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Abstract Inflammation plays a role in trans-10, cis-12 (10,12)-
conjugated linoleic acid (CLA)-mediated delipidation and
insulin resistance in adipocytes. Given the anti-inflammatory
role of resveratrol (RSV), we hypothesized that RSV would
attenuate inflammation and insulin resistance caused by
10,12 CLA in human adipocytes. RSV blocked 10,12 CLA
induction of the inflammatory response by preventing acti-
vation of extracellular signal-related kinase and induction of
inflammatory gene expression (i.e., IL-6, IL-8, IL-1b) within
12 h. Similarly, RSV suppressed 10,12 CLA-mediated activa-
tion of the inflammatory prostaglandin pathway involving
phospholipase A2, cyclooxygenase-2, and PGF2a. In addi-
tion, RSV attenuated 10,12 CLA increase of intracellular cal-
cium and reactive oxygen species associated with cellular
stress, and activation of stress-related proteins (i.e., acti-
vating transcription factor 3, JNK) within 12 h. 10,12
CLA-mediated insulin resistance and suppression of fatty
acid uptake and triglyceride content were attenuated by
RSV. Finally, 10,12 CLA-mediated decrease of peroxisome
proliferator-activated receptor g (PPARg) protein levels
and activation of a peroxisome proliferator response ele-
ment (PPRE) reporter were prevented by RSV. RSV in-
creased the basal activity of PPRE, suggesting that RSV
increases PPARg activity. Collectively, these data dem-
onstrate for the first time that RSV prevents 10,12 CLA-
mediated insulin resistance and delipidation in human
adipocytes by attenuating inflammation and cellular stress
and increasing PPARg activity.—Kennedy, A., A. Overman,
K. LaPoint, R. Hopkins, T. West, C-C. Chuang, K. Martinez,
D. Bell, and M. McIntosh. Conjugated linoleic acid-mediated
inflammation and insulin resistance in human adipocytes are
attenuated by resveratrol. J. Lipid Res. 2009. 50: 225–232.
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Feeding a mixture of conjugated linoleic acid (CLA) iso-
mers [i.e., trans-10, cis-12 (10,12) CLA and cis-9, trans-11
(9,11) CLA] reduces adiposity in animals (1) and some hu-
mans (2). The triglyceride (TG)-lowering properties of CLA
appear to be due exclusively to the 10,12 isomer (3–5),
and involve decreased uptake and metabolism of glucose
and fatty acids (FA)s (6), and increased lipolysis (7) in adipo-
cytes. These anti-obesity properties of 10,12 CLA are depen-
dent on the activation of mitogen-activated protein kinase
kinase/extracellular signal-related kinase (MEK/ERK) (6)
and nuclear factor kB (NFkB) (8, 9) in adipocytes. These
signaling pathways induced by 10,12 CLA are linked to
the induction and secretion of cytokines (8, 9), which are
known to antagonize peroxisome proliferator-activated re-
ceptor g (PPARg) target gene expression and insulin sensi-
tivity (10–15). Consistent with these data, 10,12 CLA
supplementation of humans is associated with hyperglyce-
mia, insulin resistance, elevated levels of inflammatory pros-
taglandins (PGs) and cytokines, and dyslipidemia (16–18).

Recently, supplementation of mice and 3T3-L1 adipo-
cytes with 10,12 CLA has been shown to activate the inte-
grated stress response (ISR) pathway (19), which is linked
to inflammation, insulin resistance, and endoplasmic re-
ticulum (ER) stress (20). Cellular stress can be caused by
a relatively disproportional influx of macronutrients that
adversely affect organelle function, including the mito-
chondria and ER. This cellular stress increases the release
of calcium and reactive oxygen species (ROS), which leads
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to inflammation and/or insulin resistance (20). These
stressors can impair the adipocyteʼs ability to synthesize
and/or store FAs as TG, causing lipids to accumulate in
nonadipocytes (e.g., hepatocytes, myotubes) and resulting
in disorders like steatosis and insulin resistance, respec-
tively (14). Therefore, it is possible that 10,12 CLA, a
trans-conjugated FA not normally abundant in the diet,
causes cellular stress in adipocytes, initiating a signaling
cascade that adversely affects adipocyte function. These
issues raise concern about the safe and effective use of sup-
plements containing 10,12 CLA as a dietary strategy for
weight loss.

