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Abstract
Studies have demonstrated that TLR4 and TLR2 expression by monocytes and the blood levels of
TLR4 and TLR2 ligand in diabetic patients are significantly incased compared to nondiabetic
patients, indicating that more monocytes in diabetic patients may have coactivation of TLR4 and
TLR2. Although it has been shown that either TLR4 or TLR2 activation leads to increased
expression of proinflammatory cytokines, the effect of coactivation of TLR2 and TLR4 in
mononuclear cells on proinflammatory cytokine expression and the underlying molecular
mechanisms remain largely unknown. In this study, we found that while TLR1, TLR2, TLR4 and
TLR6 were expressed by U937 mononuclear cells, TLR4 was expressed at the highest level.
Interestingly, results showed that while activation of either TLR4 or TLR2/6 (TLR2 dimerized
with TLR6), but not TLR2/1 (TLR2 dimerized with TLR1), significantly increased IL-6
expression by U937 mononuclear cells, coactivation of TLR4 and TLR2/6, but not TLR4 and
TLR2/1, led to a further augmentation on IL-6 expression by increasing IL-6 transcriptional
activity, but not mRNA stability. To explore the signaling mechanisms involved in the
augmentation, we found that p38 MAPK and NFκB pathways, but not ERK and JNK pathways,
were required for the augmentation of IL-6 expression by coactivation of TLR4 and TLR2/6.
Furthermore, we found that coactivation of TLR4 and TLR2/6 increased p38 phosphorylation, but
not NFkB activity, as compared to activation of TLR4 or TLR2/6 alone. Taken together, this study
showed that coactivation of TLR4 and TLR2/6 coordinates an additive augmentation of IL-6 gene
transcription via p38 MAPK pathway in U937 mononuclear cells.
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1. INTRODUCTION
Increasing studies in the recent years have provided strong evidence in supporting an
essential role of TLR4 and TLR2 as the receptors for the innate immune response in the
pathogenesis of diabetes (Caricilli et al., 2008; Dasu et al.; Devaraj et al., 2009; Devaraj et
al., 2008; Radin et al., 2008; Tsukumo et al., 2007). Animal studies have shown that TLR4
deficiency or loss-of-function mutation of TLR4 in mice conferred protection against lipid-
induced insulin resistance (Radin et al., 2008; Tsukumo et al., 2007). It has been also
reported that inhibition of TLR2 expression with antisense oligonucleotides improved
insulin sensitivity and signaling in muscle and white adipose tissue of obese mice (Caricilli
et al., 2008). To further explore the relationship between TLR2/TLR4 and diabetes, Devaraj
et al. reported that TLR2 and TLR4 expression and signaling triggered by TLR2 and TLR4
activation were increased in monocytes isolated from type 1 diabetic patients (Devaraj et al.,
2008). They also showed that patients with type 1 or type 2 diabetes had increased
circulating levels of TLR2 and TLR4 ligands such as endotoxin, heat-shock protein 60
(Hsp60), and high-mobility group box1 (HMGB1) (Dasu et al.; Devaraj et al., 2009).
Furthermore, it has been shown that high glucose induced TLR2 and TLR4 expression via
PKC-alpha and PKC-delta, respectively, by stimulating NADPH oxidase in monocytes
(Dasu et al., 2008).

While the role of TLR4 and TLR2 in diabetes was well documented by the above
investigations, it was also shown that TLR4 and TLR2 played an essential role in
atherosclerosis (den Dekker et al.; Huang and Pope), a major cardiovascular complication of
diabetes. Animal studies have shown that the deficiency of TLR4 or TLR2 in mouse models
is associated with a significant reduction of atherosclerotic lesions (Bjorkbacka et al., 2004;
Liu et al., 2008; Michelsen et al., 2004; Mullick et al., 2005). In addition, studies have
shown that TLR4 polymorphism is associated with atherosclerosis (Hernesniemi et al.,
2006; Hernesniemi et al., 2008; Lin et al., 2005; Norata et al., 2005). To understand the
mechanisms by which TLR4 and TLR2 are involved in atherosclerosis, in vitro studies have
demonstrated that the activation of TLR4 or TLR2 led to increased expression of
proinflammatory cytokines (Li and Sun, 2007; Tobias and Curtiss, 2005). Since it is well
known that inflammation plays a pivotal role in diabetes (Bendtzen et al., 1989) and
atherosclerosis (King, 2008; Pankewycz et al., 1995), these findings have elucidated a
potential mechanism by which TLR4 and TLR2 activation contributes to diabetes and
cardiovascular complication of diabetes.

