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Abstract : The aims of this study were to explore the effects of conjugated linoleic acid (CLA) on reactive oxygen
species (ROS) production in lipopolysaccharide (LPS)-naive and LPS-stimulated RAW 264.7 macrophages and to
examine whether these effects affect the regulation of tumor necrosis factor-alpha (TNF-a) production, and nuclear
factor-kappa B (NF-kB) and peroxisome proliferator-activated receptor gamma (PPARY) activation. Trans-10, cis-12
(t10c12)-CLA increased the production of ROS, as well as TNF-o in LPS-naive RAW 264.7 cells. The CLA-induced
TNF-a production was suppressed by treatment of diphenyleneiodonium chloride (DPI), a NADPH oxidase inhibitor.
In addition, CLA enhanced the activities of NF-kB and PPARy in LPS-naive RAW 264.7 cells, and this effect was
abolished with DPI treatment. LPS treatment increased ROS production, whereas CLA reduced LPS-induced ROS
production. LPS increased both TNF-a. production and NF-«xB activity, whereas #10c12-CLA reduced TNF-o production
and NF-xB activity in LPS-stimulated RAW 264.7 cells. DPI treatment suppressed LPS-induced ROS production and
NF-«B activity. Moreover, DPI enhanced the inhibitory effects of #10c12-CLA on TNF-a production and NF-xB
activation in LPS-stimulated RAW 264.7 cells. However, neither 110c12-CLA nor DPI affected PPARy activity in LPS-
stimulated RAW 264.7 cells. Taken together, these data indicate that #10c12-CLA induces TNF-aoo production by
increasing ROS production in LPS-naive RAW 264.7 cells, which is mediated by the enhancement of NF-«xB activity
via PPARy activation. By contrast, #10c12-CLA suppresses TNF-a. production by inhibiting ROS production and NF-
kB activation via a PPARy-independent pathway in LPS-stimulated RAW 264.7 cells. These results suggest that 710c12-
CLA can modulate TNF-a production and NF-kB activation through formation of ROS in RAW 264.7 macrophages.
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Introduction

Reactive oxygen species (ROS) include molecules such as
hydrogen peroxide, hypochlorous acid, and singlet oxygen,
which are all capable of forming free radicals in the extra-
and intracellular environments (8). ROS cause tissue damage
via a variety of mechanisms by activating nuclear factor-
kappa B (NF-kB) (28). Tumor necrosis factor-alpha (TNF-a.)
is a protein synthesized and secreted by mononuclear phago-
cytes in response to bacterial endotoxin and other inducers. It
mediates a wide range of effects such as regulation of
immune function, inflammatory responses, and induction of
apoptosis of certain tumor cells (11).

Conjugated linoleic acid (CLA), a mixture of positional
and geometric conjugated dienoic isomers of linoleic acid, is
naturally found in ruminant foods and dairy products (2).
CLA has received considerable attention due to its unique
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properties when tested in rodent models, including anti-can-
cer (3), anti-atherogenic (15), and anti-diabetic effects (10).
CLA isomers increased and decreased the DNA-binding
activity of peroxisome proliferator-activated receptor gamma
(PPARY) and NF-«B, respectively, in vascular smooth mus-
cle cells (24). CLA reduces the interferon (IFN)-y-induced
expression of mRNA for inflaimmatory mediators such as
cyclooxygenase (COX)-2, inducible nitric oxide synthase
(iINOS), and TNF-a. Also, CLA reduces the production of
prostaglandin (PG) E,, TNF-a., nitric oxide (NO), and other
pro-inflammatory cytokines such as interleukin (IL)-1f and
IL-6 (34). Trans-10, cis-12 (t10c12)-CLA reduces the expres-
sion of COX-2 mRNA and the subsequent production of
PGE, in lipopolysaccharide (LPS)-stimulated RAW 264.7
cells, which is attributed to the inhibition of NF-xB both in
vitro and in vivo (17). CLA prevents LPS-induced body
weight loss, and inhibits NO production and TNF-a release
(6,33).

There is no doubt that CLA affects immune and inflamma-
tory responses. However, its role in ROS production remains
unclear. Therefore, the aims of the present study were to
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investigate the effects of CLA on ROS production in LPS-
naive and LPS-stimulated RAW 264.7 cells and to examine
whether these effects influence the regulation of TNF-o. pro-
duction, and NF-«B and PPARY activation.

Materials and Methods

Chemicals and reagents

T10c12-CLA (96% purity), LPS from Salmonella enterica
serotype Enteritidis, and diphenyleneiodonium chloride (DPI),
a nicotinamide adenine dinucleotide phosphate (NADPH)
inhibitor, were purchased from Sigma-Aldrich (St. Louis, MO,
USA). T10c12-CLA was dissolved in dimethyl sulfoxide
(DMSO) (Sigma-Aldrich) to yield a final concentration of 50
mM prior to being passed through a 0.45 pum membrane fil-
ter (Millipore, Bedford, MA, USA).

