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Adipose tissue inflammation has been linked to metabolic
diseases such as obesity and type 2 diabetes. However, the mol-
ecules that mediate inflammation in adipose tissue have not
been addressed. Although retinoic acid receptor-related orphan
receptor � (ROR�) is known to be involved in the regulation
of inflammatory response in some tissues, its role is largely
unknown in adipose tissue. Conversely, it is known that endo-
plasmic reticulum (ER) stress and unfolding protein response
(UPR) signaling affect the inflammatory response in obese adi-
pose tissue, but whether ROR� regulates these processes
remains unknown. In this study, we investigate the link between
ROR� and adipose tissue inflammation. We showed that the
inflammatory response in macrophages or 3T3-L1 adipocytes
stimulated by lipopolysaccharide, as well as adipose tissue in
obese mice, markedly increased the expression of ROR�. Ade-
novirus-mediated overexpression of ROR� or treatment with
the ROR�-specific agonist SR1078 enhanced the expression of
inflammatory cytokines and increased the number of infiltrated
macrophages into adipose tissue. Furthermore, SR1078 up-reg-
ulated the mRNA expression of ER stress response genes and
enhanced phosphorylations of two of the three mediators of
major UPR signaling pathways, PERK and IRE1�. Finally, we
found that alleviation of ER stress using a chemical chaperone
followed by the suppression of ROR� induced inflammation in
adipose tissue. Our data suggest that ROR�-induced ER stress
response potentially contributes to the adipose tissue inflamma-
tion that can be mitigated by treatment with chemical chaper-
ones. The relationships established here between ROR� expres-
sion, inflammation, and UPR signaling may have implications
for therapeutic targeting of obesity-related metabolic diseases.

The prevalence of obesity, likely caused by a global shift
toward consumption of energy-dense foods and a sedentary
lifestyle, is now considered to be a major public health epidemic
in both developed and developing countries. Obesity, which is
defined as abnormal or excessive fat accumulation in adipose

tissues, is associated with chronic low-grade inflammation (1).
Obese adipose tissue is characterized by enhanced infiltration
of macrophage and various T-lymphocytes, as well as the
release of abundant pro-inflammatory cytokines, e.g. IL-6 and
TNF-� (2, 3). The inflammatory processes in adipose tissue
contribute to several obesity-associated health problems, in-
cluding insulin resistance, type 2 diabetes, cardiovascular dis-
ease, fatty liver, airway disease, musculoskeletal disorders, and a
variety of cancers (4). Although the features of chronic inflam-
mation in obese adipose tissue are clearly defined, the mole-
cules that mediate inflammation in adipose tissue are not well
understood.

Retinoic acid receptor-related orphan receptor � (ROR�)3

is a ubiquitously expressed nuclear hormone receptor (5).
Numerous studies have demonstrated that ROR� modulates
various cell functions and implications in the regulation of
inflammatory response (6, 7). However, its effects on the
inflammatory response are inconsistent. In vitro stimulation of
peritoneal macrophages from staggerer (ROR� sg/sg) mice, a
natural mutant strain deficient in ROR� expression because of
a deletion in the ROR� gene (8), by LPS results in an elevated
expression of IL-1�, IL-1�, and TNF-� (9). Overexpression of
ROR� in human primary smooth muscle cells inhibits TNF-�-
induced expression of IL-6, IL-8, and cyclooxygenase-2 (10). In
contrast, other studies have demonstrated that ROR� functions
as a critical pro-inflammatory factor. The ROR� sg/sg mice
deficient in ROR� exhibit an attenuated allergic lung inflam-
matory response (11). In addition, the infiltration of macro-
phages and the expression of many inflammatory genes are
greatly reduced in adipose tissue of ROR� sg/sg mice fed with a
high-fat diet (12). These observations suggest that the effect of
ROR� on inflammatory response appears to be cell- and tissue-
dependent. The potential effects of ROR� on inflammation
response in adipocyte and adipose tissue are largely unknown.

Endoplasmic reticulum (ER) is primarily recognized as the
site of synthesis and trafficking of secreted and integral mem-
brane proteins. Perturbations in ER homeostasis can create a
condition defined as ER stress. Cells respond to ER stress
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through three major signaling pathways mediated by PERK
(PKR-like ER kinase), IRE1 (inositol-requiring enzyme 1), and
ATF6 (activating transcription factor 6). The activity of these
three proteins collectively leads to an ER-specific unfolded pro-
tein response (UPR) (13, 14). Recently, ob/ob genetic and diet-
induced obese mice were reported to reveal up-regulation of ER
stress markers in adipose tissue (15, 16). ER stress and UPR
signaling have been shown to affect inflammation in obese adi-
pose tissue (16 –19). Whether ROR� regulates ER stress and
UPR in adipose tissue and the mechanisms responsible for ER
stress-mediated inflammation of adipose tissue have not been
addressed.

