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Chen Z, Shen H, Sun C, Yin L, Tang F, Zheng P, Liu Y, Brink
R, Rui L. Myeloid cell TRAF3 promotes metabolic inflammation,
insulin resistance, and hepatic steatosis in obesity. Am J Physiol
Endocrinol Metab 308: E460-E469, 2015. First published January
27, 2015; doi:10.1152/ajpendo.00470.2014.—Myeloid cells, particu-
larly macrophages, mediate metabolic inflammation, thus promoting
insulin resistance and metabolic disease progression in obesity. Nu-
merous cytokines, toxic metabolites, damage-associated molecular
patterns, and pathogen-associated molecular patterns are involved in
activating macrophages via their cognate receptors in obesity. TRAF3
(TNF receptor-associated factor 3) is a common signaling molecule
for these ligands/receptors and negatively regulates the proinflamma-
tory NF-kB and MAPK pathways, but its metabolic activity is
unknown. We here show that myeloid cell TRAF3 is required for
metabolic inflammation and metabolic disease progression in obesity.
Myeloid cell-specific deletion of TRAF3 significantly attenuated in-
sulin resistance, hyperglycemia, hyperinsulinemia, glucose intoler-
ance, and hepatic steatosis in mice with either genetic (ob/ob) or
high-fat diet (HFD)-induced obesity. Myeloid cell-specific deletion of
TRAF3 had the opposite effects on metabolic inflammation between
obese and lean mice. It decreased the expression of proinflamma-
tory cytokines in the liver and adipose tissue of obese mice and
largely prevented HFD-induced inflammation in these metabolic
tissues; by contrast, in lean mice, it increased the expression of
proinflammatory cytokines in the liver and adipose tissue. These data
suggest that, in obesity progression, myeloid TRAF3 functionally
switches its activity from anti-inflammatory to proinflammatory
modes, thereby coupling overnutrition to metabolic inflammation,
insulin resistance, and metabolic disease.

metabolic inflammation; TRAF3; obesity; insulin resistance; steatosis

OBESITY IS ASSOCIATED WITH chronic, low-grade inflammation,
which contributes to insulin resistance and metabolic dis-
ease (9, 14, 23, 29). Myeloid cells, particularly macrophages
in adipose tissue and the liver, are believed to play a critical
role in initiating and sustaining metabolic inflammation
under obesity conditions (2, 10, 13, 17, 19). Adipocyte-
derived lipolytic products, cytokines, and/or chemokines are
involved in both recruiting monocytes and promoting mac-
rophage M1 polarization, leading to adipose inflammation in
obesity (2, 9, 11, 14, 23, 27). Additionally, damage-associ-
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ated molecular patterns (DAMPs) and pathogen-associated
molecular patterns (PAMPs) also increase in obesity (2, 5, 9,
14, 23). The levels of endotoxins, particularly lipopolysac-
charide (LPS) derived from gastrointestinal microbiota, are
higher in obese subjects and animals (16). These proinflam-
matory metabolites, DAMPs and PAMPs, activate innate
immune cells, particularly myeloid cells, through their cog-
nate pattern recognition receptors (PRRs), including Toll-
like receptors (TLRs), NOD-like receptors (NLRs), and
RIG-I-like receptors (RLRs), thereby promoting obesity-
associated chronic inflammation (2, 5, 9, 14, 23). However,
the intracellular signaling pathways, which link these li-
gands and their receptors to insulin resistance and metabolic
disease, are not fully understood.

TNF receptor-associated factor 3 (TRAF3) is a TRAF family
member with a molecular mass of ~62 kDa. TRAF3 knockout
mice die shortly after birth (28), indicating that TRAF3 has a
unique, essential function and cannot be replaced by other
TRAF family members. TRAF3 is a ubiquitously expressed
cytoplasmic adaptor protein and is involved in mediating
cytokine receptor, TLR, PKR, NLR, and RLR signaling in
myeloid cells (6, 7, 18, 21, 24, 26). TRAF3 inhibits NF-kB-
inducing kinase (NIK) by promoting ubiquitination and deg-
radation of NIK (12). A subset of cytokines stimulates ubig-
uitination and degradation of TRAF3, thus activating NIK and
the noncanonical NF-kB2 pathway (24). TRAF3 inhibits acti-
vation of the canonical NF-kB1 pathway through competing
with TRAF2 and/or TRAF6 for the common binding sites in
cytokine receptors and/or upstream adaptors (1, 8, 30, 31).
TRAF3 negatively regulates activation of the MAPK pathway
in response to interleukin (IL)-1, LPS, and CD40L, and
TRAF3 degradation is required for these ligands to activate the
MAPK pathway (15, 25). In addition to inhibiting the proin-
flammatory NF-kB and MAPK pathways, TRAF3 also binds to
and activates TBK1 and IKKi and mediates TLR, RLR, and
PKR stimulation of the IRF3/IRF7 pathways (6, 7, 18). The
TBKI/IKK/IRF3/IRF7 pathways mediate PAMP- and DAMP-
stimulated expression and secretion of type 1 interferons and
IL-10 (6, 7, 18). Therefore, TRAF3 in myeloid cells acts as an
anti-inflammatory protein to inhibit proinflammatory NF-kB
and MAPK pathways and to increase the expression of anti-
inflammatory IL-10. Indeed, deletion of TRAF3 increases the
expression and secretion of proinflammaotry TNFa, IL-1,
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IL-6, and IL-12 in cultured myeloid cells (6, 18). However, the
function of TRAF3 in the setting of obesity has not been
examined.

