content of the samples. For assessing insulin-
induced Akt phosphorylation (Ser*’®) in liver, epididymal
fat tissue, and skeletal muscle, WT and A,z KO mice were
injected with insulin (1 unit/kg i.p.). Then, 5 min (for
liver and epididymal fat) or 8 min (for skeletal muscle)
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after the insulin injection, tissues were harvested and
lysed in modified radioimmunoprecipitation assay buffer.
A total of 20 pg of protein extract was separated on
8-12% Tris-glycine gel (Invitrogen, Carlsbad, CA) and
transferred to nitrocellulose membrane. The membranes
were probed with polyclonal rabbit anti-phospho (Ser*”?)
Akt antibody (Ab) (Cell Signaling Technology, Beverly,
MA). Thereafter, the membranes were incubated with

a secondary horseradish peroxidase—conjugated anti-
rabbit Ab (Santa Cruz Biotechnology, Santa Cruz, CA).
Polyclonal rabbit anti-Akt Ab was used to assess equal
loading (Cell Signaling Technology). Bands were detected
using ECL Western Blotting Detection Reagent (Amersham
Biosciences, Piscataway, NJ).

Isolation of Nuclear Protein Extract From RAW 264.7
Cells and Peroxisome Proliferator-Activated
Receptor-y Western Blot

Cytosolic and nuclear protein fractions were isolated
from RAW 264.7 macrophages using NE-PER Nuclear
and Cytosolic Extraction reagent (Thermo Fisher Scien-
tific, Waltham, MA), according to the manufacturer’s
protocol. Protein concentrations were determined using
the Bio-Rad protein assay kit. A total of 15 pg of nuclear
protein extract was separated on 8-12% Tris-glycine gel
(Invitrogen) and transferred to nitrocellulose membrane.
The membranes were probed with polyclonal rabbit anti-
peroxisome proliferator-activated receptor (PPARYy) Ab
(Cell Signaling Technology). Thereafter, the membranes
were incubated with a secondary horseradish peroxidase-
conjugated anti-rabbit Ab (Santa Cruz Biotechnology).
Polyclonal rabbit anti-Lamin B1 Ab was used to assess
equal loading (Cell Signaling Technology). Bands were
detected using ECL Western Blotting Detection Reagent
(Amersham Biosciences).

Determination of Arginase Activity From Macrophage
Cell Extract

RAW 264.7 macrophages in 96-well plates (2 X 10°/well)
were treated with PPARy inhibitor, and then with 5'-N-
ethylcarboxamidoadenosine (NECA) followed by the
addition of IL-4. At the end of the incubation period,
cell extracts were prepared from each well in 50 pL of
10 mmol/L Tris-HCl (pH 7.4) containing 0.4% Triton X-100.
After centrifugation at 2,500 g for 30 min, arginase ac-
tivity in the supernatants of cell extracts was determined
using a commercially available arginase assay kit
(QuantiChrom Arginase Assay Kit; Bioassay Systems,
Hayward, CA).

Determination of Adipokine, Cytokine, and Chemokine
Levels

Concentrations of leptin, resistin, TNF-o, CCL2, IL-6,
IL-1P3, IL-10, interferon (IFN)-y, and vascular endothelial
growth factor (VEGF) were determined in blood, protein
extracts of liver and epididymal fat tissue, supernatants
of RAW 264.7 and peritoneal cells, and BMDMs.
Levels of adipokines, cytokines, and chemokines were
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determined using commercially available ELISA duosets
(R&D Systems, Minneapolis, MN) according to the
manufacturer’s instructions.

Measurement of Oxygen Consumption Rate and
Extracellular Acidification Rate

Oxygen consumption rate (OCR) and extracellular acidifica-
tion rate (ECAR) were measured using an XF96 oximeter
(Seahorse Biosciences, North Billerica, MA). RAW 264.7 cells
were seeded in 96-well assay plates, and cells were pretreated
with 8-[4-[4-(4-chlorobenzyl)piperazide-1-sulfonyl)phenyl]]-
1-propylxanthine (PSB0788) and 4-(2-[7-amino-2-(2-furyl)
[1,2,4]triazolo[2,3-a][1,3,5]triazin-5-ylamino]ethyl)phenol
(ZM241385) (R&D Systems) or vehidle at the indicated
concentrations. After a 30-min incubation period, 1 pmol/L
NECA or vehicle was added. After an additional 30-min
incubation period, the cells were stimulated with 250
pmol/L palmitate or vehicle and incubated for 12 h at 37°C
in 5% CO, atmosphere. After 12 h, media were removed,
and the cells were washed once with XF assay media and
then incubated in a CO,-free atmosphere for 30 min at
37°C in XF assay media.