The findings by recent studies that diabetic patients have increased TLR4 and TLR2
expression by monocytes and increased concentrations of TLR4 and TLR2 ligands in serum
(Devaraj et al., 2009; Devaraj et al., 2008) suggest that more monocytes in diabetic patients
may have coactivation of both TLR4 and TLR2. Although it is well known that activation of
either TLR4 or TLR2 in mononuclear cells increased expression of proinflammatory
cytokines, the effect of coactivation of TLR4 and TLR2 on proinflammatory cytokine
expression and underlying mechanisms remain largely unknown. In this study, we have
tested our hypothesis that coactivation of TLR4 and TLR2 further increases
proinflammatory cytokine expression when compared to activation of either TLR4 or TLR2
alone. The results of this study showed that coactivation of TLR4 and TLR2/6 (TLR2 is
dimerized with TLR6) coordinated an augmentation on IL-6 transcription in U937
mononuclear cells via p38 mitogen-activated protein kinase (MAPK) signaling pathway.
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2. MATERIALS AND METHODS
2.1. Cell Culture and Treatments

U937 mononuclear cells (Sundstrom and Nilsson, 1976) were purchased from American
Type Culture Collection (Manassas, VA). The cells were cultured in a 5% CO2 atmosphere
in RPMI 1640 medium (GIBCO, Invitrogen Cop. Carlsbad, CA) containing 10% fetal calf
serum, 1% MEM non-essential amino acid solution, and 0.6 g/100 ml of HEPES. The
medium was changed every 2–3 days. Our previous studies have shown the similarity
between U937 cells and human monocytes in cellular response to LPS (Samuvel et al.;
Sundararaj et al., 2008; Sundararaj et al., 2009). For cell treatment, LPS from E. coli (Ec)
(Sigma, St. Louis, MO) and pam2CSK4 and pam3CSK4 (InvivoGen, San Diego, CA) were
used. The LPS was highly purified by phenol extraction and gel filtration chromatography
and was cell culture tested. Pam2CSK4 and pam3CSK4 are synthetic diacylated and
triacylated lipopeptides, respectively.

2.2. Enzyme-Linked Immunosorbent Assay (ELISA) for Quantification of IL-6 and MMP-1
IL-6 and MMP-1 in conditioned medium were quantified using sandwich ELISA kits
according to the protocol provided by the manufacturer (R&D System, Minneapolis, MN).
U937 cells were plated into 12-well plate (0.5 × 106/well) and treated with different agonists
for 24 h. After the treatment, culture medium was subjected to quantification of IL-6 or
MMP-1 using ELISA.