In this study, we examined the inflammatory and metabolic
functions of TRAF3 in myeloid cells by using myeloid cell-
specific TRAF3 knockout (MKO) mice. We confirmed that
myeloid TRAF3 has anti-inflammatory properties in lean
mice. TRAF3 appears to gain proinflammatory activity
during the course of obesity progression. Accordingly, my-
eloid cell-specific deletion of TRAF3 markedly improves
insulin resistance, glucose intolerance, and hepatic steatosis
in MKO mice with either dietary or genetic obesity. Our
data suggest that obesity-associated factors promote an
anti-inflammation to pro-inflammation switch of TRAF3
functional modes. This mode switch of TRAF3 activity may
contribute to metabolic inflammation, insulin resistance, and
metabolic disease progression in obesity.

MATERIALS AND METHODS

Animals. Animal experiments were conducted following protocols
approved by the University Committee on the Use and Care of
Animals (UCUCA). TRAF3/°*/1>~ mice were provided by Dr. Robert
Brink (Garvan Institute of Medical Research, Australia). LysM-Cre
mice were from the Jackson Laboratory (Bar Harbor, ME). MKO
mice were generated by crossing TRAF3/°¥/1°x mice with LysM-
Cre mice (in C57Bl/6 genetic background). Mice were housed on
a 12:12-h light-dark cycle in the Unit for Laboratory Animal Medicine
at the University of Michigan and fed ad libitum either a normal chow
diet (9% fat; TestDiet, St. Louis, MO) or a HFD (60% fat; Research
Diets, New Brunswick, NJ).

Glucose, insulin, pyruvate, lactate, and glucagon tolerance tests.
Blood samples were collected from tail veins. Plasma insulin was
measured using Rat Insulin RIA kits (Millipore (Millipore-RI-13K)).
For glucose (GTT), insulin (ITT), pyruvate (PTT), or lactate (LTT)
tolerance tests, mice were fasted for 16 h and intraperitoneally
injected with glucose (2 g/kg body wt for mice fed normal chow or a
HFD; 0.5 g/kg for DKO and ob/ob; TRAF3"/%* mice), lactate (0.5
g/kg for DKO and ob/ob; TRAF3/°*f°* mice), or pyruvate (1 g/kg for

Table 1. Primer sequences for gPCR

HFD-fed mice), and blood glucose was measured 0, 15, 30, 60, and
120 min after injection. For ITT and glucagon tolerance tests, mice
were fasted for 6 h and intraperitoneally injected with insulin (0.75
U/kg body wt for mice fed a normal chow diet, 1 U/kg for HFD-fed
mice, 4 U/kg for DKO and ob/ob; TRAF3"°*#°* mice) or glucagon
(Sigma G2044) (10 pg/kg for HFD-fed mice, and 6 pg/kg for DKO
and ob/ob; TRAF3"°*/"x mice), and blood glucose was measured 0,
15, 30, 60, and 120 min after injection.

Fluorescence-activated cell sorting (FACS) analysis. Epididymal
fat pads were isolated, minced in Hanks’ balanced salt solution
(HBSS, Invitrogen) containing 0.5% BSA, and digested with 1 mg/ml
collagenase type I (Worthington, Lakewood, NJ) at 37°C for 20-30
min. Cell suspension was filtered through a 100-pm filter and sub-
jected to centrifugation at 500 g for 10 min. Stromal vascular fractions
(SVFs) in cell pellets were washed with PBS and resuspended in
HBSS supplemented with 2% FBS. SVFs were stained with the
indicated antibodies in HBSS containing 2% FBS at 4°C for 20 min
and subsequently subjected to FACS analyses using an LSR II flow
cytometer (BD Biosciences, San Jose, CA). Data were analyzed with
FlowJo software (Tree Star, Ashland, OR). Flow antibodies were as
follows: PE-Cy7-conjugated anti-mouse CD45.2 (clone 104, eBiosci-
ence), PerCP-Cy5.5-conjugated anti-mouse F4/80 (clone BMS, Bio-
Legend), PE-conjugated anti-mouse CDI11c (clone N418, eBiosci-
ence), and APC-conjugated anti-mouse CD301 (AbD Serotec).