RAW 264.7 cell culture

RAW 264.7 cells, a mouse macrophage cell line, were
obtained from the Korean Cell Line Bank (Seoul, Korea) and
maintained in Dulbecco’s modified Eagle’s medium (DMEM)
(Hyclone Laboratories, Logan, UT, USA) supplemented with
10% fetal bovine serum (Hyclone Lab.), 100 U/mL penicillin,
100 pg/mL streptomycin (Hyclone Lab.), 4 mM L-glutamine,
and 450 mg/dL glucose with sodium pyruvate, at 37°C in a
5% CO,-humidified atmosphere.

Measurement of intracellular ROS using confocal
microscopy

ROS levels were measured using the Image-iT® LIVE
green ROS detection kit (Invitrogen, Carlsbad, CA, USA).
RAW 264.7 cells (1 x 10%cells/mL) were seeded at into a
cover glass-bottomed 35 mm cell culture dish for 12 h at
37°C. Cells were gently washed with warm Hank's balanced
salt solution (HBSS) (Sigma-Aldrich) and then pretreated
with or without DPI (10 uM) for 30 min. To stain ROS,
plates were incubated with carboxy-2’,7’-dichlorodihydroflu-
orescein diacetate (carboxy-H,DCFDA, 10 uM) for 30 min
at 37°C followed by incubation with #10c12-CLA (20 uM)
alone, LPS (100 ng/mL) alone, or LPS (100 ng/mL) plus
t10c12-CLA (20 uM) for 20 min. After the indicated treat-
ments, the cells were washed three times with HBSS and
visualized under a confocal microscope (TCS SP2 AOBS;
Leica Microsystems, Wetzlar, Germany). The fluorescence
was measured using a standard fluorescein filter set at 493-
542 nm. ROS fluorescence (green) was quantified using LSM
ZEN imaging software (Zeiss, Jena, Germany).

Culture supernatants

RAW 264.7 cells (1 x 10° cells/mL) were seeded into 24-
multi-well plates (Nunc, Naperville, IL, USA) and cultured
for 12 h at 37°C. DPI (10 uM) was added (or not) for the last
30 min of culture. Next, the cells were incubated with
t10c12-CLA (20 uM), LPS (100 ng/mL) or LPS (100 ng/mL)
plus 710c12-CLA (20 uM), with control cells receiving the
same amount of DMSO only, for 12 h. All culture superna-
tants were collected after centrifugation at 14,000 g for 5 min
and stored at —71°C until used for TNF-a analysis. Pellets
were harvested and stored at —71°C until nuclear protein

extraction and analysis of NF-kB p65 and PPARy transacti-
vation.

Nuclear protein extraction

The nuclear fractions from RAW 264.7 cells plated on
24-multi-well plates were isolated using a nuclear extract
kit (Active Motif, Carlsbad, CA, USA) as described else-
where (12).

Measurement of TNF-a production

Culture supernatants were collected following 12 h cul-
ture. The amount of TNF-o. was measured in a direct sand-
wich ELISA (mouse TNF-o ELISA kit, Thermo scientific,
Rockford, IL, USA) according to the manufacturer’s proto-
col. All samples, standards and controls were assayed in
duplicate. The optical absorbance values were calculated by
subtracting the 550 nm values from the 450 nm values in an
automated microplate reader (BioTek Instruments, Inc.,
Winooski, VT, USA). The concentration of TNF-o was
quantified using four titration points from standard curves
prepared using lyophilized recombinant mouse TNF-a..

NF-xB p65 transcription factor assay

NF-kB activity was determined using the TransAM® NF-
kB transcription factor assay kit (Active Motif) according to
the manufacturer’s protocol. Nuclear extracts were added to
the wells of 96-well plates coated with an immobilized oligo-
nucleotide containing the NF-kB consensus site. The optical
density was measured in an automated microplate reader
(BioTek instruments, Inc.) set at 450 nm with a reference
wavelength of 655 nm.

PPARYy transactivation assay

Activation of the PPARy transcription factor was detected
using an ELISA-based TransAM® PPARYy transcription fac-
tor assay kit (Active Motif) according to the manufacturer’s
protocol. Briefly, nuclear extracts were added to wells of 96-
well plates pre-coated with immobilized oligonucleotides
containing elements which PPARy specifically binds to. The
optical density was determined in an automated microplate
reader (BioTek Instruments, Inc.) set at 450 nm with a refer-
ence wavelength of 655 nm.

