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adipose tissue.

and facilitating macrophage infiltration.
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(Background: ER stress plays a critical role in the pathogenesis of type 2 diabetes, and HHcy induces insulin resistance in

Results: Hcy induced ER stress markers in adipose tissue both in vivo and in vitro.
Conclusion: HHcy inhibited adipose insulin sensitivity by inducing ER stress, promoting proinflammatory cytokine production,

Significance: This work reveals a new mechanism of HHcy-induced insulin resistance.

J

Type 2 diabetes is a chronic inflammatory metabolic disease,
the key point being insulin resistance. Endoplasmic reticulum
(ER) stress plays a critical role in the pathogenesis of type 2 dia-
betes. Previously, we found that hyperhomocysteinemia (HHcy)
induced insulin resistance in adipose tissue. Here, we hypothe-
sized that HHcy induces ER stress, which in turn promotes insu-
lin resistance. In the present study, the direct effect of Hcy on
adipose ER stress was investigated by the use of primary rat adi-
pocytes in vitro and mice with HHcy in vivo. The mechanism and
the effect of G protein-coupled receptor 120 (GPR120) were also
investigated. We found that phosphorylation or expression of var-
iant ER stress markers was elevated in adipose tissue of HHcy mice.
HHcy activated c-Jun N-terminal kinase (JNK), the downstream
signal of ER stress in adipose tissue, and activated JNK participated
in insulin resistance by inhibiting Akt activation. Furthermore,
JNK activated c-Jun and p65, which in turn triggered the transcrip-
tion of proinflammatory cytokines. Both in vivo and in vitro assays
revealed that Hcy-promoted macrophage infiltration aggravated
ER stress in adipose tissue. Chemical chaperones PBA and TUDCA
could reverse Hcy-induced inflammation and restore insulin-stim-
ulated glucose uptake and Akt activation. Activation of GPR120
reversed Hcy-induced JNK activation and prevented inflammation
but not ER stress. Therefore, HHcy inhibited insulin sensitivity in
adipose tissue by inducing ER stress, activating JNK to promote
proinflammatory cytokine production and facilitating macro-
phage infiltration. These findings reveal a new mechanism of HHcy
in the pathogenesis of insulin resistance.
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Type 2 diabetes is a chronic inflammatory metabolic disor-
der. Insulin resistance disturbs the functions of insulin target
organs, such as adipose tissue, which is related to glucose
metabolism, lipogenesis, and adipokine secretion. Intensive
work has demonstrated an association of obesity and insulin
resistance (1, 2), and inflammation is one of the novel reasons
for insulin resistance in adipose tissue (3). Proinflammatory
cytokines, such as tumor necrosis factor o (TNF-«) and inter-
leukin 6 (IL-6), can activate c-Jun N-terminal kinase (JNK),
which in turn inhibits Akt activity and impairs the insulin sig-
naling pathway (4).

Recently, various data have suggested that endoplasmic
reticulum (ER)* stress could be involved in insulin resistance
(5-7). The ER functions in modifying, folding, and transporting
proteins, especially those expressed on the cellular membrane
and secreted from cells (8 —11). Therefore, a functionally disor-
dered ER significantly impairs the physiological function of adi-
pose tissue (5, 7, 12), which is treated as an important endocrine
organ.

Homocysteine (Hcy) is a sulfur-containing amino acid
formed during the metabolism of methionine. Hyperhomocys-
teinemia (HHcy) has been implicated as an independent risk
factor of atherosclerosis (13). We have found that Hcy induces
the expression and secretion of proinflammatory factors, such
as MCP-1 (macrophage chemoattractant protein 1) and IL-8 in
human monocytes (14). Epidemiological literature suggests
that HHcy is associated with insulin resistance, considered a
chronic inflammatory status (15). Previously, we have shown
that HHcy, as a potent proinflammatory factor, promotes insu-
lin resistance in mice by inducing the expression and secretion
of resistin, a proinflammatory adipokine, from adipose tissue
(16). A genetic HHcy animal model, the Tg-I278T cystathio-
nine B-synthase knock-out mouse, has exhibited strong biolog-
ical phenotypes, including ER stress in the liver and kidney (17).