Resveratrol (RSV), a phenolic phytochemical found in
grapes, berries, and peanuts, has been shown to inhibit tu-
mor necrosis factor a (TNFa)-induced inflammatory gene
expression and secretion in 3T3-L1 adipocytes (21). In
mice, supplementing a high-saturated-FA diet with RSV in-
creased lifespan, motor activity, AMP kinase (AMPK), and
insulin sensitivity (22) and reduced adipocyte size and met-
abolic disease (23), compared with a high-saturated-FA diet
alone. These and other studies (24) suggest that low micro-
molar blood levels of RSV protect against inflammatory and
stress-related diseases. However, the mechanism(s) through
which RSV protects against the development of these dis-
eases are not fully understood, and its impact on CLA-
mediated inflammation is unknown.

Therefore, we wanted to determine the extent to which
RSV prevented some of the side effects (i.e., inflammation,
cellular stress, insulin resistance) associated with CLA sup-
plementation. To begin to answer this question, we exam-
ined the isomer-specific influence of CLA in the absence
and presence of RSV on 1) the induction or activation of
genes, proteins, PGs, ROS, and intracellular calcium levels
[Ca12]i associated with inflammation and cellular stress,
2) insulin resistance, 3) FA uptake and TG content, and
4) the protein levels and activity of PPARg.

MATERIALS AND METHODS

Materials
All cell culture ware was purchased from Fisher Scientific

(Norcross, GA). Western Lightning Chemiluminescence Substrate
was purchased from Perkin Elmer Life Science (Boston, MA).
Immunoblotting buffers and precast gels were purchased from
Invitrogen (Carlsbad, CA). DNA-free was purchased from
Ambion (Austin, TX). Gene-specific primers were purchased
from Applied Biosystems (Foster City, CA). Polyclonal antibodies
for anti-GAPDH (sc20357), activating transcription factor 3
(ATF3; sc-188), and b-actin (sc1616) were obtained from Santa
Cruz Biotechnology (Santa Cruz, CA). Anti-P (Ser505) phospho-
lipase A2 (PLA2), anti-P (Thr183/185) c-Jun-NH2-terminal kinase
(JNK), and anti-P (Thr-202/204) and total ERK1/2 antibodies
were purchased from Cell Signaling Technologies (Beverly, MA).
PGF2a levels were measured in conditioned media using an
Enzyme Immunoassay (EIA) kit from Caymen Chemicals (Ann
Arbor, MI). FBS was purchased from Hyclone (Logan, UT).
The thiazolidinedione (TZD) BRL (rosiglitazone) was a generous
gift from Dr. Per Sauerberg, Novo Nordisk, Denmark. Isomers of
CLA (198% pure) were purchased from Matreya (Pleasant Gap,
PA) or Natural ASA (Hovdebygda, Norway). The Nucleofector

and Dual Glo luciferase kits were obtained from Amaxa (Co-
logne, Germany) and Promega (Madison, WI), respectively. Di-
chlorofluorescein (DCF) and fluo-3 acetoxymethyl ester (fluo-3
AM) were purchased from Molecular Probes (Eugene, OR). All
other reagents and chemicals were purchased from Sigma Chem-
ical (St. Louis, MO) unless otherwise stated.

Culturing of human primary adipocytes
Abdominal white adipose tissue (WAT) was obtained from non-

diabetic females between the ages of 20 and 50 years with a body
mass index #30 during abdominoplasty. Consent was obtained
from the Institutional Review Board at the University of North
Carolina at Greensboro. Tissue was digested using collagenase,
and stromal vascular cells were isolated as previously described
(6). Cultures containing ?50% preadipocytes and ?50% adipo-
cytes were treated between days 6 to 12 of differentiation. Each
experiment was repeated at least twice at different times using a
mixture of cells from 2–3 subjects unless otherwise indicated.