Statistical analysis

All statistical analyses were performed using GraphPad
Prism 5 (GraphPad Software, San Diego, CA, USA). The
one-way analysis of variance followed by Dunnett’s test for
each pair for multiple comparisons was used to determine the
statistical significance of the differences between the control
and treatment groups. Comparisons of two groups were made
by two-sample r-test. P-values of <0.05 were considered to
be statistically significant. All data are expressed as mean =
standard errors (SEM).

Results

CLA increases ROS formation
As shown in Fig 1A, the ROS level was significantly
increased (P <0.05) by #10c12-CLA treatment in a dose-
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Fig 1. (A) Effect of 110c12-CLA on ROS production in RAW 264.7 cells. Cells (1 x 10* cells/mL) were incubated with #10c12-CLA
(20 uM) for 20 min at the indicated concentrations. (B) Effect of DPI (10 uM) on ROS production in cells treated with #10c12-CLA
(20 uM). The carboxy-H,DCF green fluorescence was quantified by image analysis (see Materials and methods section) and values
were expressed as mean £ SEM (n = 3). *P <0.05, ***P <0.001 (one-way ANOVA); T7P < 0.05 (as determined by two-sample z-test).

MFI, mean fluorescence intensity.
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Fig 2. Effect of 110c12-CLA on TNF-a, production and NF-kB activation in RAW 264.7 cells. Cells (1 x 10° cells/mL) were pre-treated
with or without DPI (10 uM) for 30 min followed by treatment with 10c¢12-CLA (20 uM) for 12 h. (A) The concentration of TNF-
o (pg/mL) in the culture supernatant and (B) NF-kB p65 activation in nuclear extracts was measured as described in the Materials
and methods section. Values are expressed as mean + SEM (n=3). *P <0.05, **P <0.01, ***P <0.001 (one-way ANOVA); {P
<0.01, ¥fTP <0.001 (as determined by the two-sample #-test). OD, optical density.

dependent manner and peaked at a 110c12-CLA concentra-
tion of 20 uM (P <0.001) compared with vehicle (DMSO)-
treated controls. We next tested whether DPI, a NADPH
inhibitor, inhibits #10c12-CLA-induced ROS production.
Cells were pre-treated with DPI (10 uM) for 30 min prior to
incubation with #10c12-CLA (20 uM) for 20 min. Treatment
with DPI significantly suppressed (P < 0.05) the #10c12-CLA-
mediated increase in ROS level (Fig 1B).

CLA increases TNF-a production and NF-kB activity
through the production of ROS

As shown in Fig 2A, #10c12-CLA significantly increased
(P <0.001) TNF-a production compared with vehicle-treated
controls. The #10c12-CLA-mediated increase in TNF-a pro-
duction was reversed (P <0.001) by the addition of DPI. The
concentration of TNF-o. was lower (P <0.001) than that of
vehicle-treated controls. NF-kB p65 DNA-binding activity
was also significantly increased (P < 0.05) by #10c12-CLA
treatment compared to that in vehicle-treated controls, and
this effect was abolished by DPI (P <0.001). NF-xB activity
in DPI-treated cells was lower than that in vehicle-treated

controls (P <0.01) (Fig 2B).

CLA induces PPARYy activation through the produc-
tion of ROS

The ROS-dependent effect of #110c12-CLA on PPARY acti-
vation was tested by pre-treating the cells with DPI (10 uM)
for 30 min, followed by incubation with #10c12-CLA (20
uM) for 12 h. As shown in Fig 3, #10c12-CLA significantly
increased PPARY activity compared with vehicle-treated con-
trols (P <0.001) and this effect was significantly inhibited
(P <0.001) by the addition of DPI.

LPS increases ROS production

To examine the time taken for LPS to induce inflamma-
tory stimuli in RAW 264.7 cells, the cells were incubated
with carboxy-H,DCFDA (10 uM) for 30 min, followed by
incubation with LPS (100 ng/mL) for indicated times. As
shown in Fig 4, ROS levels were significantly higher (P <
0.05) in LPS-stimulated cells (peaking at 20 min) than in the
vehicle (DMSO)-treated controls.
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Fig 3. Effect of 110c12-CLA on PPARYy activation in RAW 264.7
cells. Cells (1 x 10° cells/mL) were pre-treated with or without
DPI (10 uM) for 30 min prior to treatment with 110c12-CLA (20
uM) for 12 h. PPARy activity was assayed in nuclear extracts as
described in the Materials and methods section. Values are
expressed as mean+ SEM (n=3). ***P<0.001 (one-way
ANOVA); 711P <0.001 (as determined by two-sample #-test).
OD, optical density.
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Fig 4. Time-dependent ROS production in LPS-stimulated
RAW 264.7 cells. Cells (1 x 10 cells/mL) were incubated with
carboxy-H,DCFDA (10 uM) for 30 min, followed by treatment
with LPS (100 ng/mL) for the indicated times. The carboxy-
H,DCF fluorescence was quantified by image analysis (see
Materials and methods section) and values are expressed as
mean + SEM (n=3). ¥*P <0.05 (one-way ANOVA followed by
Dunnett’s post-test). MFI, mean fluorescence intensity.