“The abbreviations used are: ER, endoplasmic reticulum; Hcy, homocysteine;
HHcy, hyperhomocysteinemia; PERK, double-stranded RNA-activated pro-
tein kinase-like endoplasmic reticulum kinase; elF2a, eukaryotic initiation
factor 2«; PBA, 4-phenylbutyric acid; TUDCA, taurine-conjugated deriva-
tive ursodeoxycholic acid.
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Although Hcy can induce protein damage in the form of Hcy-
thiolactone (18) and induce ER stress in endothelial cells (19,
20), cardiomyocytes (21), and atherosclerotic lesion (22),
whether HHcy can induce insulin resistance in adipose tissue
by provoking ER stress is still unknown. Furthermore, the rela-
tionship of the proinflammatory effect of Hcy and ER stress
requires investigation.

GPR120 (G protein-coupled receptor 120), a member of the
rhodopsin family of G protein-coupled receptors, functions as a
receptor for long-chain free fatty acids and mediates the anti-
inflammatory and insulin-sensitizing effects of w-3 fatty acids
(23). It may be a potential therapeutic target for metabolic dis-
eases, such as diabetes mellitus and obesity. Because it is highly
expressed in adipose tissue (24), activation of GPR120 by its
ligand GW9508 may result in similar functions as the unsatu-
rated fatty acids and prevent the effect of HHcy on ER stress and
inflammation.

Here we have reported that HHcy induces insulin resistance
in vivo in mouse adipose tissue and in vitro in adipocytes by
provoking ER stress and inflammation. GW9508 prevents the
Hcy effect by inhibiting adipose inflammation rather than ER
stress.

EXPERIMENTAL PROCEDURES

Materials—The antibodies (all rabbit source) of anti-phos-
pho-Akt (Ser-473), anti-Akt, anti-phospho-double-stranded
RNA-activated protein kinase-like endoplasmic reticulum
kinase (PERK) (Thr-980), anti-Bip, anti-phospho-eukaryotic
initiation factor 2« (elF2«), anti-elF2«, anti-ATF6 (activating
transcription factor 6), anti-phospho-eukaryotic initiation fac-
tor 5 (eIF5), anti-phospho-JNK, anti-JNK, anti-phospho-c-Jun,
anti-c-Jun, and anti-nuclear factor (NF)-kB p65 were from Cell
Signaling Technology (Beverly, MA). The antibodies of mouse
anti-B-actin, rabbit anti-IkB-«, and rabbit anti-Mac-3 were
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA).
IRDye™™-conjugated affinity-purified anti-rabbit and -mouse
IgGs were from Rockland (Gilbertsville, PA). 2-Deoxy-p-[1-
*H]glucose was from GE Healthcare. SP600125, 4-phenylbu-
tyric acid (PBA), and taurine-conjugated derivative ursodeoxy-
cholic acid (TUDCA) were from Calbiochem. All other
chemicals and drugs were from Sigma.

Animals and Treatments—Male C57BL/6] mice, 6 weeks old,
were fed normal mouse chow with or without 1.8 g/liter pL-Hcy
(which is more stable than 1-Hcy in solution) added to the
drinking water for 4 weeks as we described previously (16, 25).
For the oral glucose tolerance tests, mice were fasted for 12 h
and then were fed glucose (3 g/kg body weight) by gavage. For
the insulin tolerance test, mice were fasted for 4 h, and then 2
IU/kg insulin was injected intraperitoneally. The blood was
drawn from a cut at the tip of the tail at 0, 30, 60, 90, or 120 min,
and blood glucose concentrations were detected immediately.
After 3 days’ adaptation, mice were sacrificed; blood and epi-
didymal fat pads were taken. All animal protocols were
approved by the Animal Care and Use Committee of Peking
University.

Plasma Hcy Measurement—Total Hcy level in plasma was
quantified by gas chromatography-mass spectrometry (16, 25).
The HHcy animal model was confirmed by a plasma Hcy level
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of 17.59 = 0.5 um as compared with 4.49 = 0.12 um (Fig. 14) in
control mice.

Analysis of Proinflammatory Cytokines in Plasma—A bead-
based immunoassay (BD™ cytometric bead array, BD Biosci-
ences) was used for analysis of soluble cytokines in plasma. Bead
populations with distinct fluorescence intensities were coated
with antibodies against MCP-1, TNF-«, IL-6, IEN-v, IL-10,
and IL-12 and then mixed together to form the cytometric bead
array, which was resolved by flow cytometry (BD Biosciences).
We analyzed the concentration in a sample file based on the
known concentration values in the set of standards.