Immunoblotting. Mice were fasted for 20-24 h and administrated
insulin (2 U/kg body wt for HFD-fed mice, 4 U/kg for DKO and
0b/ob; TRAF3"°*/!°X mijce) via the inferior vena. Tissues were isolated
5 min after injection and homogenized in a lysis buffer (50 mM
Tris-HCI, pH 7.5, 1.0% NP-40, 150 mM NaCl, 2 mM EGTA, 1 mM
Naz;VO4, 100 mM NaF, 10 mM Na,P-O7, 1 mM PMSF, 10 pg/ml
aprotinin, 10 wg/ml leupeptin). Tissue extracts were immunoblotted
with antibodies against phospho-Akt (pSer*’?, Cell Signaling, no.
4060; pThr3°8, Santa Cruz Biotechnology, sc-16646-R), or Akt (Cell
Signaling, no. 4691). Phosphorylation was quantified using Odyssey
software and normalized to total Akt levels.

Immunostaining. Frozen liver sections (7 wm) were immunostained
with anti-F4/80 antibody (eBiosience, San Diego, CA, 14-4801-82,
1:500). Liver or white adipose tissue paraffin sections (5 wm) were
stained with hematoxylin and eosin (H&E).

Genes Forward Reverse
36B4 5'-AAGCGCGTCCTGGCATTGTCT-3’ 5'-CCGCAGGGGCAGCAGTGGT-3'
ApoB 5'-CCAGAGTGTGGAGCTGAATGT-3’ 5'-TTGCTTTTTAGGGAGCCTAGC-3’
Argl 5'-TCCAAGCCAAAGTCCTTAGAG-3’ 5'-GGAGCTGTCATTAGGGACATC-3’
CD36 5'-GGAGTGGTGATGTTTGTTGCT-3’ 5'-GCACACACCACCATTTCTTCT-3'
ChREBP 5'-CTGGGGACCTAAACAGGAGC-3' 5'-GAAGCCACCCTATAGCTCCC-3'
CPTI 5'-CTGATGACGGCTATGGTGTTT-3’ 5'-GTGAGGCCAAACAAGGTGATA-3’
DGATI 5'-CGTGGTATCCTGAATTGGTG-3' 5'-GGCGCTTCTCAATCTGAAAT-3'
F4/80 5'-CTTTGGCTATGGGCTTCCAGTC-3’ 5'-GCAAGGAGGACAGAGTTTATCGTG-3'
FAS 5'-CTCCGAGTTTAAAGCTGAGG-3' 5'-TGTACTCCTTCCCTTCTGTGC-3’
G6Pase 5'-CCGGTGTTTGAACGTCATCT-3' 5'-CAATGCCTGACAAGACTCCA-3'
1L-10 5'-CTGGACAACATACTGCTAACCG-3’ 5'-GGGCATCACTTCTACCAGGTAA-3’
IL-1Ra 5'-GCTCATTGCTGGGTACTTACAA-3’ 5'-CCAGACTTGGCACAAGACAGG-3’
IL-183 5'-GCCTTGGGCCTCAAAGGAAAGAATC-3’ 5'-GGAAGACACAGATTCCATGGTGAAG-3’
IL-6 5'-AGCCAGAGTCCTTCAGA-3' 5'-GGTCCTTAGCCACTCCT-3'
MCAD 5'-ACCCTGTGGAGAAGCTGATG-3' 5'-AGCAACAGTGCTTGGAGCTT-3’
mGPATI 5'-ACGCTGAGAGTGCCACATACT-3’ 5'-GAGAGATCGCTACAGCACCAC-3’
MTP 5'-CTCCACAGTGCAGTTCTCACA-3’ 5'-AGAGACATATCCCCTGCCTGT-3’
PEPCK 5'-ATCATCTTTGGTGGCCGTAG-3' 5'-ATCTTGCCCTTGTGTTCTGC-3'
PPARy 5'-CCAGAGTCTGCTGATCTGCG-3’ 5'-GCCACCTCTTTGCTCTGATC-3’
SCD1 5'-AGGTGCCTCTTAGCCACTGA-3' 5'-CCAGGAGTTTCTTGGGTTGA-3'
SREBPI 5'-AACGTCACTTCCAGCTAGAC-3' 5'-CCACTAAGGTGCCTACAGAGC-3’
TNF«a 5'-CATCTTCTCAAAATTCGAGTGACAA-3’ 5'-TGGGAGTAGACAAGGTACAACCC-3'
Ymli 5'-CACCATGGCCAAGCTCATTCTTGT-3' 5'-TATTGGCCTGTCCTTAGCCCAACT-3’
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Quantitative real-time PCR. Total RNAs were extracted using tific, UK) and Mx3000P real-time PCR system (Stratagene, LA Jolla,
TRIzol reagent (Invitrogen Life Technologies, Carlsbad, CA). The CA). qPCR primers are listed in Table 1.
first-strand cDNAs were synthesized using random primers and M- Bone marrow-derived macrophages and hepatocyte glucose pro-
MLV reverse transcriptase (Promega, Madison, WI). qPCR was duction assays. Primary bone marrow cells were isolated from
performed using ABsolute QPCR SYBR Mix (Thermo Fisher Scien- ~ TRAF3°¥/°* and MKO male mice (7-10 wk) and differentiated into