The aim of this study was to examine the roles of ROR�
in adipose tissue inflammation and ER stress response. Our
results demonstrated that ROR� is potently induced by inflam-
matory stimuli in macrophages, and ROR� positively regulated
the inflammatory response in obese adipose tissue. Further-
more, we provided evidence indicating that ROR�-induced
inflammation is related to an effect on ER stress response in
adipose tissue. Our study further supports evidence that ROR�
enhanced the UPR signaling pathway. Alleviation of ER stress
response using the chemical chaperone 4-phenyle-butyric acid
could suppress the ROR�-induced inflammatory response in
obese adipose tissue.

Results

Inflammation stimulates ROR� expression

To determine the regulation of ROR� in responses to inflam-
matory mediator, we investigated the effect of LPS on expres-
sion of ROR� in mouse primary peritoneal macrophages and
RAW264.7 cells. LPS markedly increased the production of
TNF-� and IL-6 in thioglycolate-elicited peritoneal macro-
phages or RAW264.7 cells (Fig. 1a). A time course of LPS treat-
ment of murine macrophages or RAW264.7 cells revealed that
mRNA expression of ROR� was potently induced at early time
points, with mRNA levels peaking at 2 h post-treatment (Fig.
1b). Western blot analysis showed that ROR� protein signifi-
cantly increased at 2 h and remained elevated until 4 h after
stimulation (Fig. 1c). ROR� protein expression was further
studied using immunofluorescence microscopy. Strong cyto-
plasm staining was observed as early as 2 h after stimulation,
with ROR� protein accumulated in the nucleus at 4 h post-
treatment (Fig. 1d).

Obese adipose tissue is characterized by chronic inflamma-
tion involving inflammatory cell infiltration and activation of
the cytokine network (1, 2). Ob/ob mice develop insulin resis-
tance and inflammation in various tissues and represent a well
established model of obesity and type 2 diabetes. To obtain
further evidence that inflammation modulates the expression
of ROR�, we determined ROR� expression in ob/ob mice. In
agreement with published reports, the mRNA expression levels
of selected inflammatory cytokines (TNF-�, IL-6, and MCP1),
as well as the macrophage-specific marker F4/80, were signifi-
cantly increased in genetic obese (ob/ob) mice (Fig. 1e). Addi-
tionally, we observed that the protein levels of ROR� were sig-
nificantly up-regulated in the mature adipocytes of epididymal
adipose tissue from obese mice, but not in the stromal-vascular

fraction (SVF), which is a source of preadipocytes and macro-
phages (Fig. 1f). These observations provided a potential link
between the elevated inflammatory mediators and ROR� in
obese adipose tissue.

ROR� induces inflammatory response in adipose tissue

To evaluate the effect of ROR� on the inflammatory
response, we first measured the productions of inflammatory
cytokines in 3T3-L1 adipocytes that were treated with SR1078,
a synthetic ROR-specific agonist (20). We found that mRNA
expression of the inflammatory genes TNF-�, IL-6, and MCP1
was significantly elevated by SR1078 treatment (Fig. 2a). Treat-
ment of SR1078 increased the protein level of ROR� as previ-
ously observed (21). Transduction of recombinated adenovirus
encoding ROR� (Ad-ROR�) also induced the expression of
TNF-�, IL-6, and MCP1 (Fig. 2b).

We next examined the effect of ROR� in the pro-inflamma-
tion in vivo using ob/ob mice and C57BL/6J mice treated with
SR1078 or DMSO. The plasma concentrations of pro-inflam-
matory cytokines including TNF-� and IL-6 were significantly
increased in SR1078-treated mice relative to controls (Fig. 2, c
and d). Real-time quantitative PCR analysis of the expression of
IL-6, TNF-�, and MCP1 mRNA in adipose tissue (Fig. 2, e and f)
showed, as expected, that the transcripts of these molecules
were significantly increased in SR1078-treated mice compared
with DMSO-treated mice. Production of cytokines during an
inflammatory response is generally accompanied by recruit-
ment of cells of the immune system to the site of injury or
infection. Indeed, the gene expression levels of the mouse mac-
rophage-specific marker F4/80 were also significantly elevated
(Fig. 2, e and f). Also consistent with an increase in F4/80 tran-
script, immunochemistry staining showed that the infiltration
of F4/80-positive macrophage into the adipose tissue was sig-
nificantly increased in SR1078-treated mice compared with
DMSO-treated mice (Fig. 2g). Flow cytometric analysis of SVF
isolated from adipose tissue indicated that the percentage of
SVF-associated macrophages (F4/80�/Cd11b�) was greatly
increased in SR1078-treated mice (Fig. 2h). These findings pro-
vide evidence of ROR� stimulating inflammatory response in
adipose tissue.