Statistics

Values in the figures are expressed as the mean * SEM
of n observations. Statistical analysis of the data was
performed by Student t test or one-way ANOVA followed
by the Dunnett test, as appropriate. P values <0.05 were
considered to be significant.

RESULTS

Role of Aog ARs in Regulating Fat Accumulation in
CD-Fed and HFD-Fed Mice

First, we addressed the impact of Ayg AR deficiency on
weight gain in mice kept on CD or HFD. A,z KO mice
gained more weight than WT controls during a 16-week
CD (Fig. 14), and the weight of A,z KO mice and WT
littermates on the HFD was comparable (Supplementary
Fig. 1). In evaluating the mechanisms that may account
for the differences in weight gain, we found that the
physical activity of Ayp KO mice was significantly lower
than that of WT animals; however, the food intake of WT
and A,z KO animals was comparable (Table 1). The re-
duced activity of A,z KO mice was correlated with de-
creased O, consumption and unchanged respiratory
quotient values. In addition, we found increased epidid-
ymal and retroperitoneal fat pads and brown adipose
tissue in CD-fed A,z KO vs. WT animals (Table 1), but no
differences were detected between HFD-fed WT and Ajg
KO mice (Supplementary Table 1). We then evaluated the
weight of other metabolically important organs in CD- or
HFD-fed animals. We detected decreased pancreas size in
CD-fed A,z KO vs. WT mice (Table 1). Since white adi-
pose tissue accumulates fat through adipocyte hyper-
trophy (30), we assessed adipocyte size in H-E-stained
epididymal fat tissue. In agreement with the increase of
epididymal fat tissue, quantitative analysis showed aug-
mented adipocyte size in the epididymal tissue of CD-fed
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Figure 1—CD-fed Ayg KO mice display increased body weight and show impaired glucose and insulin homeostasis compared with WT
mice. A: Body weight of WT and Asg KO mice fed CD. Results are representative of three experiments; n = 7-10 mice/group. B: Rep-

resentative images and quantitative analysis of H-E—stained epididymal adipose tissues from CD-fed A;g KO and WT animals (n = 3). An
FM320-9M AMSCOPE EPI-Fluorescent Microscope was used with Achromatic objective lenses at room temperature. The magnification
was X40. The images were taken with AMSCOPE 9.1 MP Low-Lux True Color Digital Camera, and the acquisition software was Pho-

toshop. C: ipGTT of CD Agg KO and WT mice. Results are representative of three experiments; n = 7-10 mice/group. D: ipITT of CD-fed Ayg
KO and WT mice. E: ipPTT. n = 7-10 mice/group. Results are representative of one or three experiments; n = 7-10 mice/group. Glucose
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Table 1—Metabolic parameters from indirect calorimetry and weight of tissues of CD-fed A,g AR WT and KO mice

855

Parameters WT Asg KO
Food consumption (g/day/body weight) 0.154 = 0.021 0.134 = 0.011
Time sleeping (%) 37.3 = 3.653 46.86 = 3.238
Time walking (%) 23.62 = 1.507 18.33 + 1.338%
Time staying still (%) 76.49 = 1.499 81.76 + 1.3407
Walking/24 h (m) 66.20 = 6.084 4419 * 2.453°
Mean pedestrian speed (m/s) 0.0134 + 0.0004 0.01136 = 0.0004%
Average Vo, (mL/min) 1.448 + 0.052 1.234 + 0.057*
Average Vco, (mL/min) 1.397 = 0.056 1.260 = 0.047

RQ value

Average EE (kcal/h)

Epididymal fat (g/body weight)
Retroperitoneal fat (g/body weight)
BAT (g/body weight)

Liver (9/body weight)

Pancreas (g/body weight)

0.9323 *= 0.0158
0.4455 + 0.016

0.9755 *= 0.0133
0.3878 *+ 0.016%

0.031 = 0.005 0.052 + 0.003°
0.011 = 0.002 0.024 =+ 0.001°
0.005 + 0.0005 0.008 + 0.0005°
0.039 = 0.002 0.043 = 0.001

0.008 + 0.0003 0.006 + 0.0004°

Values are given as mean *= SEM. RQ, respiratory quotient; BAT, brown adipose tissue; EE, energy expenditure. P < 0.05 vs. WT

animals. °P < 0.01 vs. WT animals. °P < 0.001 vs. WT animals.