CLA decreases LPS-induced ROS production

Next, we asked whether #10c¢12-CLA affects LPS-induced
ROS production in RAW 264.7 cells. Compared with vehi-
cle-treated controls, there was a significant increase in ROS
production in cells treated with LPS or LPS plus #10c12-
CLA (Fig 5; P <0.001). However, the level of ROS was sig-
nificantly lower in LPS/CLA-treated cells than in only LPS-
treated cells (P <0.05). ROS levels in cells treated with LPS
(P <0.01) or LPS/CLA (P <0.01) were also significantly re-
duced by pre-treatment with DPI. However, the DPI-medi-
ated suppression of ROS production in LPS-stimulated cells
was not significantly different from that seen in cells treated
with LPS plus CLA.
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Fig 5. Effect of 110c¢12-CLA on ROS production in LPS-stim-
ulated RAW 264.7 cells. Cells (1 x 10*cells/mL) were pretreated
with or without DPI (10 uM) for 30 min and then incubated
with carboxy-H,DCFDA (10 uM) for 30 min, followed by treat-
ment with LPS (100 ng/mL) plus #10c12-CLA (20 uM) for 20
min. The carboxy-H,DCF fluorescence was quantified by image
analysis (see Materials and methods section) and values are ex-
pressed as mean + SEM (n = 3). ***P <(.001 (one-way ANOVA
followed by Dunnett’s post-test); TP <0.05 and F1P<0.01
(two-sample #-test). MFI, mean fluorescence intensity.

CLA reduces ROS-induced TNF-a production and
NF-xB p65 DNA-binding activity in LPS-stimulated
RAW 264.7 cells

Compared with vehicle-treated controls, both LPS and
LPS/t10c12-CLA significantly increased TNF-a production
(P <0.001). However, TNF-a production in vehicle-treated
control cells was significantly reduced (P < 0.001) when cells
were treated with DPI prior to exposure to LPS/#10c12-CLA.
Thereafter, 110c12-CLA significantly reduced TNF-a pro-
duction in LPS-stimulated RAW 264.7 cells when compared
with only LPS-treated cells (P <0.01), and this effect was
amplified by pre-treatment with DPI (P <0.001). In addi-
tion, the levels of TNF-a in LPS-stimulated RAW 264.7 cells
were significantly reduced by pre-treatment with DPI alone
(P <0.001), and were further suppressed by the addition of
t10c12-CLA (P <0.01) (Fig 6A).

As shown in Fig 6B, NF-xB p65 DNA-binding activity in
LPS-stimulated cells was significantly higher than that in the
vehicle-treated controls (P <0.01). The LPS-mediated in-
crease in NF-kB activity was reversed by treatment with
t10c12-CLA (P <0.01). The NF-xB activity in LPS-stimu-
lated cells pre-treated with DPI was significantly reduced
(P <0.05) when compared with that in vehicle-treated con-
trols. NF-kB binding activity in cells stimulated with LPS
alone was significantly reduced by pre-treatment with DPI
(P <0.05). Although the NF-xB binding activity in cells
treated with LPS plus #10c12-CLA was not significantly dif-
ferent from that in cells pretreated with DPI, treatment of
t10c12-CLA in LPS-stimulated cells pre-treated with DPI led
to further suppression of NF-«B binding activity (P <0.001).

CLA has no effect on PPARy activation in LPS-stim-
ulated RAW 264.7 cells
To find out whether the effects of t10c12-CLA in LPS-
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Fig 6. Effect of 7110c12-CLA on ROS-induced TNF-o produc-
tion and NF-kB activation in LPS-stimulated RAW 264.7 cells.
Cells (1 x 10° cells/mL) were pretreated with or without DPI (10
uM) for 30 min followed by treatment with LPS (100 ng/mL)
plus #10c12-CLA (20 uM) for 12 h. (A) The concentration of
TNF-a (pg/mL) in the culture supernatant and (B) NF-xB p65
activation in nuclear extracts was measured as described in the
Materials and methods section. Values are expressed as mean +
SEM (n=3). *P<0.05, **P<0.01, ***P<0.001 (one-way
ANOVA followed by Dunnett’s post-test); P <0.05, 1P <
0.01, 1P <0.001 (two-sample r-test). OD, optical density.

stimulated cells are associated with PPARy activation, we
treated cells with LPS (100 ng/mL) or LPS (100 ng/mL) plus
t10c12-CLA (20 uM) in the presence or absence of DPI for
12 h. Representative results are shown in Fig 7, which depicts
the level of PPARy activation in LPS-stimulated cells sub-
jected to the indicated treatments. There was no significant
difference in the level of PPARY activity between each of the
treatment groups and the vehicle-treated control.