ROR� stimulates ER stress and UPR signaling

UPR signaling, in addition to its canonical role in alleviating
ER stress, has recently been shown to be involved in inflamma-
tion in adipose tissue (16, 17). We first examined the effects of
ER stress on the ROR� expression in cultured adipocytes.
3T3-L1 adipocytes were stimulated with 3 �g/ml of tunicamy-
cin, which causes ER stress by inhibiting N-linked glycosylation
(22). In addition to the ER stress markers, such as BIP (binding
protein) and CHOP (c/EBP-homologous protein), tunicamycin
treatment significantly up-regulated both mRNA expression
(Fig. 3a) and protein level (Fig. 3b) of ROR� in a time-depen-
dent manner. Next we examined ER stress in the obese adipose
tissue. Compared with matched lean controls, the expression
levels of ER stress markers such as BIP, phosphorylated PERK,
phosphorylated eukaryotic translational initiating factor 2�
(eIF2�), and ATF4 (activating transcription factor 4) were sig-
nificantly elevated in adipose tissue of obese mice (Fig. 3c).
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Additionally, the ROR� protein level was significantly up-reg-
ulated in obese mice (Fig. 3c). Taken together, these results
suggested that ER stress induction enhances ROR� expression
in adipocytes.

To examine whether ROR� potentially lead to induction of
ER stress, we performed in vitro experiments in 3T3-L1 adi-

pocytes that were treated with SR1078. Gene expression anal-
ysis demonstrated that elevation of ROR� induced by SR1078
significantly increased the expression of ER stress markers,
including Chop, Atf4, Edem (ER degradation enhancer manno-
sidase), Erdj4 (ER DnaJ homolog 4), and Pdi (protein disulfide
isomerase) (Fig. 4a). Transduction of Ad-ROR� also induced

Figure 1. Expression of ROR� is induced by inflammatory stimuli. a– d, murine primary macrophages and RAW264.7 cells (5 � 105 cells/well) were
stimulated with DMSO or 100 ng/ml LPS. a, levels of TNF-� (left panel) and IL-6 (right panel) in culture medium of primary macrophages and RAW264.7 cells were
determined by ELISA. b, ROR� mRNA expression in the indicated times was analyzed by qRT-PCR. c, ROR� protein levels were determined by Western blotting
in primary macrophages in the indicated times. d, RAW264.7 cells were treated with LPS (100 ng/ml) for the indicated times. The cells were then permeated and
stained with antibody to ROR� and counterstained with DAPI. e, mRNA expression levels of inflammatory cytokines in adipose tissues derived from 8-week-old
obese (ob/ob) and lean (C57BL/6J) mice (n � 5 each group). f, ROR� protein levels in adipocytes and SVF of white adipose tissue from obese and lean mice. The
values are means � S.D. of three independent experiments. *, p � 0.05 versus control (unpaired Student’s t test).
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Figure 2. Effects of ROR� on the inflammatory response. a and b, 3T3-L1 adipocytes were treated with indicated concentrations of SR1078 (a) or infected
by Ad-LacZ or Ad-ROR� for 24 h (b). mRNA expression levels of ROR� and inflammatory cytokines were measured by qRT-PCR. c– h, 8-week-old mice were orally
fed SR1078 (100 mg/kg body weight, twice daily) or DMSO for 10 days (5 mice/group). c and d, levels of IL-6 and TNF-� in the plasma from ob/ob mice (c) and
C57BL/6J mice (d) were determined by ELISA. e and f, mRNA expression levels of ROR� and inflammatory cytokines in white adipose tissues from ob/ob mice
(e) and C57BL/6J mice (f) were measured by qRT-PCR. g, immunofluorescence staining of macrophage marker F4/80 in white adipose tissue. Treatment with
SR1078 promoted macrophage infiltration into adipose tissue (arrows). h, flow cytometry analysis of macrophages in SVF cells from epididymal fat of mice
treated with DMSO or SR1078. The percentage of the macrophage population (F4/80/CD11b cells) was significantly increased in SR1078-treated mice. The data
represent means � S.D. of three independent experiments. *, p � 0.05 versus vehicle treatment (DMSO) or Ad-LacZ infection.
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the expression of these ER stress markers (Fig. 4b). We then
examined whether ROR� induces a higher level of ER stress in
adipose tissue derived from ob/ob mice treated with SR1078. As
shown in Fig. 4c, the levels of BIP and CHOP proteins were
significantly up-regulated in epididymal fat pads of SR1078-
treated mice. We also determined the mRNA expression levels
of Edem1, Erdj4, and Pdi; all of these ER stress markers were
significantly elevated in SR1078-treated mice (Fig. 4d).