Ao KO vs. WT mice (Fig. 1B). Together, the size of
metabolically active organs is different between WT and
A,g KO mice only when they are kept on a CD.

CD-Fed Aog KO Mice Display Impaired Glucose and
Insulin Homeostasis

We next examined the role of Ayg ARs in regulating
glucose and insulin homeostasis in both CD- and HFD-
fed animals. We first performed ipGTT. CD-fed (Fig. 1C),
but not HFD-fed (Supplementary Fig. 2A), A, KO ani-
mals showed impaired glucose clearance when compared
with WT mice. It should be noted that fasting basal
glucose levels were slightly elevated in CD-fed A,z KO
mice when compared with their WT controls (Supple-
mentary Fig. 2B). We then conducted an ipITT. The ipITT
further verified the pivotal role of A,z ARs in maintain-
ing insulin sensitivity in CD-fed mice, because insulin
sensitivity was decreased in Ayg KO mice when compared
with WT littermates (Fig. 1D). Finally, glucose clearance
and insulin sensitivity were comparable between HFD-
fed WT and A,g KO animals (Supplementary Fig. 2C).
Since glucose intolerance in metabolic syndrome is, in
part, caused by enhanced hepatic glucose production by
gluconeogenesis, we performed an ipPTT in CD-fed mice.
We found that pyruvate-induced plasma glucose levels
were elevated in CD-fed A,z KO mice when compared

with WT littermates (Fig. 1E), indicating enhanced glu-
coneogenesis in A,y KO animals. To gain more insight
into the glucose metabolism of WT vs. Ayp KO mice, we
performed hyperinsulinemic-euglycemic clamp analysis.
In support of our observation with ipGTT and ipITT, A,g
KO animals displayed impaired insulin action, as shown
by decreased glucose infusion rate (Fig. 1F) and less de-
creased endogenous glucose production (Fig. 1G) during
the clamp. In addition, glucose uptake was decreased in
the vastus lateralis, but not gastrocnemius and soleus
muscle, and fat of Ayg KO mice when compared with WT
mice (Fig. 1H). Moreover, insulin-induced Akt phos-
phorylation in skeletal muscle but not liver or epididymal
fat decreased in CD-fed Ayg KO animals in comparison
with WT mice (Fig. 1I-K). Together, these findings in-
dicate that Ay ARs are required for maintaining glucose
homeostasis in CD-fed mice.

Since a recent study found that Ayp ARs impair glu-
cose tolerance in juvenile, 8-week-old mice (27), an age at
which we started feeding mice with CD or HFD, we also
studied the role of Ayg ARs in regular rodent diet-fed
8-week-old mice in regulating glucose homeostasis. We
performed both ipGTT and ipITT on both WT and Ajp
KO animals and found that Ayp deficiency improved both
glucose and insulin tolerance (Supplementary Fig. 3A and B),

infusion rate (GIR) (F) and endogenous glucose production (EGP) (G) during the steady-state of hyperinsulinemic-euglycemic clamp;

n = 7-15 mice/group. Data are presented as the mean = SEM. H: Soleus, gastrocnemius (gastrocn.), and vastus lateralus (. vastus), and
adipose tissue—specific glucose uptake/metabolic index rate (Rg) after hyperinsulinemic-euglycemic clamp of WT and Ayg KO mice.
n = 6-15 mice/group. Data are presented as the mean = SEM. Protein level of phospho-Akt (Ser*”®) (p-Akt) and total Akt as detected
by Western blot from protein extracts of skeletal muscle (/, bottom panel), liver (J, bottom panel), and epididymal fat (K, bottom panel)
5 min after insulin injection (1 unit/kg i.p.). Results are representative of two experiments. Densitometric analysis of p-Akt/total Akt
Western blots of skeletal muscle (/, top panel), liver (J, top panel), and epididymal fat (K, top panel). n = 3/group. Data are presented as
the mean = SEM. *P < 0.05; **P < 0.01; **P < 0.001 vs. WT littermates.
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confirming the previous observations that A,z ARs de-
crease glucose tolerance in juvenile mice (27).