Immunohistochemical Analysis—Mouse epididymal fat pads
were quickly removed and postfixed in 4% paraformaldehyde,
dehydrated, embedded in wax, and sectioned at 8 um. Paraffin-
embedded sections were dewaxed, rehydrated, and rinsed in
phosphate-buffered saline (PBS). After being boiled for 10 min
in 0.01 mol/liter sodium citrate buffer (pH 6.0), sections were
blocked in 5% goat preimmune serum in PBS for 1 h at room
temperature and then incubated overnight with rabbit anti-
Mac-3 antibody (1:100) and then horseradish peroxidase-con-
jugated goat anti-rabbit secondary antibody at 37 °C for 1 h and
3,3-diaminobenzidine at room temperature for 10 min. Sec-
tions were counterstained with hematoxylin.

Peritoneal Macrophage Isolation—Peritoneal macrophages
were obtained from mice by peritoneal lavage with 8 ml of cold
PBS with 1 mMm EDTA and 10% fetal bovine serum (FBS). Cells
were plated at 1.0 X 10° cells/ml RPMI 1640 with 10% FBS.
After incubation for 3 h at 37 °C, non-adherent cells were
washed away, and adherent cells were collected.

Migration of Murine Peritoneal Macrophages—For a modi-
fied Boyden chamber cell migration assay, murine peritoneal
macrophages were suspended at 4 X 10°/ml in Dulbecco’s
modified Eagle’s medium (DMEM) plus 0.5% FBS. A 50-ul sus-
pension with macrophages was placed in the upper chamber of
chemotaxis chambers (Neuroprobe, Pleasanton, CA), and 27 ul
of DMEM plus 5% FBS was placed in the lower chamber. After
incubation, the cells on the upper surface were removed, and
the cells on the underside were fixed and stained. The mean
number of migrated cells was counted from five randomly cho-
sen fields under light microscopy in three independent
experiments.

Isolation and Culture of Primary Rat Adipocytes—Mature
adipocytes were isolated from epididymal fat pads of 8-week-
old male Sprague-Dawley rats (180-200 g) as described (16,
26). Packed adipocytes were diluted in serum-free DMEM to
generate a 10% (v/v) cell suspension. After being incubated at
37 °C for 1 h, adipocytes were treated with pL-Hcy (500 um) for
24 h. For inhibition experiments, primary rat adipocytes were
pretreated with the indicated inhibitors for 1 h before stimula-
tion with Hcy at 500 um for 24 h.

Differentiation of Rat Preadipocytes—Adipose precursor
cells were isolated from epididymal fat pads of 8-week-old male
Sprague-Dawley rats (180-200 g) and differentiated into adi-
pocytes for 3 days in serum-free DMEM plus F-12 (1:1) supple-
mented with 5 ug/ml insulin, 33 wmol/liter biotin, and 200
pmol/liter triiodothyronine (26). Differentiated adipocytes
were then incubated in serum-free DMEM plus F-12 (1:1) for
another 2 days before treatment.
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TABLE 1
List and sequence of primers

HHcy Induces ER Stress in Adipose Tissue

Upstream primer (5'-3")

Downstream primer (5'-3") GenBank™ code

Mouse MCP-1 TCTTCCTCCACCACCATGC

Rat MCP-1 TCTGTGCTGACCCCAATAAGG
Mouse TNF-« CGTCGTAGCAAACCACCAAG
Rat TNF-a CCAGGTTCTCTTCAAGGGACA
Mouse IL-6 AGTTGTGCAATGGCAATTCTG
Mouse PAI-1 CCTCACCAACATCTTGGATGCT
Mouse B-actin ATCTGGCACCACACCTTC

Rat B-actin GAGACCTTCAACACCCCAGCC

TTTGGGACACCTGCTGCTG NM 011333.3
AAGTGCTTGAGGTGGTTGTGG NM 031530.1
GAGATAGCAAATCGGCTGACG NM 013693
GTACTTGGGCAGGTTGACCTC X66539
GGAAATTGGGGTAGGAAGGAC NM 031168
TGCAGTGCCTGTGCTACAGAGA M33960
AGCCAGGTCCAGACGCA NM 007393
TCGGGGCATCGGAACCGCTCA NM 031144