Fig. 1. Deletion of myeloid TRAF3 (TNF receptor-associ-
ated factor 3) protects against insulin resistance and type 2
diabetes in ob/ob mice. BMDMs, bone marrow-derived
macrophages; MKO, myeloid cell-specific TRAF3 knock-
out; DKO, myeloid cell-specific TRAF3 knockout in ob/ob
mice. A: cell or tissue extracts were immunoprecipitated (IP)
and immunoblotted with anti-TRAF3 antibody. Extracts
were also immunoblotted with anti-p85 antibody. B: GTT (2
g/kg body wt) and ITT (0.75 U/kg body wt) were measured
in male mice at 1820 wk of age. In each group, n = 6-7.
C-E: experiments were performed in male mice at 8—10 wk
of age. C: body weight and fasting (~16 h) blood glucose
and plasma insulin: C57BL/6 males fed a normal chow diet,
n = 8; ob/ob;flox/flox, n = 5-10; DKO, n = 7-13. D: GTT
(0.5 g/kg body wt) and ITT (4 U/kg body wt): ob/ob;flox/
flox, n = 8-9; DKO, n = 13. E: glucagon tolerance tests (6
ng/kg body wt) and lactate tolerance tests (0.5 g/kg body
wt): ob/ob;flox/flox, n = 9; DKO, n = 11-12. Values are
presented as means = SE. *P < 0.05.
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bone marrow-derived macrophages (BMDMs) as described previ-
ously (22). BMDMs were treated without or with LPS (20 ng/ml) for
4 h and washed extensively with PBS and cultured in fresh growth
medium. Conditioned medium was collected 20 h later. Primary
hepatocytes were isolated from wild-type male mice (7-10 wk) and
subjected to glucose production assays in the presence or absence of
100 nM dexamethasone (Dex) and 10 pM N°,2’-O-dibutyryladenos-
ine 3',5'-cyclic monophosphate sodium salt (DB-cAMP) as described
previously (4). Primary hepatocytes were pretreated with conditioned
medium for 4 h prior to glucose production assays.

E463

Statistical analysis. Data are presented as means * SE. Differences
between groups were analyzed by two-tailed Student’s #-tests. P <
0.05 was considered statistically significant.

RESULTS

Myeloid cell-specific deletion of TRAF3 improves insulin
resistance and glucose intolerance in leptin-deficient ob/ob
mice. To generate MKO mice, TRAF3/"¥/°x mice, which were
generated and verified previously (21), were crossed with
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lysozyme M-Cre (lysM-Cre) transgenic mice. TRAF3 protein
was detected in macrophages derived from TRAF3/*¥/ox byt
not MKO mice (Fig. 1A). TRAF3 expression was normal in the
brain, liver, skeletal muscle, and epididymal white adipose tissue
(WAT) of MKO mice (Fig. 1A). MKO mice, fed a normal chow
diet, had relatively normal body weight and blood glucose levels
(data not shown). Insulin sensitivity and glucose tolerance, as
estimated by ITT and GTT, were similar between MKO and
TRAF3/0¥ox mice (Fig. 1B). GTT and ITT are likely to be similar
between TRAF3/"%10x and wild-type mice.