2.3. Real-Time Polymerase Chain Reaction (PCR)
Total RNA was isolated from cells using the RNeasy minikit (Qiagen, Santa Clarita, CA).
First-strand complementary DNA (cDNA) was synthesized with the iScript™ cDNA
synthesis kit (Bio-Rad, Hercules, CA) using 20 μl of reaction mixture containing 1 μg of
total RNA, 4 μl of 5x iScript reaction mixture, and 1 μl of iScript reverse transcriptase. The
complete reaction was cycled for 5 minutes at 25 °C, 30 minutes at 42 °C and 5 minutes at
85°C using a PTC-200 DNA Engine (MJ Research, Waltham, MA). The reverse
transcription (RT) reaction mixture was then diluted 1:10 with nuclease-free water and used
for PCR amplification of cDNA in the presence of the primers. The Beacon designer
software (PREMIER Biosoft International, Palo Alto, CA) was used for primer designing
(IL-6: 5′ primer sequence, AACAACCTGAACCTTC CAAAGATG; 3′ primer sequence,
TCAAACTCCAAAAGACCAGTGATG. MMP-1: 5′ primer sequence,
CTGGGAAGCCATCACTTACCTTGC; 3′ primer sequence, GTTTCTAGAGTC
GCTGGGAAGCTG). Primers were synthesized (Integrated DNA Technologies, Inc.,
Coralville, IA) and real-time PCR was performed in duplicate using 25 μl of reaction
mixture containing 10 μl of RT mixture, 0.2 μM of both primers, and 12.5 μl of iQ™ SYBR
Green Supermix (Bio-Rad Laboratories, Hercules, CA). Real-time PCR was run in the
iCycler™ real-time detection system (Bio-Rad) with a two-step method. The hot-start
enzyme was activated (95°C for 2 min) and cDNA was then amplified for 40 cycles
consisting of denaturation at 95°C for 10 sec and annealing/extension at 52.5°C for 45 sec.
A melt-curve assay was then performed (55°C for 1 min and then temperature was increased
by 0.5°C every 10 sec) to detect the formation of primer-derived trimers and dimers.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) served as a control (5′ primer
sequence, GAATTTGGCTACAGCAACAGGGTG; 3′ primer sequence,
TCTCTTCCTCTTGTGCTCTTGCTG). Data were analyzed with the iCycler iQ™ software.
A standard curve was constructed for the conversion of cycle threshold (Ct) to starting
quantify (SQ). Quantification was calculated using the SQ of targeted cDNA relative to that
of GAPDH cDNA in the same sample.
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2.4. IL-6 mRNA Stability Analysis
U937 cells were plated in 12-well plates at a density of 1×106 cells/well and treated with
100 ng/ml LPS, 100 ng/ml pam2CSK4 or LPS plus pam2CSK4 for 4 hours, followed by
addition of 10 μg/ml of actinomycin D (Sigma-Aldrich Corporate, St. Louis, MO). Previous
studies have shown that actinomycin D at the concentration of 10 μg/ml inhibits
transcription effectively in U937 cells (Hayes et al., 2002; Ley et al., 1989; Yamato et al.,
1990). U937 cells were harvested at 2 and 4 hours after actinomycin D treatment for
quantification of IL-6 mRNA using real-time PCR as described above.

2.5. IL-6 Promoter Activity Assay
U937 cells grown in 12-well plates at a density of 5×105 cells/well were transiently
cotransfected using FuGENE HD transfection reagent (Promega, Madison, WI) with 0.55 μg
of p1168huIL6P-luc+ plasmids (Belgian Co-ordinated Collections of Micro-organisms,
BCCM™, Brussels, Belgium) and pRL-TK plasmids (Renilla luciferase) (Promega) as an
internal control for 24 h. The plasmid p1168huIL6P-luc+ was constructed by inserting the
HindIII/XhoI fragment of pBLHIL6CAT containing 1168-bp human IL-6 promoter (hIL6)
fragment into the unique HindIII site of pGL3-Basic and has been used in the previous
studies on IL-6 promoter activities (Plaisance et al., 1997; Vanden Berghe et al., 1999;
Vanden Berghe et al., 1998). The nucleotide sequence of the genomic hIL6 DNA
corresponds with the EMBL Nucleotide Sequence Database Accession Number AC073072.
After the transfection, the cells were treated with 100 ng/ml LPS, 100 ng/ml pam2CSK4, or
LPS plus pam2CSK4 for 24 h. The cells were then rinsed with cold PBS and lysed with
reporter lysis buffer (Promega). The lysate was centrifuged at 15,000 g for 5 min at 4°C and
the supernatant was used for luciferase activity assay. Both firefly and Renilla luciferase
levels were measured in a luminometer using the dual-luciferase reporter assay system
according to the instructions from the manufacturer (Promega). The firefly luciferase levels
were normalized to the Renilla luciferase levels.