Subsequently, we focused on downstream events of ROR�
and UPR signaling. The three major UPR signaling pathways
(mediated by PERK, IRE1, and ATF6) that are activated by ER
stress are known to stimulate the expression of inflammatory
cytokines in several cell types (23). Therefore, we examined the
effects of ROR� on the levels of proteins in all three UPR sub-
pathways in ob/ob mice by administering them to SR1078.
Compared with the DMSO-treated mice, the phosphorylations
of PERK and IRE1 were significantly up-regulated in adipose
tissue derived from SR1078-treated mice, whereas the cleaved-
ATF6 level was not notably different between SR1078- and
vehicle-treated mice (Fig. 4e). Activated PERK results in phos-
phorylation of eIF2�, which was demonstrated to modify level
of ATF4 protein synthesis at the step of mRNA translation (24).
Corresponding to the elevated PERK phosphorylation, phos-

phorylation of eIF2� and the ATF4 protein expression was
significantly increased in SR1078-treated mice (Fig. 4e).
IRE1 phosphorylation displays endoribonuclease activity,
which cleaves its primary target, the mRNA encoding XBP1
(X-box-binding protein 1). As shown in Fig. 4f, SR1078 treat-
ment significantly elevated the mRNA expression of splicing of
Xbp1 (sXBP1) in a time-dependent manner. These results sug-
gested that ROR� induces ER stress and is followed by activa-
tion of the UPR signaling pathway in adipose tissue.

Suppression of ROR� in ob/ob mouse reduces ER stress and
improves glucose tolerance

To further confirm the effect of ROR� on ER stress and UPR
signaling, we treated ob/ob mice with SR1001, a synthetic
inverse agonist of ROR� (25). As shown in Fig. 5a, compared
with the DMSO-treated mice, the levels of BIP and CHOP pro-
teins were significantly down-regulated in the epididymal fat
pads of SR1001-treated mice. In addition, SR1001 treatment
significantly attenuated the protein expression of phosphoryla-
tions of IRE1 and eIF2� (Fig. 5b). These results confirmed the
role of ROR� in regulating ER stress and UPR signaling path-
way in adipose tissue.

ER stress may compromise glucose metabolism and insulin
sensitivity, key indicators of the development of type 2 diabetes.
The reduced ER stress by SR1001 prompted us to determine
whether suppression of ROR� can improve glucose intolerance
and insulin sensitivity in ob/ob mice. Glucose-tolerance tests
(GTTs) and insulin-tolerance tests (ITTs) were performed.
GTT experiments indicated that suppression of ROR� by
SR1001 improved glucose intolerance (Fig. 5c), ITT experi-
ments also suggested that ROR� suppression enhances insulin
sensitivity in ob/ob mice (Fig. 5d).

Alleviation of ER stress suppresses ROR�-induced
inflammatory response in obese mice

Based on the inductions of both ER stress and inflammation
response by ROR�, we hypothesized that ROR�-induced ER
stress could contribute to chronic inflammation in adipose tis-
sue. To test this hypothesis, obese (ob/ob) mice were first orally
administered SR1078 (500 mg/kg body weight) for 10 days and
then were fed chemical chaperone 4-phenyle-butyric acid
(4-PBA) for 10 days. Treatment with 4-PBA significantly
reduced the protein levels of ER stress markers BIP and CHOP,
whereas there is no notable difference in ROR� levels (Fig. 6a).
The mRNA expression levels of other downstream ER stress
markers, including Edem1, Erdj4, and Pdi, were also signifi-
cantly down-regulated (Fig. 6b). We then determined the
plasma concentrations of TNF-� and IL-6 and observed that
they were significantly decreased in mice treated with both
SR1078 and 4-PBA compared with the mice only treated with
SR1078 (Fig. 6c). Results from the mRNA expression analysis
indicated that the expression levels of TNF-�, IL-6, and MCP1
in adipose tissue were significantly decreased in 4-PBA-treated
mice relative to controls (Fig. 6d). Immunochemistry staining
showed that treatment with 4-PBA reduced the SR1078-in-
duced F4/80-positive macrophage infiltration into adipose
tissue (Fig. 6e). The decrease in F4/80� macrophages was
supported by flow cytometric analysis of inflammatory cell