To determine whether myeloid TRAF3 contributes to insulin
resistance in obesity, we deleted TRAF3 specifically in myeloid
cells of leptin-deficient 0ob/ob mice (designated DKO mice;
genotype ob/ob; TRAF3"¥ox: [ysM-Cre) by a series of crossing
of MKO mice with ob/+ mice. Body weight was similar
between ob/ob; TRAF3/¥fx (control) and DKO male mice,
but both 0b/ob; TRAF3"*/°* and DKO mice were significantly
heavier than wild-type C57BL/6 male mice fed a normal chow
diet (Fig. 1C). Deletion of myeloid TRAF3 significantly atten-
uated hyperglycemia and hyperinsulinemia in DKO mice rel-
ative to those in ob/ob;TRAF3"*/x mice, although blood
glucose levels were still higher in both DKO and 0b/ob;
TRAF3/0<fo* mice than in lean C57BL/6 mice (Fig. 1C). DKO
mice had significantly improved glucose tolerance and insulin
sensitivity (Fig. 1D). We previously reported that hepatocyte-
specific deletion of TRAF2 results in glucagon resistance (3).
Similarly, myeloid cell-specific deletion of TRAF3 also de-
creased the ability of glucagon to increase blood glucose levels
in DKO mice (Fig. 1E, left). Hepatic gluconeogenesis, esti-
mated by LTT, was also lower in DKO mice (Fig. 1E, right).
We performed PTT in DKO mice, but mice died after pyruvate
injection. Together, these data suggest that myeloid cell
TRAF3 promotes systemic insulin resistance, hyperglycemia,
and glucose intolerance in ob/ob mice.

Myeloid cell-specific deletion of TRAF3 ameliorates insulin
resistance and glucose intolerance in mice with dietary
obesity. To verify diet-induced obesity, we monitored the body
weights of C57BL/6 male mice fed a normal chow diet or a HFD.
HFD-fed mice developed the obesity phenotypes as expected
(Fig. 2A). To determine whether myeloid cell TRAF3 is involved
in diet-induced insulin resistance and metabolic disease, MKO
mice were fed a HFD. Body weight and fat content were similar
between MKO, TRAF3°** and lysM-Cre mice (Fig. 2, B and
C). Blood glucose, glucose tolerance, and insulin tolerance were
similar between TRAF3"x and lysM-Cre mice (data not
shown), so a combination of these two genotypes was used as a
control. Overnight fasting blood glucose levels were significantly
lower in MKO mice than in TRAF3/** and lysM-Cre mice
(Fig. 2D). Fasting blood glucose was slightly higher in HFD-fed
MKO mice than in lean C57BL/6 males fed a normal chow diet,
but the difference was not statistically significant (P = 0.1; Fig.
2D). Overnight fasting plasma insulin levels were also lower in
MKO than in TRAF3/¥f°* mice (Fig. 2D). MKO mice had
significantly improved insulin sensitivity and glucose tolerance
relative to control mice (Fig. 2E) and displayed glucagon resis-
tance (Fig. 2F). Hepatic gluconeogenesis, as measured by PTT,
was also lower in MKO mice than in TRAF3/*fo* mice (Fig.
2G). These observations indicate that TRAF3 in myeloid cells
contributes to diet-induced insulin resistance and type 2 diabetes
progression.