CD-Fed Asg KO Mice Show Dysregulated Insulin,
Adipokine, TG, and Cholesterol Metabolism

We further analyzed the metabolic status of CD-fed WT
and App KO mice by measuring insulin, adipokine, FFA,
TG, and cholesterol levels. CD-fed A,z KO animals dis-
played elevated plasma insulin (Fig. 24) and leptin (Fig.
2B) levels, as well as epididymal fat tissue levels of leptin
mRNA (Fig. 2C) when compared with WT mice. However,
plasma adiponectin and resistin levels were comparable
in CD-fed Ay KO and WT mice (Fig. 2D and E). CD-fed
Ay KO animals showed elevated liver TG concentrations
(Fig. 2F), but plasma FFA levels were comparable in CD-
fed Apyg KO and WT mice (Fig. 2G). Elevated hepatic TG
content without an increase in plasma FFA levels in-
dicated impaired lipid metabolism in the liver of CD-fed
Ajyp KO mice. In the liver, glucokinase controls glucose
disposal, which promotes TG synthesis (31), and elevated
hepatic glucokinase expression is associated with hyper-
triglyceridemia (32). Furthermore, augmented FA syn-
thase (FASn) expression is also correlated with obesity
and high TG levels (33). We measured the expression of
glucokinase and FASn in the liver, and, as Fig. 2H and I
shows, the mRNA level of these genes were higher in the
liver of Ayg KO animals in comparison with the WT
group. In addition, the hepatic expression level of liver-
specific lipase was comparable between the two cohorts
(Fig. 2J), suggesting that increased de novo lipid syn-
thesis rather than decreased TG catabolism is responsible
for the elevated TG levels in Ayg KO mice.

Because our results indicated impaired lipid metabo-
lism in the liver, we measured cholesterol concentrations
in the plasma of CD-fed WT and A,z KO mice. Our
results suggest worsened cholesterol metabolism in CD-
fed A,p KO mice, because although free cholesterol levels
were comparable between the CD-fed WT and KO
cohorts, both total cholesterol and cholesteryl ester levels
were increased in Ay KO vs. WT mice (Fig. 2K-M).
Furthermore, A,p deficiency increased both HDL and
LDL/VLDL cholesterol content in the plasma of CD-fed
animals (Fig. 2N and O).

Asg ARs Inhibit Adipose Tissue Inflammation

In lean subjects, aaMds populate adipose tissue with

a disperse occurrence. Obesity, in contrast, is associated
with the accumulation of inflammatory macrophages
that are both F4/80" and CD11c* Abs, and the ratio of
inflammatory macrophages to aaMds is correlated with
decreased insulin sensitivity. Since, we found decreased
insulin sensitivity in CD-fed Ay KO mice in comparison
with their controls, we next examined whether deletion
of the Ayp AR has any impact on the phenotype of adi-
pose tissue macrophages. We first analyzed the localiza-
tion of F4/80" macrophages in the epididymal adipose
tissue of Ayg KO and WT animals. We found that mac-
rophages were evenly distributed in the adipose tissue of
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WT mice, but in Ayg KO mice most macrophages sur-
rounded adipocytes as “crown-like” structures (Fig. 3A).
Furthermore, the mRNA level of F4/80" increased in CD-
fed Ayg KO vs. WT mice (Fig. 3B). In addition, the ex-
pression of CD11c also increased in CD-fed A,g-deficient
animals (Fig. 3C). We then compared plasma and adipose
tissue levels of inflammatory cytokines and chemokines
in CD-fed WT mice with levels of these mediators in CD-
fed Ayp KO mice. Although we could not detect any
changes in the levels of inflammatory markers in the
plasma of CD-fed WT vs. Ayg KO animals (Supplementary
Fig. 4A and B), CCL2, TNF-a, and IL-6 levels were ele-
vated, whereas IL-10 and IFN-y concentrations were
decreased in the epididymal tissue of Ayg KO animals
when compared with those in WT mice (Fig. 3D-H). We
also analyzed mRNA transcripts of these various markers
of inflammation in the adipose tissue of CD-fed mice. As
Fig. 3I-K shows, we found augmented levels of mRNA for
CCL2, TNF-«, and CCR2 in A,z KO mice. However, we
could not detect any changes in the mRNA levels of IL-6,
IFN-v, and IL-10 (Supplementary Fig. 4C-E), suggesting
a post-transcriptional regulatory role of Ayg ARs for
these markers. Finally, we found elevated serum amyloid
A 3, IL-1 receptor antagonist, matrix metalloproteinase
12, and decreased VEGF mRNA transcript levels in Ayp
KO mice (Fig. 3L-0). Together, these data indicate that
A,p ARs are important for keeping inflammation in check
in CD-fed mice.