Preparation of FAs
Both isomers of CLA were complexed to FA-free ($98%) BSA

(Sigma #A-7030) at a 4:1 molar ratio using 1 mmol/l BSA stocks.
This specific type of BSA has a relatively low inflammatory capac-
ity compared with at least 10 different types of BSAwe have tested
in our lab.

Immunoblotting
Immunoblotting was conducted as we previously described (6).

Measuring [Ca21]i levels
[Ca21]i levels were measured using fluo-3 AM. Briefly, cells

were preloaded with 5 mM fluo-3 AM and 10% Pluronic F-127,
an anionic detergent, at 25°C for 30 min in the dark. Cells were
then washed with a buffer consisting of HBSS, CaCl2, and pro-
benecid, which prevents fluo-3 leakage from cells, and baseline
fluorescence was measured using a Synergy Multi-detection Micro-
plate Reader (Bio-Tek, Inc., Winooski, VT). Cells were then treated
in the absence or presence of CLA or BSA vehicle in the absence
and presence of RSV. Fluorescence was monitored for 10 s intervals
for 5 min. Excitation wavelength was 485 nm, and fluorescence was
collected at 528 nm. Changes in the ratio of calcium-dependent
fluorescence over pre-stimulus background fluorescence (F/F0)
are plotted over time in single representative experiments.

Measuring ROS levels
For the DCF assay, primary human adipocytes were seeded in

96-well plates and differentiated for 6 days. On day 6, media was
changed to serum- and phenol red-free media for 24 h. After
24 h, cells were treated with various treatments for 3 h. Cells were
then spiked and incubated with 5 mM DCF and kept at 37°C for
1 h. Cells were then washed once with HBSS, and fluorescence
was immediately measured in a plate reader with an excitation/
emission wavelength of 485/528 nm. DCF values were calculated
after normalizing background fluorescence levels of DCF.

Transient transfections of human adipocytes
For measuring PPARg activity, primary human adipocytes

were transiently transfected with the multimerized peroxisome
proliferator response element (PPRE)-responsive luciferase
(luc) reporter construct pTK-PPRE33-luc (25) using the Amaxa
Nucleofector as previously described (8). On day 6 of differen-
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tiation, 1 3 106 cells from a 60 mm plate were trypsinized and re-
suspended in 100 ml of nucleofector solution (Amaxa) and mixed
with 2 mg of pTK-PPRE33-luc and 25 ng pRL-CMV for each sam-
ple. Electroporation was performed using the V-33 nucleofector
program (Amaxa). Cells were re-plated in 96-well plates after
10 min recovery in calcium-free RPMI media. Firefly luciferase ac-
tivity was measured using the Dual-Glo luciferase kit and normal-
ized to Renilla luciferase activity from the cotransfected control

pRL-CMV vector. All luciferase data are presented as a ratio of fire-
fly luciferase to Renilla luciferase activity.

RNA isolation and real-time PCR
Total RNA was isolated from the cultures using Tri Reagent

purchased from Molecular Research Center (Cincinnati, OH) ac-
cording to the manufacturerʼs protocol. For real-time quantitative

Fig. 2. RSV attenuates 10,12 CLA activation of the inflammatory prostaglandin pathway [A, PLA2; B,
cyclooxygenase-2 (COX-2); C, PGF2a]. Cultures of newly differentiated human adipocytes were serum
starved for ?24 h and then treated for either 12 h (A and B) or 6, 12, 24, or 48 h (C) with BSA vehicle
or 50 mM 10,12 CLA in the absence (2) or presence (1) of 50 mM RSV (R). Subsequently, cultures were
harvested for the determination of the protein levels of P-PLA2 and total (T)-PLA2 by immunoblot (A),
mRNA levels for COX-2 by real-time qPCR (B), or the secreted levels of PGF2a in conditioned media by
enzyme immunoassay (C). A: Data are representative of at least three independent experiments. B: Means
(6SE; n 5 3) not sharing a lower-case letter differ significantly (P , 0.05), and are representative of at least
three independent experiments. C: Means (6SE; n5 4) with asterisks (*) differ significantly (P, 0.05) from
the BSA controls at each time point, and are representative of at least two independent experiments. Means
with number sign (#) are significantly lower than cultures treated with 10,12 CLA alone.