Discussion

The results of the present study revealed that 710c12-CLA
increased TNF-a production in LPS-naive RAW 264.7 cells,
which is consistent with previous reports (16). The 710c12-
CLA-induced enhancement of TNF-a production in RAW
264.7 cells up-regulated the phagocytic capacity of these
cells (27). We found that #10c12-CLA increases ROS produc-
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Fig 7. Effect of #10c12-CLA on PPARY activation in LPS-stim-
ulated RAW 264.7 cells. Cells (1 x 10 cells/mL) were pretreated
with or without DPI (10 uM) for 30 min prior to treatment with
LPS (100 ng/mL) plus #10c12-CLA (20 uM) for 12 h. PPARy
activity was assayed in nuclear as described in the Materials and
methods section. Values are expressed as mean + SEM (n = 3).
OD, optical density.

tion in LPS-naive RAW 264.7 cells, and similar increases in
ROS synthesis have been reported in human macrophages
(29). DPI, a nonspecific inhibitor of a NADPH oxidase, sup-
pressed the CLA-mediated enhancement of TNF-o produc-
tion. These findings suggest that enhancing effects of CLA
on TNF-a production in LPS-naive RAW 264.7 cells could
be mediated by ROS.

LPS promotes the secretion of pro-inflammatory cytokines
by many cell types, particularly macrophages (31). It induces
TNF-a production which is partially caused by stimulation
of ROS production (25,36). Here, we used LPS to examine
the effects of 710c¢12-CLA on the inflammatory responses. In
the present study, LPS increased both ROS and TNF-a pro-
duction in RAW 264.7 cells. Interestingly, 110c12-CLA then
reduced ROS production by LPS-stimulated cells. Several
studies identified that CLA reduces oxidative stress and
increases the oxidative stability of the liver, suggesting that
CLA protects against oxidative stress (9,21). However, another
study showed that CLA actually increases oxidative stress
(30). Therefore, we used DPI to examine whether CLA-
mediated ROS reduction is associated with NADPH oxidase
activity. The results showed that DPI further suppressed
t10c12-CLA-induced a decrease in ROS production in LPS-
stimulated RAW 264.7 cells. These findings suggest that
CLA can help to protect these cells against oxidative stress in
inflammatory condition.

In the present study, we found that #/10c12-CLA down-reg-
ulated LPS-induced TNF-a production in RAW 264.7 cells.
This is in agreement with a previous study showing that
t10c12-CLA down-regulates the production of pro-inflamma-
tory cytokines, including TNF-a (4,33,34), IL-10 (13), and
IL-12 (18). Therefore, we presume that the decrease in TNF-
o production in #10c12-CLA-treated, LPS-stimulated cells in
the present study might be also related to both an increase in
IL-10 and a decrease in IL-12 production. TNF-a increases
the expression of various NADPH oxidase components,
which then contribute to increased oxidase activity. This is
because TNF-a induces superoxide generation by activating
NADPH oxidases (14). However, activation of p38 mitogen-
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activated protein kinase (MAPK) is required for TNF-a
expression under LPS-stimulated conditions, and increased
ROS production is a prerequisite for the activation of p38
MAPK (26). The results presented herein revealed that DPI
suppresses LPS-induced TNF-o. production, and that DPI
suppresses the production of TNF-a in #10¢12-CLA-treated,
LPS-stimulated RAW 264.7 cells to a greater extent than in
cells stimulated with LPS alone. These suggest that CLA can
also inhibit LPS-induced inflammatory events, which is
mediated by ROS.

The CLA-mediated activation of NF-kB p65 DNA bind-
ing in LPS-naive RAW 264.7 cells observed in the present
study has also been reported in peripheral blood mononu-
clear cells (PBMCs) (12), human adipocytes (5), and human
umbilical vein endothelial cells (20). The activation of NF-
kB is followed by the transcription of various pro-inflamma-
tory genes including TNF-a (32). These observations imply
that CLA may participate in TNF-a production in LPS-naive
RAW 264.7 cells by stimulating NF-kB activation. ROS acti-
vate NF-kB by inducing the release of TNF-a from T lym-
phocytes (25). Certain NF-kB-regulated genes play a major
role in regulating the amount of ROS in cells; ROS have var-
ious inhibitory or stimulatory roles in NF-xB signaling (1,19).
In our study, #10c12-CLA-mediated increase in NF-kB p65
activity in LPS-naive RAW 264.7 cells was abolished by the
addition of DPI. These observations indicated that CLA
could participate in the NF-kB-mediated activation through a
ROS-dependent mechanism.