Aos ARs Preserve aaMd Phenotype in the Adipose
Tissue

Next, we assessed the expression of aaMd¢ markers, and
we did not detect any differences in these markers, in-
cluding Ym1, resistin-like molecule (RELM)-a, CD206,
macrophage galactose-type C-type lectin (mgl)-1, and
mgl-2 in whole epididymal adipose tissue between
CD-fed WT and A,z KO animals (Fig. 4A-E). We then
measured these markers in the macrophage-rich SVF of
epididymal adipose tissue. Deletion of Ayp ARs was as-
sociated with downregulated expression of mgl-2 and
RELM-a (Fig. 4F and G), but not Ym-1, mgl-1, and
CD206 (Fig. 4H-J). In agreement with its effect on
aaM¢ markers, Ayg AR deficiency diminished the levels
of several transcription factors that drive aaMd
responses, which included CCAAT/enhancer-binding
protein (C/EBP)pB, IFN regulatory factor 4 (IRF4), and
PPARYy (Fig. 4K-M).

Since IL-4 is pivotal in maintaining aaM¢ in the adi-
pose tissue of lean subjects, we conducted further studies
to delineate the role of ARs in regulating aaM¢ function.
Several transcription factors are important for driving and
maintaining the aaM¢ phenotype, including C/EBPj3,
PPARB/3 and v, IRF4, hypoxia-inducible factor-2, Kruppel-
like factor 4, c-myc, and H3K27 demethylase Jumonji
domain containing 3. Since we detected downregulated
expression of aaMd-specific transcription factors in the
SVF of CD-fed Ayg KO mice, we examined the expression
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of these transcription factors in macrophages in vitro in  levels, together they synergistically increased the abun-
response to [L-4 both in the absence and the presence of  dance of C/EBPB mRNA (Fig. 4N). These results are in
the general AR agonist NECA. We observed that although  agreement with our previous data showing that IL-4 and
neither IL-4 nor NECA alone increased C/EBP3 mRNA NECA synergistically upregulate C/EBP@ transcriptional
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activity (24, 34). We also found that IL-4 enhanced and
NECA further augmented the mRNA level of both IRF4
and PPARYy (Fig. 40 and P). PPARYy protein concentrations
also increased in response to IL-4, and NECA further
augmented this stimulatory effect of IL-4 on PPARy ex-
pression (Fig. 4Q). NECA had no effect on IL-4-induced
expression of PPARB/S, hypoxia-inducible factor 2,
Kruppel-like factor 4, c-myc, or Jumonji domain contain-
ing 3 (Supplementary Fig. 5A-E). Recently, our laboratory
has shown that AR stimulation promotes IL-4-induced
arginase activity, which is a feature of alternative macro-
phage activation (24). Therefore, we tested the potential
role of PPARYy in this process by assessing the effect of the
PPARy inhibitor T0070907 on arginase activity induced
by IL-4 and NECA in RAW 264.7 macrophages. As Fig. 4R
shows, T0070907 dose-dependently reversed the stimu-
latory effect of NECA on IL-4-induced arginase activity.
This indicates that PPARy mediates the stimulatory effect
of NECA on arginase activity. In summary, these data
suggest that A,g ARs are important for preserving the
aaM¢ phenotype to maintain immune homeostasis in the
adipose tissue.