MYELOID TRAF3 REGULATION OF METABOLISM

Myeloid cell-specific deletion of TRAF3 attenuates hepatic
steatosis in obese mice. Obesity is associated with nonalcoholic
fatty liver disease (NAFLD). To determine whether myeloid
TRAFS3 is involved in NAFLD progression, we measured liver
lipid content in TRAF3-deficient mice with either genetic or
dietary obesity. Both liver weight and triacylglycerol (TAG)
content were significantly lower in DKO mice than in ob/ob;
TRAF3/"0¥fox control mice (Fig. 3A). Liver weight and TAG
content were also lower in MKO mice than in TRAF3/"¥/ox or
lysM-Cre mice fed a HFD (Fig. 3B). Liver lipid droplet numbers
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Fig. 3. Deletion of myeloid TRAF3 attenuates hepatic steatosis in obesity.
A: liver weight and triacylglycerol (TAG) levels (normalized to liver weight)
in male mice at 10-12 wk of age. ob/ob,flox/flox, n = 10; DKO, n = 5-10.
B-D: male mice (7-8 wk) were fed a HFD for 10—12 wk. B: liver weight and
TAG levels (normalized to liver weight). Combination of TRAF3/**/1¥ mice
and lysM-Cre mice (control), n = 23-24; MKO, n = 10-12. C: representative
H&E staining of liver sections. D: gene expression in the liver was measured
by qPCR and normalized to 36B4 expression. TRAF3 floxfiox . = 11-12;
MKO, n = 10-12. Values are presented as means = SE. *P < 0.05.
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were lower in MKO mice than in TRAF3/0¥/%x mice (Fig. 3C).
The expressions of hepatic lipogenic genes (e.g., FAS, SCDI,
SREBP]I, and PPARy) were lower in MKO mice (Fig. 3D). These
observations indicate that TRAF3 in myeloid cells promotes hepatic
lipogenesis in obesity, contributing to NAFLD development.
Myeloid cell-specific deletion of TRAF3 improves insulin
signal transduction in obese mice. To further study the role of
myeloid TRAF3 in regulating insulin sensitivity, we examined
insulin signaling in TRAF3-deficient mice by measuring phos-
phorylation of Akt, a key downstream insulin signaling mole-
cule. Insulin stimulated phosphorylation of Akt (pThr*°® and
pSer*’3) in the liver, skeletal muscle, and adipose tissue of
ob/ob mice and myeloid cell-specific deletion of TRAF3 in-
creased insulin-stimulated phosphorylation of Akt in these
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tissues of DKO mice (Fig. 44). Similarly, insulin-stimulated
phosphorylation of Akt (pThr®°®) in the liver and muscle was
also higher in MKO than in TRAF3/°*/°* mice fed a HFD (Fig.
4B). Akt phosphorylation was quantified and normalized to
total Akt levels. Insulin-stimulated Akt phosphorylation was
further normalized to basal levels of Akt phosphorylation in
order to calculate fold induction. Insulin-stimulated phosphor-
ylation of Akt at both pThr’®® and pSer*’® was significantly
higher in DKO than in ob/ob;TRAF3"¥fx mice (Fig. 4A,
right). Insulin-stimulated phosphorylation of pThr3®® and
pSer*”® was also higher in MKO than in TRAF3/0¥/°x mice fed
a HFD (Fig. 4B, right). These data suggest that myeloid
TRAF3 contributes to suppression of insulin signaling in met-
abolic tissues of obese mice.
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Fig. 4. Deletion of myeloid TRAF3 improves insulin signaling in mice with obesity. A: male mice (10—12 wk) were fasted for 20-24 h and injected with insulin

(4 U/kg body wt) via inferior vena. Tissue extracts were prepared 5 min after injection and immunoblotted with antibodies against phospho-Akt (pSer

473 or

pThr3%®) or Akt. Phosphorylation was quantified and normalized to total Akt levels. Insulin-stimulated Akt phosphorylation in 0b/ob;flox/flox or DKO mice was
further normalized to basal phosphorylation of Akt in ob/ob;flox/flox or DKO mice, respectively, and data were presented as fold induction. ob/ob;flox/flox,
n = 3; DKO, n = 3. B: male mice (7-8 wk) were fed a HFD for 10—12 wk. Mice were fasted for 20—24 h and injected with insulin (2 U/kg body wt). Tissue
extracts were prepared 5 min after injection and immunoblotted with indicated antibodies. Akt phosphorylation was quantified and presented as described in A.
TRAF3/xflox = 3; MKO, n = 3. Values are presented as means + SE. *P < 0.05.
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Glucose production rates are lower in primary hepatocytes
pretreated with TRAF3-deficient macrophage-conditioned
medium. Hepatic gluconeogenesis plays an important role in
diabetes progression (20). We proposed that myeloid TRAF3
might regulate hepatocyte glucose production in a paracrine
fashion. To test this idea, we examined the effect of TRAF3-
deficient macrophage-conditioned medium on the glucose pro-
duction capability of primary hepatocytes. BMDMs were pre-
pared from MKO and TRAF3"°*f°x (control) mice and acti-
vated by pretreatment with LPS for 4 h. LPS-containing
medium was replaced with fresh medium, and macrophage-
conditioned medium was collected 20 h later. Primary hepato-
cytes, which were isolated from normal mice, were pretreated
with conditioned medium and subjected to glucose production
assays in the absence (basal) or presence of Dex and DB-
cAMP stimulation. Dex and DB-cAMP were commonly used
to mimic counterregulatory hormone stimulation (4). Dex/DB-
cAMP increased glucose production rates as expected (Fig. 5A). For
conditioned medium collected from unstimulated BMDMs,
both basal and Dex/DB-cAMP-stimulated glucose production
rates were similar between MKO and TRAF3/"¥/fi°x groups
(Fig. 5A). These data suggest that myeloid TRAF3 is not
involved in the regulation of hepatic gluconeogenesis by qui-
escent macrophages. In contrast, for conditioned medium col-
lected from LPS-stimulated BMDMs, Dex/DB-cAMP-stimu-
lated glucose production rates were significantly lower in the
MKO group than in the TRAF3"¥/°x group (Fig. 5B). The
expressions of G6Pase and PEPCK, two key gluconeogenic
genes, were also lower in the MKO group than in the
TRAF3"¥°* group (Fig. 5C). These data suggest that upon
macrophage activation myeloid TRAF3 is able to increase
hepatocyte gluconeogenesis in a paracrine manner.