Fig. 1. Resveratrol (RSV) attenuates 10,12-conjugated
linoleic acid (CLA) activation of ERK1/2 and induc-
tion of cytokines. Cultures of newly differentiated hu-
man adipocytes were serum starved for ?24 h and
then treated for 12 h with BSA vehicle or 50 mM
10,12 CLA in the absence (2) or presence (1) of
0, 10, 25, or 50 mM RSV (R). Subsequently, cultures
were harvested for the determination of the protein
levels of P-ERK1/2 and total (T)-ERK1/2 by immu-
noblot (A, B) or mRNA levels for IL-6, IL-8, and
IL-1b by real-time quantitative PCR (qPCR) (C, D).
A, B: Data are representative of one (A) or at least
three (B) independent experiments. C, D: Data are
representative of one (C) or at least three (D) inde-
pendent experiments. Means (6SE; n 5 2 for C, and
n 5 3 for D) not sharing a lower-case letter differ
significantly (P , 0.05). The RSV dose in B and D
was 50 mM.
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PCR (qPCR), 2.0 mg total RNA was converted into first-strand
cDNA using Applied Biosystems High-Capacity cDNA Archive
Kit. qPCR was performed in an Applied Biosystems 7500 FAST
Real Time PCR System using Taqman Gene Expression Assays.
To account for possible variation related to cDNA input or the
presence of PCR inhibitors, the endogenous reference gene
GAPDH was simultaneously quantified for each sample, and data
were normalized accordingly.

Lipid staining
Lipid staining was conducted using Oil Red O as previously de-

scribed (5). The TG levels were measured using a modified, com-
mercially available TG assay as previously described (5). The
protein content was determined using the BioRad BCA assay.

2-[3H]deoxyglucose and [14C]oleic acid uptake
Following the experimental treatments for 48 h, insulin-

stimulated uptake of 2-[3H]deoxyglucose and [14C]oleic acid was
measured following a 90 min incubation in the presence of
100 nmol/l human insulin as described previously (6).

Statistical analysis
Statistical analyses were performed for data in Figs. 1D, 2B, 3D,

4A, B, and 5B, C by testing the main effects of CLA (BSA, CLA)
and RSV (2 or 1 RSV) and their interaction (CLA 3 RSV) using
two-way ANOVA (JMP version 6.03; SAS Institute, Cary, NC). For
the data shown in Fig. 2C, a two-way ANOVA of the main effects
Treatment (BSA, 9,11 CLA, 10,12 CLA, 10,12 CLA1RSV) and Time
(6, 12, 24, 48 h) and their interactions for each dosage was con-
ducted. A one-way ANOVA was conducted for data shown in
Figs. 1C, 3B, and 6B, C. Studentʼs t-tests were used to compute
individual pairwise comparisons of least-square means (P ,
0.05). Data are expressed as means 6 SE.

RESULTS

RSV blocks 10,12 CLA induction of inflammation and
stress-related signaling

A preliminary dose response study showed that 50 mM
RSV decreased most effectively the activation of ERK1/2
(Fig. 1A) and JNK (data not shown), and expression of
inflammatory genes (Fig. 1C) caused by 10,12 CLA. Thus,
we examined the extent to which 50 mM RSV prevented
inflammation caused by 50 mM 10,12 CLA in human adi-
pocytes. RSV attenuated 10,12 CLA activation of ERK1/2
(Fig. 1B) and induction of IL-6, IL-8, and IL-1b gene ex-
pression (Fig. 1D) within 12 h. Similarly, RSV blocked
10,12 CLA induction of the inflammatory PG pathway
[Fig. 2A, PLA2; Fig. 2B, cyclooxygenase-2 (COX-2);
Fig. 2C, PGF2a]. Next, we examined the influence of RSV
on [Ca12]i and ROS levels in CLA-treated cultures. RSV at-
tenuated the rapid, 10,12 CLA increase in [Ca12]i and ROS
(Fig. 3A, [Ca12]i, Fig. 3B, ROS), events directly linked to
cellular stress, inflammation, and insulin resistance (20, 26).
Similarly, RSVattenuated 10,12 CLA activation of the stress-
related proteins ATF3 and JNK (Fig. 3C), and the mRNA
levels of ATF3 (Fig. 3D). RSV alone increased the levels of
ATF3 mRNA and protein. Taken together, these data dem-
onstrate that RSV attenuates 10,12 CLA-mediated inflam-
mation and cellular stress in cultures of human adipocytes.