Measurement of 2-Deoxy-p-[1-*H]glucose Uptake—Treated
differentiated rat adipocytes in a 96-well plate were glucose-
starved for 30 min. Insulin (100 nm) was then added for 30 min,
and then glucose (0.33 pCi of 2-deoxy-p-[1-’H]glucose/ml)
was added in the continued presence of insulin for another 2 h.
After terminating the reaction with three washes of ice-cold
PBS, the plate was set in a FilterMate harvester (PerkinElmer
Life Sciences), and tritium counts were obtained.

Quantitative Real-time PCR Analysis—Total RNA from pri-
mary rat adipocytes or mouse epididymal adipose tissue was
isolated with the use of TRIzol reagent (Promega, Madison,
WI). Total RNA (2 ug) was reverse transcribed with use of a
reverse transcription system (Promega). 1 ul of the reaction
mixture underwent PCR. The PCR products in each cycle were
evaluated by SYBR Green I fluorescence. Primers for mouse or
rat MCP-1, TNF-q, IL-6, PAI-1 (plasminogen activator inhibi-
tor 1), and B-actin are listed in Table 1. All amplification reac-
tions involved the Mx3000 multiplex quantitative PCR system
(Stratagene, La Jolla, CA). Results were analyzed with use of
Stratagene Mx3000 software, and target mRNA levels were
normalized to levels of B-actin.

Preparation of Cytosolic and Nuclear Proteins—Treated pri-
mary rat adipocytes were packed and homogenized in ice-cold
fractionation buffer. The cell lysates were incubated on ice for 15
min and then centrifuged at 20,000 X g for 30 min at 4 °C. The
cytosolic fraction was collected. Nuclear proteins were extracted
with the use of NE-PER reagents (Pierce). Protein concentration
was determined by use of the BCA protein assay kit (Pierce).

Western Blot Analysis—Proteins underwent SDS-PAGE with
10% running gel and then were transferred to a polyvinylidene
fluoride membrane, which was incubated with 0.1% bovine
serum albumin in Tris/Tween 20-buffered saline at room tem-
perature for 1 h and then different antibodies at 4 °C for 12 h
and then IRDye™™-conjugated secondary antibody for 1 h.
Immunofluorescence bands were detected by the Odyssey
infrared imaging system (LI-COR Biosciences, Lincoln, NE).

Statistical Analysis—Data are expressed as mean * S.E. and
were analyzed by use of GraphPad Prism. One-way analysis of
variance, Student-Newman-Keul’s test (comparisons between
multiple groups), or unpaired Student’s ¢ test (between two
groups) was used as appropriate. p < 0.05 was considered sta-
tistically significant.

RESULTS

HHcy Induced Adipose ER Stress in Vivo and in Vitro—Our
previous work has demonstrated that HHcy induces insulin
resistance in mice (16), which is also confirmed in the present
study (Fig. 1, E and F, and Table 2). Consistent with our previ-
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ous study, the body weight, food intake, adipose tissue content,
and other biochemical indexes showed no difference between
HHcy mice and control (Fig. 1, B-D, and Table 2). Here, we
addressed whether ER stress could be triggered by HHcy in
adipose tissue and lead to insulin resistance. We found that the
phosphorylation of ER stress markers, such as PERK and elF2q,
was higher in mouse adipose tissue than in controls with HHcy
(Fig. 2A). Similar results were observed in primary cultured rat
adipocytes. Hecy (500 um) time-dependently (Fig. 2, B and C)
and at 30-500 um concentration-dependently increased the
phosphorylation of PERK and elF2« (Fig. 2, E and F). Consis-
tently, the chaperone protein Bip was increased with Hey (Fig.
2, A, D, and G). Hcy also induced ATF6 protein level (Fig. 2,
H-J) but not XBP-1 (X box protein 1) splicing (data not shown).
Therefore, HHcy induced ER stress in mouse adipose tissue.