AR Stimulation Inhibits Inflammatory Activation in FFA-
Exposed Macrophages

To further investigate the mechanisms by which ARs
regulate macrophage activation during fat accumulation
and obesity, we conducted further in vitro studies using
macrophages. Enlarged adipocytes during obesity release
excessive amounts of FFA. This released FFA induces the
production of proinflammatory mediators, which include
TNF-a and CCL2 (12,35) in adipose tissue macrophages.
In addition, VEGEF is also produced and is important for
angiogenesis in the expanding adipose tissue (36).
Therefore, we next examined the effect of AR stimulation
on inflammatory mediator production by RAW 264.7
macrophages activated with the most abundant FFA,
palmitate. Figure 5A-C shows that AR activation with
NECA dose-dependently reduced palmitate-induced TNF-a
and CCL2 levels, and augmented palmitate-elicited VEGF
production. We then investigated the intracellular
mechanisms of the modulatory effects of NECA on me-
diator release by macrophages. Quantitative PCR analysis
revealed elevated expression of CCL2 and VEGF mRNA
after palmitate treatment in macrophages, and NECA
inhibited the accumulation of palmitate-induced CCL2
mRNA and increased the expression of palmitate-induced
VEGF mRNA (Fig. 5E and F). Interestingly, TNF-o mRNA
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did not follow the changes of its protein level in response to
either palmitate or NECA, suggesting a post-transcriptional
mechanism of action (Fig. 5D) (37). Since the adipose
tissue of CD-fed A,g KO mice displayed elevated CD11c
expression, we assessed the effect of AR activation on
CD11c expression in macrophages. Palmitate stimulated
CD11c transcription, and NECA abolished the stimula-
tory effect of palmitate (Fig. 5G).

Aog ARs Inhibit Inflammatory Activation in FFA-
Challenged Macrophages

To investigate which ARs were responsible for mediating
the modulatory effects of adenosine on palmitate-
induced TNF-a, CCL2, and VEGF production, we first
compared the potency of various AR agonists. We found
that NECA decreased, in a dose-dependent manner, the
production of TNF-o and CCL2, and augmented VEGF
release by palmitate-stimulated macrophages (Fig. 5A-C).
In contrast, relevant concentrations of the A; AR agonist
2-chloro-N®-cyclopentyladenosine, and A,, AR agonist
4-[2-[[6amino-9-(N-ethyl-B-D-ribofuranuronamidosyl)-
9H-purin-2-yl]lamino]ethyl]benzene propanoic acid failed
to affect cytokine production. The A3 AR agonist 1-[2-
chloro-6-[[(3-iodophenyl)methyl]amino]-9H-purin-9-yl]-
1-deoxy-N-methyl-B-p-ribofuranuronamide in high,
nonspecific concentrations for Az ARs was marginally
effective at increasing VEGF release (Fig. 5A-C). In ag-
gregate, the fact that NECA was the most potent agonist
is indicative of a primary role for Ayg ARs (38).

We then further investigated the role of Ayg ARs using
selective antagonists. Both the mixed Ayp/Asp AR an-
tagonist ZM241385 and A,z AR antagonist PSB0788
dose-dependently reversed the inhibitory effect of NECA
on TNF-a and CCL2 production (Fig. 5H and I), and re-
versed the stimulatory impact of NECA on VEGF release
(Fig. 5J). PSB0778 was more potent than ZM241385,
emphasizing the potential role of Ayg ARs.

To further investigate the role of ARs in regulating
palmitate-elicited responses, we used BMDMs isolated
from WT, and Ay, and A, KO mice. The results con-
firmed that A,z ARs mediate the suppressive effect of
NECA on palmitate-induced TNF-a production, because
NECA was incapable of downregulating TNF-a pro-
duction by macrophages isolated from Ayg KO mice,
whereas NECA was effective in decreasing TNF-a release
in both palmitate-induced WT and A,, KO macrophages
(Fig. 6A-D and I). Moreover, palmitate dose-dependently
induced TNF-a production by RAW 264.7 macrophages,

Results are representative of three or more experiments; n = 12-20/group. Q, top: Protein level of PPARY, as detected by Western blot from
nuclear protein fraction of RAW 264.7 cells after 8 or 24 h of treatment with IL-4 and/or NECA. Results are representative of three
experiments. Q, bottom: Densitometric analysis of PPARy Western blots; n = 3-5/group. R: Arginase activity in RAW 264.7 macrophages
after 8 h of treatment with IL-4 and IL-4/NECA in the presence or absence of a specific PPARy inhibitor. Results are representative of
three experiments; n = 6/group. Data are presented as the mean = SEM. *P < 0.05 vs. WT animals. **P < 0.001 vs. control treatment.
“*P < 0.001 vs. control or IL-4 treatment. *P < 0.05; **P < 0.01; and **#P < 0.001 vs. IL-4 or IL-4/NECA treatment. con, control.
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and NECA potently reduced the level of palmitate-
induced TNF-a (Supplementary Fig. 6A-C).