Figure 3. ER stress enhances ROR� expression. a and b, 3T3-L1 adipocytes
were stimulated with 3 �g/ml of tunicamycin for the indicated times. mRNA
expression (a) and protein levels (b) of ROR� and ER stress markers were
measured by qRT-PCR and Western blotting, respectively. The values are
means � S.D. of three independent experiments performed in triplicate. *,
p � 0.05 versus 0 h (unpaired Student’s t test). c, ER stress indicators in adipose
tissues of obese mice. Protein levels of BIP, PERK phosphorylation, eIF2� phos-
phorylation, and ATF4 were examined in adipose samples of ob/ob and lean
(C57BL/6J) mice at the age of 8 weeks.
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populations of SVF isolated from white adipose tissue. This
analysis showed that the percentage of SVF-associated
macrophages (F4/80�/Cd11b�) was greatly reduced in 4-
PBA-treated mice (Fig. 6f). Taken together, these observa-
tions suggest that ROR�-induced ER stress potentially reg-
ulate the elevated inflammatory response in adipose tissue.

Discussion

It is now well recognized that obesity is associated with
chronic low-grade inflammation and that inflammatory pro-
cesses play a key role in the development of obesity-associated
pathologies. In this study, we showed that ROR� stimulates
inflammatory response in adipose tissue, which was alleviated
by treatment with chemical chaperones that can suppress ER
stress. Our results provide evidence indicating that ROR�

expression causes ER stress and activates UPR signaling in adi-
pose tissue of ob/ob mice.

ER is an organelle with functions mostly in protein folding,
maturation, transporting, and maintaining calcium homeosta-
sis. When the ER becomes stressed because of the accumula-
tion of unfolded/misfolded/mutated proteins, the UPR is trig-
gered to restore ER homeostasis and normal function. The ER
stress and UPR are initiated by three ER transmembrane pro-
tein sensors: PERK, IRE1, and ATF6 (18). In the present study,
we demonstrated that the PERK subpathway was activated by
ROR� expression. It was reported that PERK signaling activates
NF-�B (26), a transcriptional regulator that plays a central role
in mediating the responses to inflammatory signaling. PERK
mediates inhibition of protein translation via phosphorylation
of eIF2a. Translation of I�Ba, the main negative regulator of

Figure 4. ROR� stimulates UPR signaling. a and b, 3T3-L1 adipocytes were treated with 100 �M SR1078 (a) or infected by Ad-LacZ or Ad-ROR� (b) for 24 h.
mRNA expression of ROR� and ER stress markers including Chop, Atf4, Edem, Erdj4, and Pdi was analyzed by qRT-PCR. c–f, SR1078 (100 mg/kg body, twice daily,
n � 5) or DMSO (n � 5) was orally administered to 8-week-old ob/ob mice for 10 days. c, protein levels of BIP and CHOP were determined by Western blotting.
d, mRNA expression of ER stress markers including Atf4, Edem1, Erdj4, and Pdi was measured by qRT-PCR. e, levels of proteins in the three major UPR signaling
pathways (mediated by PERK, IRE1, and ATF6) were determined by Western blotting. f, XBP-1 expression in adipose tissue was examined by RT-PCR. ob/ob mice
were treated with SR1078 for indicated times. Both the unspliced XBP-1 (uXbp-1) form of 246 bp and the spliced XBP-1(sXbp-1) form of 220 bp were amplified
by RT-PCR in same reaction.

ROR�-induced ER stress contributes to the adipose tissue inflammation

13964 J. Biol. Chem. (2017) 292(34) 13959 –13969



NF-�B, is known to be inhibited by phosphorylation of eIF2a. A
decrease in the translation of I�Ba results in removal of inhibi-
tion of NF-�B activity and promotes the translocation of NF-�B
from the cytoplasm to the nucleus. Therefore, the enhanced
phosphorylations of PERK and its downstream eIF2� by ROR�
expression will attenuate I�Ba inhibitory control and allow the
induction of inflammatory genes. In addition to the PERK sig-
naling pathway, IRE1 branch of the UPR is also activated by
ROR� expression. It was reported that the IRE1 signaling path-
way directly activates JNK (27), an important inflammatory sig-
naling mediator. JNK up-regulates the expression of inflamma-
tory cytokines by activating the AP-1 (activator protein 1)
transcription factor complex (28).

Understanding the mechanism by which ROR� regulates
inflammation could provide a potential therapeutic target for
the treatment of obesity-related metabolic disorders. Because
nuclear receptors function as ligand-dependent transcription
factors, they provide excellent pharmacologic targets to inter-
fere in (patho)physiologic processes; therefore, they may be
very promising in yielding novel therapeutic strategies for
human disease. Ligands for peroxisome proliferator-activated
receptors, liver X receptors, and vitamin D3 receptors, which
have been reported to significantly influence inflammatory
responses (29), may be promising candidates for additional

therapeutic strategies. The enhanced ROR�-induced inflam-
matory response observed in the adipose tissue of ob/ob mice
suggests a role for this nuclear receptor in the development of
obesity-associated pathologies. Activation of the ROR� recep-
tor by endogenous ligands, such as cholesterol (30), might be
implicated in the recently reported link between obesity
and hypercholesterolemia. Synthetic, high-affinity antagonists
could prevent these recently identified endogenous ligands
from activating ROR, inhibit the activation of inflammatory
genes, and have potential in the treatment of obesity and its
associated disorders.