We found that LPS induced NF-«xB p65 DNA-binding
activity in RAW 264.7 cells. DPI suppressed LPS-induced
NF-«B activation, indicating that LPS increases NF-kB activ-
ities via ROS production. We also found that #10c¢12-CLA
suppressed NF-kB activity in DPI-pretreated, LPS-stimu-
lated cells. Collectively, these results suggest that #10c12-
CLA suppresses TNF-a. production from macrophages by
inhibiting NF-xB activation associated with ROS in LPS-
stimulated conditions. CLA prevents TNF-o gene expres-
sion by inhibiting NF-kB-binding activity under inflammatory
conditions (35). Therefore, CLA may have anti-inflamma-
tory activity and help to prevent oxidative stress by down-
regulating ROS-mediated NF-kB activation and the subse-
quent production of inflammatory cytokines such as TNF-a.

T10c12-CLA and ¢9¢11-CLA increased both PPARy and
NF-«xB activities in PBMCs (12) and human umbilical vein
endothelial cells (20). In the present study, PPARy activity in
LPS-naive RAW 264.7 cells was enhanced by t10c12-CLA
treatment. These findings support the idea that the activation
of PPARy by #10c12-CLA can modulate TNF-a. production
through the up-regulation of NF-xB activity. We found that
DPI reversed the effects of #110c12-CLA on PPARy activa-
tion in RAW 264.7 cells. These results imply that the effects
of CLA on PPARYy activation may be dependent on ROS.

However, we found that neither #10c12-CLA nor DPI
affected PPARy activation in LPS-stimulated RAW 264.7
cells. CLA is functionally similar to PPARy ligands. For
example, 15-deoxy-A'*"*-PGlJ, (15d-PGlJ,), a PPARYy agonist,
exerts anti-inflammatory effects by reducing the production
of inflammation-associated molecules. Indeed, 15d-PGJ, sup-
presses NF-kB activity via both PPARy-independent and

PPARy-dependent mechanisms (23). By contrast, 15d-PGlJ,
suppresses NF-kB and activator protein (AP)-1 activity in a
PPARy-dependent manner (22). In case of CLA, the regula-
tory effects of CLA on iNOS transcription are dependent on
PPARYy transcription (34). CLA up-regulates PPARY activity
and mRNA expression in porcine PBMCs, regardless of LPS
stimulation (12). By contrast, CLA down-regulates the ex-
pression of PPARy and its target genes in adipocytes (7).
These findings suggest that CLA-induced PPARYy activation
may depend upon the status and type of cells, and that the
anti-inflammatory effects of CLA under LPS-stimulated con-
ditions may also be mediated by a PPARy-independent path-
way in RAW 264.7 cells.

In conclusion, we provide evidence that #10c12-CLA
induces TNF-a production by increasing ROS production in
LPS-naive RAW 264.7 cells, which is mediated by the
enhancement of NF-«kB activity. This effect of CLA is medi-
ated by PPARy activation. In contrast, #10c12-CLA exerts
anti-inflammatory effects by inhibiting ROS production in
LPS-stimulated RAW 264.7 cells, which regulates TNF-a
production and NF-kB activation via a PPARy-independent
pathway.

Acknowledgments

This research was supported by the Basic Science Re-
search Program of the National Research Foundation of
Korea (NRF), and funded by the Ministry of Education, Sci-
ence and Technology (2011-0013273).

References

1. Bai XC, Lu D, Liu AL Zhang ZM, Li XM, Zou ZP, Zeng
WS, Cheng BL, Luo SQ. Reactive oxygen species stimulates
receptor activator of NF-kappaB ligand expression in osteo-
blast. J Biol Chem 2005; 280: 17497-17506.

2. Belury MA. Dietary conjugated linoleic acid in health: phy-
siological effects and mechanisms of action. Annu Rev
Nutr 2002; 22: 505-531.

3. Belury MA. Inhibition of carcinogenesis by conjugated linoleic
acid: potential mechanisms of action. J Nutr 2002; 132:
2995-2998.

4. Changhua L, Jindong Y, Defa L, Lidan Z, Shiyan Q,
Jianjun X. Conjugated linoleic acid attenuates the produc-
tion and gene expression of proinflammatory cytokines in
weaned pigs challenged with lipopolysaccharide. J Nutr 2005;
135: 239-244.

5. Chung S, Brown JM, Provo JN, Hopkins R, Mclntosh MK.
Conjugated linoleic acid promotes human adipocyte insulin
resistance through NFkB-dependent cytokine production. J
Biol Chem 2005; 280: 38445-38456.

6. Cook ME, Miller CC, Park Y, Pariza M. Immune modulation
by altered nutrient metabolism: nutritional control of immune-
induced growth depression. Poult Sci 1993; 72: 1301-1305.