We also wanted to assess the role of Ayg ARs in reg-
ulating TNF-a production induced through a different
mechanism. Therefore, we stimulated WT and A,z KO
BMDMs with various concentrations of lipopolysaccha-
ride (LPS) in the presence or absence of NECA for dif-
ferent time points from 8 to 72 h. As Fig. 6E-H shows,
LPS increased TNE-a production both in WT and A,z KO
BMDMs, and NECA was capable of blunting LPS-induced
TNEF-a production in WT but not A,y KO BMDMs. Ad-
ditionally, LPS significantly increased TNF-a production
in RAW 264.7 cells, and NECA was able to downregulate
this TNF-a production (Supplementary Fig. 6D-F).

Neither peritoneal macrophages nor BMDMs were
able to produce CCL2 and VEGF in response to palmitate
(data not shown).

Adenosine Reverses Inflammation-Related Metabolic
Shift of Palmitate-Treated Macrophages

The dependence of macrophages on glycolysis was first
demonstrated almost 50 years ago (39). Inflammation
stimulating factors, such as TLR2 or TLR4 agonists, and
inflammatory cytokines, including IFN-y enhance gly-
colysis in macrophages (40,41), suggesting a tight in-
terdependence of metabolic and immune functions in
macrophages. The increase in glycolysis after TLR agonist
exposure is associated with a proinflammatory, harmful
phenotype (11,42). Therefore, we next tested whether
AR activation would reverse this enhanced glycolysis
after palmitate exposure, which induces proinflammatory
activation via TLRs (11,43). We treated macrophages
with palmitate in the absence or presence of NECA and
measured ECAR, which is a well-accepted method for the
quantitation of glycolytic flux. In addition, we evaluated
OCR, which shows the intensity of mitochondrial respi-
ration, which is associated with a beneficial macrophage
phenotype in obesity (44). We found that NECA sup-
pressed palmitate-induced ECAR (Fig. 7A), but it did not
change OCR (Fig. 7B). In addition, as Fig. 7C shows, both
ZM?241385 and PSB0788 reversed the inhibitory effect of
NECA on palmitate-elicited glycolytic activation of mac-
rophages, indicating that A,z ARs may be important in
controlling inflammation-related metabolic changes in
macrophages. Altogether, these results suggest that AR
activation has a beneficial effect on the metabolism of
macrophages.

DISCUSSION

In this study, we show that A,z ARs are essential for
sustaining glucose and lipid homeostasis during normal
diet. ARs are expressed on a wide variety of immune cells
and are major regulators of inflammation. Ample evi-
dence has confirmed the role of adenosine as an endog-
enous immune modulator acting through its receptors
(45). Monocytes and macrophages express Ap ARs,
which regulate their functions (46,47). In general, Ayp
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ARs have anti-inflammatory properties. Ay AR activa-
tion decreases proinflammatory mediator production,
augments anti-inflammatory cytokine expression, and
promotes the alternative activation of macrophages
(22-25,48). Obesity promotes the infiltration and proin-
flammatory/classic/glycolytic conversion of macrophages
in the adipose tissue, and these macrophages are largely
responsible for the insulin resistance of adipose tissue in
obesity (49,50). In contrast, aaMds, which rely on oxi-
dative phosphorylation in lean adipose tissue, maintain
insulin sensitivity (42,51). Thus, we hypothesized that
the protective effects of Ayg ARs against impaired glucose
metabolism were mediated by altering macrophage
functions.

Our data show that alterations in macrophage func-
tions may contribute to the insulin-resistant phenotype
of mice lacking A,z ARs under normal dietary conditions.
Indeed, CD-fed A,z KO mice demonstrated adipose tissue
inflammation with exacerbated production of pro-
inflammatory cytokines, chemokines, and inflammatory
macrophage markers, such as CD11c, and downregulated
IL-10 production. In addition, A, ARs augmented the
expression of aaM¢ markers, including mgl-2 and
RELMa in the SVF fraction of adipose tissue. The effect
of Ayp ARs in upregulating the aaM¢ phenotype may be
due to its stimulatory effect on aaMd-specific tran-
scription factors, since Apg ARs increased the level of
C/EBPB, IRF4, and PPARYy. The role of Az ARs in con-
trolling the expression of aaMd-specific transcription
factors was confirmed by our in vitro observations, as
NECA upregulated IL-4-induced C/EBP(, IRF4, and
PPARYy expression.