Our results revealed the possibility that attenuation of ER
stress via inhibiting ROR� may be an effective approach to
reduce the risk of obesity and its complications. However, ER
stress has various physiologic roles, including escape from apo-
ptosis in cells with unfolded protein in the ER (27, 31), regula-
tion of secretory cell differentiation or maturation (32), and
maintenance of cellular homeostasis (33). Consequently, com-
plete elimination of ER stress by agents that prevent ER stress
could cause disadvantage for living cells and biological regula-
tion. To develop the agents targeting ROR� under clinical con-
ditions, further studies are now needed to characterize the
functional changes in cells dependent on ER stress.

Figure 5. Suppression of ROR� reduces ER stress and improves glucose tolerance. a, SR1001 (25 mg/kg body, twice daily, n � 5) or DMSO (n � 5) was orally
administered to 8-week-old ob/ob mice for 10 days. Protein levels of BIP and CHOP were determined by Western blotting. b, levels of proteins in the three major
UPR signaling pathways (mediated by PERK, IRE1, and ATF6) were determined by Western blotting. c and d, GTTs (c) and ITTs (d) were performed. The mice were
injected with glucose (2 g/kg) or insulin (1 units/kg), and the blood glucose levels were measured at the indicated time points by a glucose meter. The values
are presented as means � S.D. *, p � 0.05 versus DMSO treatment.
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Materials and methods

Reagents

LPS, DMSO, DMEM, penicillin, glutamine, streptomycin,
SR1078, 3-isobutyl-methyl-xanthine, dexamethasone, insulin,
Triton X-100, tunicamycin, 4-PBA, and secondary horseradish
peroxidase-conjugated antibodies were obtained from Sigma-
Aldrich. FBS was from Hyclone (Logan, UT). Lipofectamine
2000 and TRIzol reagent were from Invitrogen. ELISA kits for
IL-6 and TNF-� were from Enzo Life Sciences (New York, NY).
Antibodies against ROR� (SC-22799), ATF6� (SC-22799), and
�-actin (SC-47778) were from Santa Cruz Biotechnology
(Santa Cruz, CA). Antibodies against BIP (no. 3177), CHOP
(no. 2895), PERK (no. 3192), phospho-PERK (no. 3179), eIF2�
(no. 5324), and IRE1 (no. 3294) were from Cell Signaling Tech-
nology (Danvers, MA). Antibodies against ATF4 (ET1603-37),
phospho-eIF2� (ET1603-14), and F4/80 (RT1212) were from

HuaAn Biotechnology (Hangzhou, China). Phospho-IRE1
(ab48187) antibody was from Abcam (Cambridge, UK). Anti-
bodies against FITC-CD11b (no. 561688) and PE-F4/80 (no.
565410) were from BD Biosciences (Shanghai, China). SYBR
Green Master Mix was from Applied Biosystems (Foster City,
CA). All the chemicals were dissolved in the appropriate media
solution or DMSO and then used at indicated concentration.

Cell culture, adipocyte differentiation, and treatment

RAW264.7 cells and mouse 3T3-L1 preadipocytes were
obtained from American Type Culture Collection (Manassas,
VA) and cultured in DMEM containing 4.5 g/liter glucose and 2
mM L-glutamine at 37 °C with a humidified 5% CO2 atmo-
sphere. The medium was supplemented with 10% (v/v) heat-
inactivated FBS, 50 units/ml penicillin, and 50 mg/ml strepto-
mycin. After reaching confluence, 3T3-L1 preadipocytes were