10,12 CLA suppression of insulin sensitivity, FA uptake,
and TG content are prevented by RSV

We previously demonstrated that 10,12 CLA causes in-
sulin resistance, dependent on the activation of ERK1/2
(6) and NFkB (8). Given the insulin-sensitizing effects re-
ported for RSV in rodents (22, 23, 27), we speculated that
RSV would improve insulin sensitivity in cultures of human
adipocytes treated with 10,12 CLA. Indeed, 10,12 CLA-
treated cultures co-supplemented with 50 mM RSV had
higher levels of insulin-stimulated glucose uptake, compared
with cultures treated with 10,12 CLA alone (Fig. 4A). Con-
sistent with these data, RSV blocked 10,12 CLA induction
of SOCS-3, a protein that causes insulin resistance through

Fig. 3. RSV attenuates 10,12 CLA increase in intracellular calcium
and indicators of cellular stress. A: Cultures of newly differentiated
human adipocytes were serum starved for?24 h and then preloaded
with 5 mM fluo-3 acetoxymethyl ester. Subsequently, cultures were
injected with 30 mM 10,12 CLA (closed triangle), 30 mM 10,12 CLA
1 50 mM RSV (CLA1R, open triangle), BSA vehicle (BSA, closed
circle), or BSA1RSV (BSA1R, open circle). Emitted fluorescence
intensities were collected over time using a multi-detection micro-
plate reader. Excitation wavelength was 485 nm and fluorescence
was collected at 528 nm. Means (6SE; n 5 12) are representative
of three independent experiments. B: Cultures of newly differ-
entiated human adipocytes were serum starved for ?24 h and then
treated with 50 mM (open bar) or 150 mM (closed bar) BSA, 9,11
CLA(9), 10,12 CLA(10), 10,12 CLA 1 50 mM RSV (101R), or
50 mM RSV alone(R) for 3 h. Cultures were then loaded with
dichlorofluorescein (DCF) for 1 h, and emitted fluorescence inten-
sities were measured using a multi-detection microplate reader. Ex-
citation wavelength was 485 nm and fluorescence was collected at
528 nm. Means (6SE; n 5 3–12) are representative of three inde-
pendent experiments. C, D: Cultures of newly differentiated human
adipocytes were serum starved for ?24 h and then treated for 12 h
with BSAvehicle or 50mM10,12 CLA in the absence (2) or presence
(1) of 50 mMRSV (R). Subsequently, cultures were harvested for the
determination of the protein levels of P-JNK, total (T)-JNK, activating
transcription factor 3 (ATF3), and b-actin by immunoblot (C) or
mRNA levels for ATF3 by real-time qPCR (D). C: Data are represen-
tative of at least three independent experiments. D: Means (6SE;
n 5 3) not sharing a lower-case letter differ significantly (P , 0.05),
and are representative of at least two independent experiments.
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serine phosphorylation of IRS-1. RSV also attenuated 10,12
CLA suppression of adiponectin and sirtuin 1 (SIRT1)
mRNA levels, compared with cultures treated with 10,12
CLA alone, suggesting that RSV enhances glucose and/
or FA metabolism in these cultures (Fig. 4B). Similarly,
RSV co-supplementation attenuated delipidation and sup-
pression of FA uptake by 10,12 CLA (Fig. 5A–C). Thus,
RSV may enhance insulin-stimulated glucose and FA up-
take in CLA-treated cultures by upregulating genes that
stimulate metabolism.