Oversized adipocytes release FFAs by failing to store
them. The excessive amount of FFAs targets macrophage
signaling by promoting their proinflammatory activation,
and a vicious circle evolves between hypertrophied adi-
pocytes and adipose tissue macrophages (11). In this
regard, it is of note that our in vitro results demon-
strated that palmitate promotes the inflammatory acti-
vation of macrophages, and Ayp AR stimulation prevents
this palmitate-induced proinflammatory response. Re-
cent studies have shown that a beneficial macrophage
metabolic profile consists of a decreased ratio of glycol-
ysis to oxidative phosphorylation (52,53). Our in vitro
studies with isolated macrophages showed that Az ARs
decrease the glycolysis/oxidative phosphorylation ratio,
indicating that Aog ARs may be important in controlling
inflammation-related metabolic changes in macrophages.

While both WT and A,p-deficient mice consume the
same amount of food, CD-fed A,y KO mice accumulate
more fat in the course of a 16-week-long diet. Our in-
direct calorimetric studies suggest that lack of Ayg ARs
can promote a sedentary phenotype. This decrease in
physical activity and O, consumption/oxidation may lead
to increased adiposity. We found that both insulin- and
glucose-induced glucose clearance was impaired in CD-
fed mice lacking A,g ARs, and that this impaired glucose
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Figure 6 —A,g AR stimulation diminishes TNF-a production by FFA- or LPS-induced BMDMs. Protein concentration of TNF-a secreted
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absence of NECA. Protein concentration of TNF-a from BMDMs obtained from WT or A,g KO mice after 8 h (E), 24 h (F), 48 h (G), and 72 h
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presence or absence of NECA after 8 h of stimulation. Results are representative of three or more experiments; n = 3-6/group. Data are
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homeostasis in CD-fed A,z KO mice was associated with
higher insulin and leptin levels. One of the early events
during the development of metabolic syndrome is insulin
resistance of skeletal muscle, which is responsible for
nearly 80% of total glucose disposal in normal conditions
(54). Our results that glucose disposal and Akt phos-
phorylation are decreased in the skeletal muscle of Ay
AR KO mice indicate that A,z ARs in skeletal muscle are
important in controlling insulin responsiveness. A low
level of physical activity has been shown to contribute to
decreased insulin sensitivity in skeletal muscle (55). As
we found decreased physical activity in Ayg AR KO mice,
this low physical activity level may directly decrease
skeletal muscle insulin sensitivity. In addition to the
muscle, HFD-fed A, KO animals display tissue-wide
downregulation of insulin signaling (e.g., in liver and
visceral fat tissue), and this may be the consequence of
high-calorie intake of Ayg KO mice (28).

Our results show upregulated TG content in Ayg AR
KO mice. Interestingly, it has been demonstrated that
Ao AR KO protects against ethanol-induced hepatic
steatosis and decreases hepatic TG content (56). Despite
this decreased hepatic TG accumulation in ethanol-fed
Az AR KO mice, these animals showed elevated FASn
expression, which is in agreement with our data. These
results highlight the complex role of A,z ARs in regu-
lating liver metabolism.

While the increased insulin levels may be a compen-
satory reaction to decreased insulin sensitivity as obesity
progresses (57), it appears that A,g ARs regulate leptin
metabolism independently of obesity, as we found ele-
vated leptin production even in juvenile animals. In

addition to regulating hormone levels, our data from CD-
fed mice also indicate that A,g ARs are pivotal in regu-
lating adipose tissue metabolism under normal dietary
conditions, since the deficiency of the Ap AR increased
fat accumulation, especially in the epididymal and ret-
roperitoneal fat tissue.

A previous study (28) found that HFD led to a more
impaired glucose homeostasis in Ay KO than WT mice,
results that we failed to observe. In addition, this pre-
vious study found that the fat/lean mass ratio was higher
in animals lacking Aop ARs, which we also failed to detect.
The differential results between the two studies may be
due to differences in experimental conditions, or to the
fact that the two strains of Ayg KO mice were genetically
different owing to the differential methods of con-
structing the gene targeting sequences (34,58).

Together, our results demonstrate that Ayg ARs are
required for the maintenance of normal glucose homeo-
stasis. Therefore, therapeutic strategies that target Ayp
AR activation could be useful for preventing and/or
treating obesity-related metabolic pathologies.
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