7. Granlund L, Juvet LK, Pedersen JI, Nebb HI. Trans10, cisl2-
conjugated linoleic acid prevents triacylglycerol accumulation
in adipocytes by acting as a PPARgamma modulator. J
Lipid Res 2003; 44: 1441-1452.

8. Halliwell B, Gutteridge JM. Role of free radicals and
catalytic metal ions in human disease: an overview. Methods
Enzymol 1990; 186: 1-85.



10.

11.

12.

15.

16.

18.

19.

20.

21.

22.

23.

. Hassan Eftekhari

Effect of CLA on ROS, TNF-a, and NF-xB

M, Aliasghari F, Babaei-Beigi MA,
Hasanzadeh J. Effect of conjugated linoleic acid and omega-
3 fatty acid supplementation on inflammatory and oxidative
stress markers in atherosclerotic patients. ARYA Atheroscler
2013; 9: 311-318.

Houseknecht KL, Vanden Heuvel JP, Moya-Camarena SY,
et al.: Dietary conjugated linoleic acid normalizes impaired
glucose tolerance in the Zucker diabetic fatty fa/fa rat.
Biochem Biophys Res Commun 1998; 244: 678-682.

Hu X. Proteolytic signaling by TNFalpha: caspase activation
and lkappaB degradation. Cytokine 2003; 21: 286-294.

Kim DI, Kim KH, Kang JH, Jung EM, Kim SS, Jeung
EB, Yang MP. Trans-10, cis-12-conjugated linoleic acid
modulates NF-kB activation and TNF-o production in
porcine peripheral blood mononuclear cells via a PPARy-
dependent pathway. Br J Nutr 2011; 105: 1329-1336.

. Kim KH, Kim DI, Kim SH, Jung EM, Kang JH, Jeung

EB, Yang MP. Trans-10, cis-12-conjugated linoleic acid
attenuates tumor necrosis factor-a. production by lipo-
polysaccharide-stimulated porcine peripheral blood mono-
nuclear cells through induction of interleukin-10. Cytokine
2011; 56: 224-230.

. Kim YS, Morgan MJ, Choksi S, Liu ZG. TNF-induced

activation of the Nox1 NADPH oxidase and its role in the
induction of necrotic cell death. Mol Cell 2007; 26: 675-687.
Kritchevsky D, Tepper SA, Wright S, Czarnecki SK,
Wilson TA, Nicolosi RJ. Conjugated linoleic acid isomer
effects in atherosclerosis: growth and regression of lesions.
Lipids 2004; 39: 611-616.

Lee MJ, Kang BT, Kang JH, Yang MP. Effect of Con-
jugated Linoleic Acid on Nuclear Factor-kB Activation and
Tumor Necrosis Factor-ou Production in RAW 264.7 Cells
Exposed to High Concentration of Glucose. J Vet Clin 2012;
10: 361-367.

. Li G, Barnes D, Butz D, Bjorling D, Cook ME. 10t,12¢c-

conjugated linoleic acid inhibits lipopolysaccharide-induced
cyclooxygenase expression in vitro and in vivo. J Lipid
Res 2005; 46: 2134-2142.

Loscher CE, Draper E, Leavy O, Kelleher D, Mills KH,
Roche HM. Conjugated linoleic acid suppresses NF-kappa
B activation and IL-12 production in dendritic cells through
ERK-mediated IL-10 induction. J Immunol 2005; 175: 4990-
4998.

Morgan MJ, Liu ZG. Crosstalk of reactive oxygen species
and NF-xB signaling. Cell Res 2011; 21: 103-115.

Nakamura YK, Omaye ST. Conjugated linoleic acid isomers'
roles in the regulation of PPAR-gamma and NF-kappaB
DNA binding and subsequent expression of antioxidant
enzymes in human umbilical vein endothelial cells. Nutrition
2009; 25: 800-811.

Park NY, Valacchi G Lim Y. Effect of dietary conjugated
linoleic acid supplementation on early inflammatory responses
during cutaneous wound healing. Mediators Inflamm 2010;
2010: 342328.

Petrova TV, Akama KT, Van Eldik LJ. Cyclopentenone
prostaglandins suppress activation of microglia: down-regu-
lation of inducible nitric-oxide synthase by 15-deoxy-
Deltal2,14-prostaglandin J2. Proc Natl Acad Sci U S A 1999;
96: 4668-4673.

Ricote M, Li AC, Willson TM, Kelly CJ, Glass CK. The
peroxisome proliferator-activated receptor-gamma is a negative

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

475

regulator of macrophage activation. Nature 1998; 391: 79-82.
Ringseis R, Miller A, Herter C, Gahler S, Steinhart H,
Eder K. CLA isomers inhibit TNFalpha-induced eicosanoid
release from human vascular smooth muscle cells via a
PPARgamma ligand-like action. Biochim Biophys Acta 2006;
1760: 290-300.