10,12 CLA suppression of PPARg inhibited by RSV
To determine the mechanism by which RSV improves

insulin sensitivity and reduces delipidation, we examined
the extent to which RSV enhanced the protein levels and
activity of PPARg, a transcription factor that enhances glu-
cose and FA uptake and utilization. RSV prevented CLA-
mediated decrease of PPARg protein levels (Fig. 6A). To
determine whether RSV blocks CLA suppression of PPARg
activity, the ligand-induced activation of a PPRE-luciferase
reporter construct was measured. 10,12 CLA-mediated
suppression of the BRL-activated PPRE reporter was
prevented by co-supplementation with RSV (Fig. 6B), sug-
gesting that RSV prevents CLA suppression of ligand-

stimulated PPARg activity. Concordantly, RSV increased
the activation of the PPRE reporter in a dose-dependent
manner in the absence of BRL (Fig. 6C). Collectively,
these data support our hypothesis that RSV enhances in-
sulin sensitivity and TG content of 10,12 CLA-treated hu-
man adipocytes by increasing the activity and/or protein
expression of PPARg.

DISCUSSION

Feeding mixed isomers of CLA, or 10,12 CLA alone, has
been shown to reduce body fat and the TG content of adi-
pocytes, especially in murine models (1). However, adverse
metabolic complications (i.e., inflammation, ISR, insulin
resistance) have been reported with CLA supplementation
of humans, particularly for the 10,12 isomer (16–19). In
this article, we demonstrate for the first time that RSV, a
phytoalexin with antioxidant properties, attenuates mark-
ers of inflammation, cellular stress, ROS production, insulin
resistance, and delipidation in cultures of newly differen-
tiated human adipocytes treated with 10,12 CLA. Central
to this mechanism is our discovery that RSV blocks 10,12
CLA-mediated 1) increase in [Ca12]i, which is essential

Fig. 5. RSV attenuates delipidation by 10,12 CLA.
Cultures of newly differentiated human adipocytes were
treated in adipocyte media for 7 days with BSA vehicle or
50 mM 10,12 CLA in the absence (2) or presence (1) of
50 mM RSV (R). Fresh media containing treatments were
changed every 2 days. Cultures were then either stained
withOilRedOandphase-contrast photomicrographswere
taken using an Olympus inverted microscope with a 103
objective (A) or their triglyceride (TG) content was mea-
sured using a commercially available TG assay kit (B). A:
Data are representative of two independent experiments.
B: Means (6SE; n5 6) not sharing a lower-case letter dif-
fer significantly (P , 0.05). C: Cultures of newly differen-
tiated human adipocytes were serum starved for ?24 h
and then treated for 48 h with BSAvehicle or 50 mM 10,12
CLAin theabsence(2)orpresence(1)of50mMRSV(R).
[14C]oleic acid uptake was measured after 90 min incuba-
tion in the presence of insulin. Means (6SE; n 5 3) not
sharing a lower-case letter differ significantly (P, 0.05).

Fig. 4. RSV blocks 10,12 CLA-mediated insulin resistance. Cultures of newly differentiated human adipocytes were serum starved for ?24 h
and then treated for either 48 h (A) or 24 h (B) with BSA vehicle or 50 mM 10,12 CLA in the absence (2) or presence (1) of 50 mM RSV
(R). A: Insulin-stimulated glucose uptake using 2-[3H]deoxyglucose was measured after a 90 min incubation in the presence of insulin.
Means (6SE; n 5 6) not sharing a lower-case letter differ significantly (P, 0.05). B: The mRNA levels of suppressor of SOCS-3, adiponectin
(APM-1), and sirtuin 1 (SIRT-1) were measured by real-time qPCR. Means (6SE; n 5 3) not sharing a lower-case letter differ significantly
(P , 0.05) and are representative of at least two independent experiments.
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for CLA-mediated inflammation and cellular stress (28),
and 2) suppression of PPARg activity in primary cultures
of human adipocytes treated with 10,12 CLA.