HHcy Induced Adipose Inflammation in Vivo—Infiltration of
macrophages is involved in the progress of inflammation and
insulin resistance in adipose tissue (27, 28). Our previous work
has demonstrated that Hcy can induce MCP-1 expression and
aggravate atherosclerosis in mice (14, 25). In the present study,
we found more Mac-3-positive macrophages in adipose tissue
from HHcy than control mice (Fig. 34). As well, nRNA levels of
both MCP-1 and TNF-« in the plasma and adipose tissue (Fig.
3, B and C) were significantly elevated in HHcy mice, with no
change in the expression of IL-6 and PAI-1; these results are
consistent with those for macrophage infiltration. Finally,
the phosphorylation of JNK, the inflammatory signaling and
possible ER-stress downstream molecule, was significantly
greater in HHcy than control adipose tissue, as was the phos-
phorylation of p65 and c-Jun, the subunits of inflammatory
transcriptional factors NF-«B and AP-1 (Fig. 3D). Therefore,
HHcy induced chronic inflammation in mouse adipose
tissue.

Inhibition of ER Stress Reversed Hcy-induced Adipose
Inflammation—Because adipose inflammation plays an impor-
tant role in insulin resistance and might be the putative down-
stream pathway of ER stress, we investigated the inhibitory effect
of chemical chaperones, PBA (5 mm) and TUDCA (200 um), on
Hcy-induced inflammatory cytokine production. Inhibiting ER
stress with PBA and TUDCA or inhibiting JNK expression with
SP600125 (20 um) reversed MCP-1 and TNF-« production (Fig. 4,
A and B), JNK activation and I«B degradation induced by Hcy in
adipocytes (Fig. 4C). Therefore, HHcy promoted adipose inflam-
mation via inducing ER stress and JNK activation.

Macrophage Infiltration Aggravated Hcy-induced Adipose
ER Stress—Infiltrating macrophages can aggravate local inflam-
mation in adipose tissue (27, 28). Therefore, we investigated
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FIGURE 1. HHcy promoted insulin resistance in vivo. HHcy animal models were developed by feeding C57BL/6J mice with supplement of Hcy (1.8 g/liter) in
drinking water for 4 weeks. A, blood Hcy concentrations; B, body weight; G, ratio of epididymal fat pad and body weight; D, food intake in normal and HHcy mice.
E, oral glucose tolerance test. Mice were fed 3 g/kg body weight glucose by gavage. Blood glucose concentrations were detected at 0, 30, 60, 90, and 120 min.
F, insulin tolerance test. 1 1U/kg insulin was injected intraperitoneally into each mouse. Blood glucose concentrations were detected at 0, 30, 60, 90, and 120
min. Data are means = S.E. (error bars) (n = 8).*, p < 0.05 versus normal control mice at the same state.

TABLE 2
Biometric and biochemistry indexes for normal and HHcy mice

Dataare means =S.E. (n = 7). TG, triglyceride; TC, total cholesterol; HDL-C, high
density lipoprotein cholesterol; LDL-C, low density lipoprotein cholesterol.

Normal mice HHcy mice
TG (mg/dl) 81.12 + 11.21 71.36 = 7.57
TC (mg/dl) 65.43 = 2.00 66.84 = 2.38
HDL-C (mg/dl) 41.36 + 2.48 41.67 = 3.53
LDL-C (mg/dl) 12.73 = 0.61 12.63 + 1.45
Insulin (wIU/ml) 5.87 + 0.52 9.17 = 1.03*

“ p < 0.05 compared with control.

whether infiltrating macrophages aggravated Hcy-induced ER
stress. Macrophages and primary isolated adipocytes were
co-cultured with or without Hcy stimulation (500 um), and
then ER stress markers in adipocytes were detected. The data
showed that Hey-induced phosphorylation of PERK and elF2«
was enhanced in adipocytes co-cultured with macrophages (Fig.
5). Thus, infiltrating macrophages might aggravate Hcy-induced
ER stress in the microenvironment (niche) of adipose tissue.