HFD- and obesity-associated factors promote an anti-in-
flammation to pro-inflammation switch of TRAF3 activity
modes. TRAF3 was reported to negatively regulate proinflam-
matory NF-kB and MAPK pathways in myeloid cells and
suppress the expression and secretion of proinflammatory cy-
tokines (6, 18). In agreement, we observed that the expressions
of proinflammatory IL-1, IL-6, and TNFa in both the liver and
epididymal fat depots were significantly higher in MKO mice
than in TRAF3/ ¥ mice fed a normal chow diet (Fig. 6A).
However, the expressions of IL-1, IL-6, and TNF« in these
metabolic tissues were significantly lower in MKO mice than
in TRAF3"¥f1ox mice fed a HFD (Fig. 6B). The expression of
F4/80 and the number of F4/80-positive cells in the liver were

A

Fig. 5. TRAF3 cell-autonomously promotes
macrophage release of gluconeogenic sub-
stances. Conditioned medium was prepared from
BMDMs (derived from TRAF3/ ¥ or MKO
mice) treated with or without LPS (20 ng/ml for 4 *
h). Primary hepatocytes were prepared from wild- 45 -
type mice (7-10 wk), pretreated the indicated
conditioned medium for 4 h, and stimulated with-
out (basal) or with dexamethasone (Dex) and
DB-cAMP. TRAF3/flox = 4: MKO, n = 4. A
and B: glucose production in hepatocytes pre-
treated with conditioned medium collected from
unstimulated BMDMs (A) or from LPS-stimu-
lated BMDMs (B). C: expression of G6Pase and
PEPCK was measured by qPCR and normalized
to 36B4 expression. Values are presented as
means * SE. *P < 0.05.
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also lower in HFD-fed MKO mice (Fig. 6, B and C). In
epididymal fat depots, the expression of IL-1, IL-6, TNFa, and
F4/80 was also significantly lower in HFD-fed MKO mice
(Fig. 6B). The number of crown-like structure (a marker of
adipose inflammation) was lower in MKO mice (Fig. 6D).
FACS analysis revealed that, in epididymal fat depots, macro-
phage (F4/80" and CD45.2" double positive cells) numbers
were significantly lower in MKO mice than in TRAF3/</lox
mice fed a HFD (Fig. 6E). Both M1-like (CD45.2" F4/80™"
CDl11c¢™ CD3017) and M2-like (CD45.2% F4/80" CDl1lc™
CD301%) cell numbers were also lower in obese MKO mice
(Fig. 6E). Together, these observations suggest that TRAF3 in
myeloid cells has dual immunoproperties (e.g., anti-inflamma-
tory activity in lean mice and proinflammatory activity in obese
mice) and switches its activity modes in response to nutritional
signals.

MKO and TRAF3/¥f°* mice had different inflammatory
responses to HFD feeding. In TRAF3/0</°* mice, HFD feeding
dramatically increased the expressions of IL-1, IL-6, and
TNFa in both epididymal fat depots and the liver; however,
HFD-stimulated expression of proinflammatory cytokines was
either completely blocked or markedly attenuated in MKO
mice (Fig. 6F). These observations indicate that TRAF3 in
myeloid cells is required for HFD-induced inflammation in
metabolic tissues.

DISCUSSION

In this study, we have identified TRAF3 in myeloid cells as
a novel metabolic regulator. TRAF3 appears to be necessary
for obesity-induced insulin resistance, glucose intolerance, and
NAFLD. We have further shown that myeloid TRAF3 may
have anti-inflammatory and proinflammatory activities in lean
and obese mice, respectively. TRAF3 activity modes appear to
be controlled by dietary and/or obesity-associated factors.