Figure 6. Effects of chemical chaperones 4-PBA on ROR�-induced inflammatory response in obese mice. After 10 days of SR1078 treatment (100 mg/kg
body, n � 5), ob/ob mice were orally administered 4-PBA at a dose of 1 g/kg/day for 10 days. a, protein levels of ROR� and ER stress markers BIP and CHOP in
adipose tissue were determined by Western blotting. b, mRNA expression of ER stress markers (EDEM, ATF4, and PDI) in adipose tissue was measured by
qRT-PCR. c, levels of IL-6 and TNF-� in the plasma were determined by ELISA. d, mRNA expression of inflammatory cytokines (TNF-�, IL-6, and MCP1) in adipose
tissue was measured by qRT-PCR. e, immunofluorescence staining of macrophage marker F4/80 in adipose tissue. The arrows indicate macrophage infiltration.
Treatment with 4-PBA attenuated the SR1078-induced macrophage infiltration into adipose tissue. f, flow cytometry analysis of macrophages in SVF cells from
epididymal fat pads of mice treated with both SR1078 and 4-PBA or SR1078 alone. The percentage of the macrophage population (F4/80/CD11b cells) was
significantly reduced in mice treated with both SR1078 and 4-PBA compared with mice treated with only SR1078. The values are presented as the means � S.D.
*, p � 0.05 versus DMSO treatment; #, p � 0.05 versus SR1078 treatment (unpaired Student’s t test).
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stimulated with differentiation medium consisting of growth
medium supplemented with 0.25 mM 3-isobutyl-methyl-xan-
thine, 1 mM dexamethasone, and 1 mg/ml insulin. Two days
after stimulation, the cells were placed in poststimulation
medium containing DMEM, 10% FBS, and 1 mg/ml insulin.
Fully differentiated adipocytes were used at 12–14 days after
induction of differentiation. Mouse peritoneal macrophages
were isolated from C57BL/6J mice after stimulation with
an intraperitoneal injection of 2% thioglycolate solution (3
ml/mouse) as described (34). The cells were treated with LPS
(100 ng/ml, 0 –12 h) in the presence or absence of SR1078
(0 –100 �M, 0 –24 h).

Transfections

Ad-ROR� was constructed as described (21) and then trans-
fected into Hek293 cells by Lipofectamine 2000 to allow pack-
aging and amplification of the Ad-ROR�. The adenovirus was
purified using Adeno-xTM virus mini purification kit, and the
infective titer was determined by a limiting dilution plaque
assay. The efficiency of adenoviral infection was examined by
using the adenovirus Ad-ROR� tagged with green fluorescent
protein. Fully differentiated 3T3-L1 adipocytes were infected
with adenovirus at the multiplicity of infection of 40 and cul-
tured in 2% FBS medium for 4 h and then switched to regular
growth medium. 48 h later, the cells were harvested for quanti-
tative PCR or Western blotting.

Animals and treatments

Male C57BL/6J-Lepob leptin-deficient mice (ob/ob mice)
and C57BL/6J (The Jackson Laboratory) were housed under a
12-h light/12-h dark cycle and followed free access to regular
diet. At the age of 8 weeks, the mice were orally administered
vehicle (DMSO, n � 5), SR1078 (100 mg/kg body weight/dose,
two doses daily, n � 5), or SR1001 (25 mg/kg body weight, twice
daily, n � 5) for 10 days. In 4-PBA assay, after the last SR1078
administration, the mice were fed 4-PBA (500 mg/kg body
weight/dose, two doses daily) for 10 days with oral gavage, and
the mice in the control groups received the same volume of
DMSO. The mice were anesthetized with diethyl ether, and
whole blood was collected by cardiac puncture. Plasma was
obtained from whole blood by centrifugation and stored at
�20 °C until assayed. Epididymal fat pads were removed and
frozen immediately in liquid nitrogen until assayed. All exper-
iments were in compliance with the National Institute of

Health guide for care and use of laboratory animals and the
international association for the study of pain research guide-
lines. Animal care and experimental procedures were approved
by the ethics committee of animal experimentation of Sichuan
University.

ELISA analysis

Plasma concentrations of IL-6 and TNF-� were determined
by ELISA according to the manufacturer’s instructions.

Glucose and insulin tolerance test

For the GTT, after an overnight fast, the mice were injected
intraperitoneally with glucose (2 g/kg body weight). For the
ITT, 6-h fasted mice were given an intraperitoneal injection of
insulin (1 unit/kg body weight). Blood glucose concentrations
were determined with a One-Touch Ultra� glucometer (LifeS-
can Inc., Milpitas, CA) at 0, 15, 30, 60, 90, and 120 min after
injection.

Flow cytometric analysis

SVF cells were isolated from epididymal white adipose tissue
and stained with phycoerythrin-conjugated anti-mouse F4/80
antibody and FITC-conjugated anti-mouse CD11b antibody.
The cells were analyzed on a CytoFlex (Beckman, CA) with
CellQuest software (BD Biosciences).

Histology and immunostaining

To detect ROR� protein expression in RAW 264.7 cells, the
cells were mounted on chrome alum– coated slides. The slides
were fixed with 3.7% (v/v) formaldehyde in PBS (pH 7.4) and
then blocked in PBS with 6% normal donkey serum and 0.3%
Triton X-100. Thereafter, the cells were incubated with a rabbit
anti-mouse ROR� antibody (1:100 dilution). After washing in
PBS-Tween 0.02%, the cells were immunostained with Alexa
Fluor-conjugated goat anti-rabbit antibodies (1:500; Life Tech-
nologies). The nuclei were counterstained with DAPI (Life
Technologies).