Inhibiting ER Stress or Inflammation Reversed Hcy-induced
Insulin Resistance—Because we demonstrated that HHcy
induced insulin resistance and ER stress in mice, we wondered
whether insulin resistance results from HHcy-induced ER
stress in adipose tissue. To address that question, we used the
chemical chaperones PBA (5 mm) and TUDCA (200 um) to
determine whether inhibiting ER stress would reverse Hcy-im-
paired insulin signaling. The results showed that Hcy (500 um)
impaired insulin (100 nm)-stimulated Akt phosphorylation,
which could be reversed by preadministration with PBA or
TUDCA (Fig. 6A). Consistently, PBA and TUDCA reversed
Hcy-impaired glucose uptake with insulin stimulation in rat
adipocytes (Fig. 6C). Administration of SP600125 (20 uMm), the
inhibitor of JNK signaling, gave results similar to those with
chemical chaperones (Fig. 6, B and D). Therefore, Hcy induced
insulin resistance in adipose tissue, at least in part by inducing
ER stress and inflammation.
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Activation of GPR120 Reversed Hcy-induced Insulin Resis-
tance by Antagonizing Hcy-induced Inflammation but Not ER
Stress—According to above data, Hey induced adipose inflam-
mation and promoted insulin resistance. Recently, GPR120 has
been found as a new receptor of long-chain free fatty acids, and
it is highly expressed in adipose tissue. Furthermore, activation
of GPR120 has anti-inflammatory and insulin-sensitizing
effects (23, 24). Therefore, we detected whether the effect of
Hcy could be reversed by GPR120. Not surprisingly, the activa-
tion of GPR120 by GW9508 (10-100 um) reversed Hcy-im-
paired Akt activation and glucose uptake (Fig. 7, A and B). As
well, activation of GPR120 with GW9508 inhibited the Hcy-
augmented JNK activation and IkB degradation (Fig. 7C) as well
as mRNA expression of MCP-1 and TNF-« in adipocytes (Fig.
7, D and E), which suggests to us that activation of GPR120
reverses Hey-induced inflammation in adipocytes. Consistent
with this, by Boyden chamber assay, we found that compared
with Hcy treatment only, administration of GW9508 (100 um)
significantly reduced the number of migrating macrophages to
the adipocytes (Fig. 7F). Therefore, activation of GPR120
reversed Hey-induced insulin resistance and inflammation.

Subsequently, we addressed the target of GPR120 activation
in the signaling pathway and confirmed the up- and down-
stream relation of Hcy-induced ER stress and inflammation.
Pretreatment with SP600125 (20 um) or GW9508 (100 um) did
not reverse the Hey-induced phosphorylation of elF2« (Fig. 7,
H and I), whereas TUDCA and GW9508 pretreatment
reversed the Hcy-augmented JNK activation (Fig. 7, G and I).
Thus, Hcy-induced ER stress was upstream of JNK activa-
tion, and activation of GRP120 improved insulin sensitivity
by resisting the Hcy effect through inhibiting inflammation
but not ER stress.

DISCUSSION

We demonstrate that Hcy promotes insulin resistance by
inducing adipose ER stress and downstream inflammation in
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FIGURE 2. HHcy induced adipose ER stress in vivo and in vitro. Shown are the protein level of Bip and phosphorylation (p-) of PERK, elF2« (A), and ATF6 (H)
in adipose tissue of normal and HHcy mice. Right-hand panels show the quantification of protein level. Relative protein levels were normalized to levels for
normal mice. Data are means = S.E. (n = 8).*, p < 0.05 versus control mice. B, C, D, and /, time course effect of Hcy (500 um); E, F, G, and J, dose-response effect
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levels were normalized to that for non-Hcy-treated cells. Data are means = S.E. (error bars) from four separate experiments. *, p < 0.05 versus Hcy-untreated

cells.

mice. This conclusion is supported by the following observa-
tions: 1) HHcy induces ER stress iz vivo in mouse adipose tissue
and in vitro in adipocytes; 2) Hey activates inflammatory signal
molecules in mouse adipose tissue; 3) Hey facilitates the migra-
tion of macrophages into adipose tissue to enhance inflamma-
tion; 4) inhibition of ER stress reverses the Hcy-induced insulin
resistance; and 5) activation of GPR120 reverses the Hcy-in-
duced insulin resistance by inhibiting inflammation but not
Hcy-induced ER stress.