Schoonbroodt S, Legrand-Poels S, Best-Belpomme M, Piette
J. Activation of the NF-kappaB transcription factor in a T-
lymphocytic cell line by hypochlorous acid. Biochem J
1997; 321: 777-785.

Shang FJ, Wang JP, Zheng QS, Liu XT, Xue YS, Li J,
Zhao LY. The relationship between reactive oxygen species-
dependent activation of p38 MAPK and the expression of
tumor necrosis factor-a in cultured cardiomyocytes. Xi Bao
Yu Fen Zi Mian Yi Xue Za Zhi 2011; 27: 7-10.

Song DH, Kang JH, Lee GS, Jeung EB, Yang MP. Up-
regulation of tumor necrosis factor-alpha expression by
trans10-cis12 conjugated linoleic acid enhances phagocytosis
of RAW macrophages via a peroxisome proliferator-activated
receptor gamma-dependent pathway. Cytokine 2007; 37: 227-
235.

Staal FJ, Roederer M, Herzenberg LA, Herzenberg LA.
Intracellular thiols regulate activation of nuclear factor kappa
B and transcription of human immunodeficiency virus. Proc
Natl Acad Sci U S A 1990; 87: 9943-9947.

Stachowska E, Bagkiewicz-Masiuk M, Dziedziejko V, Gutowska
I, Baranowska-Bosiacka I, Marchlewicz M, Dolegowska B,
Wiszniewska B, Machalirfiski B, Chlubek D. Conjugated
linoleic acid increases intracellular ROS synthesis and
oxygenation of arachidonic acid in macrophages. Nutrition
2008; 24: 187-199.

Taylor JS, Williams SR, Rhys R, James P, Frenneaux MP.
Conjugated linoleic acid impairs endothelial function. Arterio-
scler Thromb Vasc Biol 2006; 26: 307-312.

Verstrepen L, Bekaert T, Chau TL, Tavernier J, Chariot A,
Beyaert R. TLR-4, IL-IR and TNF-R signaling to NF-
kappaB: variations on a common theme. Cell Mol Life Sci
2008; 65: 2964-2978.

Wright G, Singh IS, Hasday JD, Farrance IK, Hall G, Cross
AS, Rogers TB. Endotoxin stress-response in cardiomyocytes:
NF-kappaB activation and tumor necrosis factor-alpha ex-
pression. Am J Physiol Heart Circ Physiol 2002; 282:
H872-879.

Yang M, Cook ME. Dietary conjugated linoleic acid de-
creased cachexia, macrophage tumor necrosis factor-alpha
production, and modifies splenocyte cytokines production.
Exp Biol Med (Maywood) 2003; 228: 51-58.

Yu Y, Correll PH, Vanden Heuvel JP. Conjugated linoleic
acid decreases production of pro-inflammatory products in
macrophages: evidence for a PPAR gamma-dependent mech-
anism. Biochim Biophys Acta 2002; 1581: 89-99.

Zhao L, Yin J, Li D, Lai C, Chen X, Ma D. Conjugated
linoleic acid can prevent tumor necrosis factor gene ex-
pression by inhibiting nuclear factor binding activity in
peripheral blood mononuclear cells from weaned pigs
challenged with lipopolysaccharide. Arch Anim Nutr 2005;
59: 429-438.

Zhu W, Downey JS, Gu J, Di Padova F, Gram H, Han J.
Regulation of TNF expression by multiple mitogen-activated
protein kinase pathways. J Immunol 2000; 164: 6349-6358.



476

So-Young Park, Byeong-Teck Kang, Ji-Houn Kang and Mhan-Pyo Yang

RAW 264.7 MI=0f °'o1 10c12-CLAS| ROSE S¢&t
TNF-o 244t 2 NF«xB &4 =H™

2 A= A5l CLAY a3el 287178 dolrr] $J8] LPS-A= RAW 264.7 macrophages®ll
01 ROS *Ma% TNF-a. 282}, NF-kB @ PPARy B4& AESISIHh 110c12-CLAE LPSE AFF3IA] ke u|d=
9] RAW AHZo|A4E= ROS A4S ?ﬂf\lﬁ TNF-o. 42HS G=319.0m, o] §3= PPARy 2430l 2]&alA NF-
kB 4 St <3 miZl=E ik v, LPSE A=k ?.3%— 719l RAW AXAA = £10c12-CLAZ}F PPARy 24380l
ol e AZE ROS A4 2 HEd TNF-o A4S A5, B AFZHE CLAE ROS 442 59

TNF-a. *3& 2 NF-kB Z4& Oﬂz 5ol wel 2dsh= Zog ALREATH
F20{ : CLA, LPS, TNF-a, NF-kB, ROS, PPARy, RAW 264.7 A ¥

zz& ko

{o