We have demonstrated that in 0b/ob mice, a commonly-used
genetic model of obesity, myeloid cell-specific deletion of
TRAF3 dramatically improved hyperglycemia, hyperinsulin-
emia, glucose intolerance, insulin resistance, and hepatic ste-
atosis. Similarly, myeloid cell-specific deletion of TRAF3 also
attenuated HFD-induced insulin resistance, glucose intoler-
ance, and hepatic steatosis. In agreement with these findings,
insulin signaling in the liver, skeletal muscle, and adipose
tissue was improved in TRAF3-deficient obese mice. There-
fore, myeloid TRAF3 is likely to promote obesity-associated
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Values are presented as means = SE. *P < 0.05.
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insulin resistance in metabolic tissues, contributing to hyper-
glycemia, glucose intolerance, and hepatic steatosis. Deletion
of myeloid TRAF3 also attenuated the hyperglycemic response
to glucagon, suggesting that TRAF3 in myeloid cells promotes
the ability of counterregulatory hormones to stimulate hepatic
glucose production. The molecular mechanism by which my-
eloid TRAF3 regulates glucagon sensitivity is currently un-
known. Insulin is known to suppress glucagon action in the
liver; thus, improvement in hepatic insulin action may contrib-
ute to the attenuated response to glucagon in MKO mice.
Gluconeogenesis rates were lower in primary hepatocytes
treated with TRAF3-deficient macrophage-derived conditioned
medium than in hepatocytes treated with wild-type macro-
phage-derived conditioned medium, raising the possibility that
myeloid TRAF3 may regulate hepatocyte metabolism in the
liver in a paracrine fashion. In activated macrophages, the
TRAF3 pathway may increase secretion of progluconeogenesis
substances; alternatively, it may suppress the production of
antigluconeogenesis substances. Taken together, our data sug-
gest that myeloid TRAF3 may induce an imbalance between
insulin and counterregulatory hormone activity in obesity,
promoting diabetes progression.

TRAF3 has been well documented to negatively regulate
proinflammatory NF-kB and MAPK pathways and suppress
the expression of proinflammatory cytokines in myeloid cells
(6, 18, 25). We observed that, in mice fed a normal chow diet,
deletion of TRAF3 in myeloid cells increased the expression of
proinflammatory cytokines in both the liver and epididymal fat
depots, confirming myeloid TRAF3 as a negative regulator of
inflammation in lean mice. Surprisingly, in obese mice, dele-
tion of TRAF3 in myeloid cells markedly decreased the ex-
pression of proinflammatory cytokines in the liver and epidid-
ymal fat depots. Liver F4/80-positive macrophage number was
lower in HFD-fed MKO mice. The number of adipose macro-
phages, including both M1-like and M2-like macrophages, was
also lower in obese MKO mice. Thus, TRAF3 in myeloid cells
appears to have dual inflammatory properties: it suppresses
inflammation in lean mice but promotes inflammation in obese
mice. In obesity, myeloid TRAF3 may promote metabolic
inflammation by increasing both myeloid cell infiltration into
metabolic tissues and the expression of proinflammatory cyto-
kines in innate immune cells. The modes of TRAF3 inflam-
matory activity are likely to be determined by dietary fat
content, factors derived from gut microbiota, metabolites, cy-
tokines, metabolic hormones, and/or metabolic states. There-
fore, myeloid TRAF3 may be a critical component of the
nutrient sensing machinery, which initiates and sustains meta-
bolic inflammation in obesity.

Obesity is associated with activation of cytokine receptors,
TLRs, NLRs, and RLRs (2, 5, 9, 14, 23). Cytokines, toxic
metabolites, DAMPs, and PAMPs are likely to activate mac-
rophages via these receptors, leading to chronic inflammation
in obesity. In myeloid cells, TRAF3 is a common signaling
molecule for these ligands and their cognate receptors (7, 25).
We observed that deletion of TRAF3 in myeloid cells largely
blocked HFD-induced expression of many proinflammatory
cytokines in the liver and adipose tissue, indicating that my-
eloid TRAF3 is required for diet-induced metabolic inflamma-
tion. Inflammation is believed to be a major contributor to
insulin resistance and metabolic disease progression in obesity
(9, 23). Thus, a diminution in inflammation in obese MKO

MYELOID TRAF3 REGULATION OF METABOLISM

mice may be the primary contributor to improved insulin
sensitivity and nutrient metabolism in these mice. Thus, my-
eloid TRAFS3 is likely to connect overnutrition to metabolic
inflammation, insulin resistance, and metabolic disease. Adi-
pose TRAF3 expression is relatively normal in mice fed a HFD
(data not shown). Myeloid TRAF3 may switch its activity
modes from anti-inflammation to pro-inflammation in obesity,
so therapeutic interventions to reverse this switch is expected
to cure insulin resistance, type 2 diabetes, and NAFLD.

In conclusion, we demonstrate that, in mice with either
diet-induced or genetic obesity, myeloid cell-specific deletion
of TRAF3 protects against metabolic inflammation, insulin
resistance, glucose intolerance, and hepatic steatosis. Our data
suggest that myeloid TRAF3 mediates diet-induced metabolic
inflammation, thus coupling overnutrition to insulin resistance
and NAFLD.
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