As we have reported previously (16), HHcy induces insulin
resistance in vivo and in vitro. Here, we have shown that this
Hcy effect is via inducing ER stress because inhibitors of ER

APRIL 5,2013+VOLUME 288+-NUMBER 14

stress can recover the insulin-stimulated activation of Akt and
glucose uptake, impaired by Hcy (Fig. 6, A and B). Both in vivo
and in vitro assays show that ER stress markers, such as phos-
pho-PERK, phospho-elF2q, and the chaperone protein Bip
are significantly up-regulated by Hcy (Fig. 2). Other path-
ways can be triggered by the unfolded protein response (29,
30), and we have found that Hcy can also influence ATF6
pathways (Fig. 2, H-]) but not the iron-response element 1«
(IREler)-XBP-1 pathway. Here, we have focused on the
PERK-elF2a pathway because Hcy induces acute responses
in cells, and the PERK-elF2a pathway is the fastest respond-
ing to the unfolded protein response (31, 32). In addition,
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FIGURE 4. Inhibition of ER stress reversed Hcy-induced adipose inflammation. A and B, attenuation of Hcy (500 um)-induced MCP-1 and TNFa expression
by PBA (5 mm), TUDCA (200 um), and SP600125 (20 wMm) in primary rat adipocytes. Relative mRNA levels were normalized to levels for untreated cells. Data are
means = S.E. (error bars) from four separate experiments. C, attenuation of Hcy (500 um)-stimulated JNK phosphorylation (p-) and IkB degradation by PBA,
TUDCA, and SP60125 in primary rat adipocytes. The bottom panels show quantification of protein level. Relative protein levels were normalized to that for
non-treated cells. *, p < 0.01 versus untreated cells; #, p < 0.01 versus Hcy treatment alone.

Hcy can induce oxidative stress through the generation of
reactive oxygen species (16, 25), which is commonly thought
to be the upstream signal of ER stress. We have also found
that elimination of reactive oxygen species mitigated Hcy-
induced ER stress in adipocytes.®

5Y.Li, H. Zhang, C. Jiang, M. Xu, Y. Pang, J. Feng, X. Xiang, W.Kong, G. Xu, Y. Li,
and X. Wang, unpublished data.
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Many studies have demonstrated that Hcy is a potent proin-
flammatory factor that aggravates the pathogenesis of chronic
inflammatory diseases, such as atherosclerosis (14). Because a
number of studies have shown the link between inflammation
and insulin resistance (4, 33, 34), we investigated whether Hcy
induces inflammation in adipose tissue as a result of Hcy-in-
duced ER stress. We have found the mRNA expression of
MCP-1 and TNF-« elevated in adipose tissue (Fig. 3B) and in
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circulation (Fig. 3C). ER stress inhibitors reverse the Hcy-in-
creased expression of MCP-1 and TNF-« (Fig. 4, A and B).
Consistent with Hey-increased MCP-1 expression, Mac-3-pos-
itive macrophages are increased in adipose tissue (Fig. 34). An
in vitro assay demonstrated that Hcy facilitates adipocyte-me-
diated migration of macrophages (Fig. 7F), and the migrated
macrophages aggravate Hcy-induced ER stress in adipocytes
(Fig. 5).

Infiltration of macrophages into lesions contributes to many
pathogenic processes of inflammatory diseases (35, 36). A num-
ber of studies have demonstrated two phenotypes of macro-
phage polarization: M1 and M2 macrophages (37, 38). M1
macrophages are characterized by high expression of MCP-1
and TNF-«, and M2 macrophages are characterized by expres-
sion of IL-4 and IL-10. This specific expression pattern agrees
with the functions of M1 macrophages aggravating but M2
macrophages relieving inflammation. During pathogenesis,
tissue damage causes the release of cytokines, which recruit

APRIL 5,2013+VOLUME 288+-NUMBER 14

different phenotypes of macrophages (35). For example,
MCP-1 recruits M1 macrophages because they express
CCR2, the MCP-1 receptor. Although we did not find Hcy
directly participating in macrophage polarization, co-culture
with adipocytes significantly increases M1 macrophage mark-
ers in rat adipocytes (data not shown), which indicates that
adipocytes promote macrophage polarization into M1, which
requires further investigation.