To examine the macrophage infiltration into the adipose tis-
sue, isolated adipose tissue was fixed overnight in 10% neutral
buffered formalin. Samples were then dehydrated with ethanol,
embedded in paraffin, and sectioned (4 �m). Sections of adi-
pose tissue were stained with a rabbit anti-mouse F4/80 anti-
body and an avidin-biotin-peroxidase detection system.

Table 1
Sequence of primers

Gene
Primer sequence (5�-3�)

Forward Reverse

Gapdh GGTGAAGGTCGGTGTGAACG CTCGCTCCTGGAAGATGGTG
ROR� CAGCAGAGCAATGCCACC CGACCAAACTTGACAGCATC
TNF� (Tnf) ATGGCCCAGACCCTCACACTCAGAT GAAGAGAACCTGGGAGTAGACAA
IL-6 GACAACTTTGGCATTGTGG ATGCAGGGATGATGTTCTG
Mcp1 (Ccl2) CTTCTGTGCCTGCTGCTCATA CTTTGGGACACTTGCTGCTG
F4/80 (Adgre1) GTCAGATGATTCAGACGGAGTA GGTCACAGTGCCACCAACAA
Bip (Hspa5) GCCGAGACAACACTGACCTG ACCACCGTGCCCACATCC
Chop (Ddit3) TCCCTGCCTTTCACCTTGG GGCTTTGGGATGTGCGTGT
Edem1 CGCGGAGACCCTTCCAATCT CTTCCCAGAACCCTTATCGTAG
Erdj4 (DNAJB9) GCCATGAAGTACCACCCTGACA TCGTCTATTAGCATCTGAGAGTGT
Atf4 AAGTGAAGACTGAGAAATTGGATA GCCTTACGGACCTCTTCTATC
Pdi (Padi2) AATAGTCCCATTAGCAAAGGTG ACCCACCACTGAGGCATCTT
Xbp-1 CCTTGTAGTTGAGAACCAGG GGGGCTTGGTATATATGTGG
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The slides were mounted with Entellan. Image analysis was
performed with a fluorescence upright microscope (Zeiss Axio
Imager). F4/80-positive cells in at least six randomly selected
fields in sections from five different mice were counted.

Quantitative real-time PCR analysis

Total RNA was extracted from RAW264.7 cells, 3T3-L1 adi-
pocytes, or epididymal adipose tissue of ob/ob mice using TRI-
zol reagent. RNA concentrations were measured with the
NanoDrop ND-100 spectrophotometer (NanoDrop Technolo-
gies, Wilmington, DE). cDNA synthesis and quantitative real-
time PCR analysis were performed as described (35). Briefly, the
cDNA samples were mixed with SYBR Green Master Mix and
gene-specific primers (Table 1) in a total volume of 25 �l. PCR
was performed in 96-well optical reaction plates with an ABI
PRISM 7500 sequence detection system (Applied Biosystems).
Cycling parameters were 2 min at 50 °C, 10 min at 95 °C, and 40
cycles of 15 s at 95 °C and 1 min at 60 °C. The results were
normalized to the expression of GAPDH, and a comparative Ct
(��Ct) was applied to the raw Ct values to establish the relative
gene expression between groups. PCR was done in triplicate.

Protein extraction and Western blotting

Protein extraction and Western blotting were performed as
described previously (21). In brief, epididymal adipose tissue
or adipocytes were lysed in radioimmune precipitation assay
buffer. Protein concentration was measured using a BCA pro-
tein assay kit; 20 �g proteins from each sample was separated by
10% SDS-PAGE, then transferred to a polyvinylidene difluoride
membrane, and immunoblotted with the indicated primary
antibodies. The blots were then washed and subsequently
incubated with the secondary horseradish peroxidase–
conjugated antibodies. Signals were visualized by using an
enhanced chemiluminescence kit according to the manufa-
cturer’s instructions and quantified using UN-SCAN-IT Gel
5.1 software (Silk Scientific Inc., Orem, UT).

Statistical analysis

All of the data were shown as means � S.D. with at least three
independent experiments. Statistical analysis was performed
using GraphPad Prism and Student’s t test. p � 0.05 was con-
sidered statistically significant.

Author contributions—Y. L., Y. C., and J. Z. performed all the exper-
iments with help from Y. L., and Y. Z. and Z. S. analyzed the data.
Y. L. and Z. S. drafted the manuscript. Z. S. supervised the project.
All authors reviewed the results and approved the final version of the
manuscript.
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