On the basis of these and our previously (un)published
data, we propose the following working model (Fig. 7) by
which RSV prevents 10,12 CLA-mediated inflammation
(Figs. 1, 2), cellular stress (Fig. 3), insulin resistance
(Fig. 4), and, ultimately, delipidation (Fig. 5). We speculate
that RSV initially blocks CLA-mediated ROS production or
accumulation, and release of calcium from the ER. This
prevents cellular stress initiated by ROS and calcium sig-
naling. Without these signals to activate MAPKs (e.g.,
ERK, JNK) and other inflammatory proteins (e.g., NFkB,
COX-2, PLA2) or PGs (e.g., PGF2a), 1) inflammatory cyto-
kines (e.g., IL-6, IL-1b) and chemokines (IL-8) are not in-
duced, 2) insulin signaling is not disrupted, and 3) the
protein levels and activity of PPARg and the TG levels
are preserved (Figs. 5, 6). This allows for normal insulin
signaling, glucose and FA uptake and metabolism, and
TG accumulation in adipocytes.

Consistent with our data in human adipocytes, 50–
150 mM RSV has been shown in vitro to reduce inflamma-
tion in murine 3T3-L1 adipocytes (21), to reduce oxidative
stress in human lung epithelial cells (29, 30), to reduce ER
stress in mouse macrophages (31), to decrease TNFa-
mediated NFkB activation in hepatocytes (32) and coro-
nary arterial endothelial cells (33), and to enhance glucose
transport in muscle (34). Thus, RSV reduces inflammation
and enhances glucose and FA utilization in vivo and in vitro,
although the mechanism is unknown.

Further support for our working model comes from
studies showing that RSV decreases [Ca12]i levels following
stimulation with various inflammatory agents or disease
states. For example, elevated levels of [Ca12]i induced by
severe acute pancreatitis were attenuated by RSV (35). Simi-
larly, RSV reduced [Ca12]i levels in stress-induced oxygen-
glucose deprivation/reperfusion in primary neurons of
neonatal rats (36). Finally, trans-RSV prevented platelet
aggregation by inhibiting elevated [Ca12]i levels (37).
Thus, RSV suppression of the levels of ROS and [Ca12]i
is an important mechanism through which RSV prevents
these deleterious side effects of 10,12 CLA.

Alternatively, RSV may suppress inflammation by activat-
ing PPARg. Support for this hypothesis comes from studies
showing that RSV activates PPARg in CaCo2 cells (38) and
macrophages (39). Additionally, our data show that RSV
robustly induces PPARg activity and prevents CLA-
mediated suppression of TZD-induced PPARg activation
(Fig. 6). Further support comes from studies showing that
compounds that enhance PPARg activity and insulin sensi-
tivity antagonize NFkB-mediated signaling, and vice versa
(10, 11, 40, 41). For example, TZDs, which are high-affinity
PPARg ligands, suppress inflammation (40, 41). In con-
trast, PPARg depletion via RNA interference enhances
the inflammatory responses of TNFa (42). Consistent with
these data, rosiglitazone prevents CLA-mediated insulin re-
sistance and hepatic steatosis in rats (14, 15) and delipida-
tion of human adipocytes (13).

One proposed mechanism for the anti-inflammatory ac-
tions of PPARg ligands is via (trans)repression of inflam-
matory gene transcription (43–46). Activation of PPARg

Fig. 7. Working model. RSV initially blocks 10,12 CLA-mediated
increase in the levels of reactive oxygen species (ROS) and intracel-
lular calcium ([Ca12]i), thereby preventing ROS and calcium sig-
naling. Without these signals to activate ERK, JNK, nuclear factor
kB (NFkB), inflammatory cytokines, and prostaglandins, PPARg
activity is not suppressed. This allows for normal insulin signaling,
glucose and FA uptake and metabolism, and TG accumulation in
adipocytes. RSV may also directly activate PPARg.