JNK s a crucial molecule involved in inflammation and cyto-
kine production. It activates the transcription factor AP-1 and
then triggers the transcription of inflammatory cytokines (39).
This observation is consistent with our finding that Hcy
induces JNK activation (Figs. 3D and 4C) and MCP-1 and
TNF-« expression in adipose tissue. The increased inflamma-
tory cytokine expression is via Hcy-induced JNK activation
(Fig. 4, A and B). Furthermore, JNK contributes to insulin
resistance by impairing insulin signaling (4, 40) because inhibi-
tion of JNK reversed insulin-stimulated Akt activity and glu-
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FIGURE 7. Activation of GPR120 reversed Hcy-induced insulin resistance by antagonizing Hcy-induced inflammation but not ER stress. A, reversal of
Hcy-impaired insulin-stimulated Akt phosphorylation (p-) by GW9508 in primary rat adipocytes. The bottom panel shows quantification of phosphorylation.
Relative protein levels were normalized to that for non-insulin- and non-Hcy-treated cells. B, reversal of Hcy-impaired, insulin-stimulated glucose uptake by
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versus Hcy treatment alone. C, attenuation of Hcy-stimulated JNK phosphorylation and |kB degradation by GW9508 in primary rat adipocytes. The bottom
panels show quantification of protein level. Relative protein levels were normalized to that for non-treated cells. D and £, attenuation of Hcy-induced MCP-1 and
TNFa expression by GW9508 in primary rat adipocytes. Relative mRNA levels were normalized to levels for untreated cells. Data are means = S.E. from four
separate experiments. *, p < 0.01 versus untreated cells; #, p < 0.01 versus Hcy treatment alone. F, modified Boyden chamber assay of migration of peritoneal
macrophages co-cultured with adipocytes under Hcy with or without GW9508. Right, results of macrophage migration. *, p < 0.01 versus macrophages only;
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cose uptake in Hcy-treated adipocytes (Fig. 6, C and D). ER  induced JNK phosphorylation (Fig. 7G), so Hcy-induced ER

stress is usually considered the result of inflammatory stimula- ~ stress activated JNK, which then triggers inflammation and
tion; we have found that inhibiting ER stress abolished Hcy- insulin resistance, as was found previously (5-7).

9590 JOURNAL OF BIOLOGICAL CHEMISTRY YASEME\  VOLUME 288-NUMBER 14-APRIL 5,2013



Hcy, the intermediate product of methionine, induces insu-
lin resistance through adipose ER stress and inflammation, so
finding an intrinsic antagonist of Hcy is important. One of the
putative candidates is long-chain free fatty acids, which induce
various cellular responses by inducing GPR120. Free fatty acid
induction of GPR120 resulted in an elevated level of [Ca®*],and
activation of the ERK cascade (23). The high expression of
GPR120 found in mature adipocytes and macrophages indi-
cates that GPR120 might have an important role in these cell
types. Long-chain free fatty acids and synthetic agonists, such
as GW9508, have potent anti-inflammatory effects through
GPR120. Also, B-arrestin 2 is associated with ligand-stimulated
GPR120 and participates in the downstream signaling mecha-
nisms. The mechanism of GPR120-mediated anti-inflamma-
tion involves inhibiting TAK1 (transforming growth factor-f
activated kinase 1), upstream of JNK and NF-«B, through an
effect dependent on B-arrestin 2/TAB1 (T AK1-binding protein
1). Because Hcy inhibits the expression of B-arrestin 2 in pri-
mary cultured adipocytes,” GPR120 might exert its anti-Hcy
effects by restoring the B-arrestin 2 level, which requires fur-
ther clarification. Although the activation of GPR120 abolishes
Hcy-induced adipose inflammation and insulin resistance (Fig.
7,A-F), the ER stress induced by Hcy is not released (Fig. 71), so
ER stress might be upstream of inflammation in Hcy-induced
insulin resistance in adipose tissue. The adipose ER stress may
further cause the release of free fatty acids and inflammatory adi-
pokines, inducing systemic insulin resistance, which requires fur-
ther investigation.

In conclusion, we have demonstrated that HHcy induces ER
stress and then provokes adipose inflammation to affect insulin
sensitivity. GPR120 reverses Hcy-induced insulin resistance by
antagonizing Hcy-induced inflammation. These findings reveal
a new mechanism of HHcy in the pathogenesis of insulin resis-
tance and provide further evidence of the anti-inflammatory
effect of GPR120 in metabolic disorders.
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