Fig. 6. RSV inhibits 10,12 CLA suppression of peroxisome proliferator-activated receptor g (PPARg) activity.
Cultures of newly differentiated human adipocytes were serum starved for ?24 h and then treated for 24 h
with BSA vehicle or 50 mM 10,12 CLA in the absence (2) or presence (1) of 50 mM RSV (R). Subsequently,
cultures were harvested for the determination of PPARg and b-actin protein levels by immunoblot (A).
B: Cultures of newly differentiated human adipocytes were transfected on day 6 with pTK-PPRE33-luc
and pRL-CMV. Transfected cells were treated with BSA vehicle, 50 mM 10,12 CLA, or 50 mM 10,12 CLA 1
50 mM RSV (R) for 24 h. Subsequently, cultures were treated with 0.1 mM BRL for 28 h, and then the lucif-
erase activation of the reporter was measured using a luminometer (6SE; n 5 3). C: Transfected cells were
treated with 1, 10, or 50 mM RSV for 24 h, and then the luciferase was measured as in B (6SE; n 5 3). Means
(6SE; n 5 3) not sharing a lower-case letter differ significantly (P , 0.05). Data in A–C are representative of
at least two independent experiments.
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can repress the transcriptional activation of inflammatory
genes by 1) direct interaction with the mediator of tran-
scription (i.e., NFkB, JNK), 2) inhibition of its co-activator
recruitment, or 3) inhibition of its co-repressor clearance.
For an example of transrepression, ligand-activated PPARg
becomes SUMOylated, and then binds to co-repressor
complexes at inflammatory gene promoters, thereby inhib-
iting dismissal of nuclear receptor corepressor/histone
deacetylase NCoR/HDAC, which blocks inflammatory
gene transcription (43, 44). Notably, this pathway does
not interfere with transactivation of PPARg-responsive genes
(43, 44). Studies are under way to determine whether this
is the mechanism through which RSV prevents inflamma-
tion in CLA-treated adipocytes.

RSV has also been shown to enhance insulin sensitivity
and glucose uptake in C2C12 myotubes by enhancing
AMPK activity (40). AMPK is activated by adiponectin,
and by SIRT1 and PGC1a (23, 27). These events are di-
rectly linked to mitochondrial biogenesis and oxidative
metabolism, which are positively regulated by PPARa.
Consistent with these data, RSV prevented or attenuated
insulin resistance and the suppression of SIRT1 and adipo-
nectin mRNA levels in CLA-treated adipocytes (Fig. 4).
This effect of RSV may be responsible for increasing glu-
cose and FA uptake for oxidative metabolism, which we
have previously shown is suppressed by 10,12 CLA (6).
However, we do not know whether this was due to in-
creased SIRT1 or PGC-1a activation by RSV.

SIRT1 activation appears to be an important means
through which RSV enhances glucose and FA utilization,
at least in muscle. SIRT1 increases the activation of
PGC-1a and FOXO1-C, thereby increasing mitochondrial
biogenesis and oxidative metabolism (47). Furthermore,
several studies have demonstrated that feeding 20–
400 mg/kg body weight/day of RSV prevents insulin resis-
tance and adiposity in mice fed a high-fat diet (22, 23).
These studies suggest that RSV shifts excess calories away
from storage in WAT and toward oxidation in muscle and
brown adipose tissue, in part by activating SIRT1. In con-
trast to our hypothesis that RSV activates PPARg, SIRT1
overexpression in murine adipocytes decreased PPARg ac-
tivity, and treatment of murine adipocytes with 50–100 mM
RSV enhanced FA mobilization and release. However,
PPARg activities in WAT of mice or in cultures of adipo-
cytes treated with RSV were not investigated (48). Thus,
SIRT1 activation by RSV is clearly linked to enhanced glu-
cose and FA metabolism in muscle, and involves AMPK
activation. However, the effects of RSVon SIRT1 activation
and adipocyte metabolism are still unclear, and differences
in SIRT1 regulation by RSV between mouse and human
adipocytes are unknown.

Taken together, these data demonstrate that RSV pre-
vents 10,12 CLA-mediated inflammation, insulin resistance,
and delipidation of human adipocytes. Potential anti-
inflammatory mechanisms for RSV include preventing
CLA-mediated ROS accumulation and release of calcium
from the ER, which are associated with cellular stress
and inflammation, and antagonism of PPARg activity. Al-
ternatively, RSV may be directly activating PPARg, which

has the potential to (trans)repress inflammatory gene tran-
scription. Studies are under way to examine these pro-
posed mechanisms.
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