2.6. Immunoblotting of p38, ERK and JNK MAPK
After treatment, cell lysate containing 25–50 μg protein was electrophoresed in a 10%
polyacrylamide gel. After transferring proteins to a PVDF membrane, total and
phosphorylated MAPK were immunoblotted with anti-total or anti-phosphorylated p38,
extracellular regulated kinase (ERK) or c-Jun N-terminal kinases (JNK) MAPK primary
antibodies and HRP-conjugated secondary antibody (Cell Signaling Technology, Danvers,
MA). Targeted proteins were visualized by incubating the membrane with
chemiluminescence reagent (NEN Life Science Products) for 1 min and exposing it to x-ray
film for 1–10 min. The X-ray films were scanned using an Epson scanner (Perfection
1200U) and the density of bands on the images was quantified using Adobe Photoshop
version 10.0.1. The results were presented as the ratios of phosphorylated MAPK vs. total
MAPK.

2.7. Extraction of Nuclear Protein
Nuclear protein was extracted using NE-PER® nuclear and cytoplasmic extraction reagents
(Thermo Fisher Scientific Inc., Rockfold, IL). The protein concentration in the nuclear
fractions was determined using a protein assay kit (Bio-Rad, Hercules, CA).

2.8. Electrophoretic Mobility Shift Assay (EMSA)
Ten μg of nuclear proteins was used for EMSA to determine NFκB DNA-binding activity.
DNA–protein binding reactions were performed at room temperature for 20 min in a buffer
containing 10 mM Trizma base (pH 7.5), 50 mM KCl, 1 mM dithiothreitol, 1 mg poly (dI-
dC), and approximately 20 fmole of NFκB oligonucleotide (Integrated DNA Technologies,
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Inc., Coralville, IA) labeled with biotin using Biotin 3′ End DNA Labeling Kit (Thermo
Fisher Scientific Inc., Rockfold, IL). Protein–DNA complexes were resolved from protein-
free DNA in 6% DNA retardation gel (Invitrogen Corporation, Carlsbad, CA) at room
temperature in Novex® TBE Running Buffer (0.5X), and electroblotted onto positively
charged nylon membranes. The chemiluminescence detection of biotin-labeled probes was
conducted by following the instruction provided by the Thermo Fisher Scientific Inc.

2.9. Statistic Analysis
Data were presented as mean ± SD. The ANOVA was applied for statistic analysis to
determine the statistical significance of gene expression or luciferase activity among
different experimental groups. A value of P< 0.05 was considered significant.

3. RESULTS
3.1. Coactivation of TLR4 and TLR2/6 Increases IL-6 Production

We first determined the expression of TLR1, TLR2, TLR4 and TLR6 by U937 cells. Results
showed that while all these TLRs were expressed, TLR4 was expression at the highest level
(Fig. 1). Treatment cells with LPS, pam2CSK4 or both LPS and pam2CSK4 did not
significantly increase TLR expression. We then studied the effect of coactivation of TLR4
and TLR2 on IL-6 production by U937 cells. LPS was used to activate TLR4 while
pam2CSK4 and pam3CSK4 were used to activate TLR2/6 (TLR2 dimerized with TLR6)
and TLR2/1 (TLR2 dimerized with TLR1), respectively (Kanczkowski et al., 2007; Nagpal
et al., 2009). Results showed that LPS or pam2CSK4, but not pam3CSK4, significantly
stimulated IL-6 production markedly (Fig. 2). Interestingly, coactivation of TLR4 and
TLR2/6 with LPS and pam2CSK4 had an additive effect on IL-6 production as compared to
activation of TLR4 or TLR2/6 alone. In contrast, coactivation of TLR4 and TLR2/1 with
LPS and pam3CSK4 or TLR2/6 and TLR2/1 with pam2CSK4 and pam3CSK4 did not
further increase IL-6 production as compared to activation of TLR4, TLR2/6 or TLR2/1
alone (Fig. 2).

3.2. Time Courses of the Augmentation of IL-6 mRNA Expression and Protein Production
Induced by Coactivation of TLR4 and TLR2/6

To understand the molecular mechanisms involved in the augmentation of IL-6 production
by coactivation of TLR4 and TLR2/6, we first studied the effect of coactivation of TLR4
and TLR2/6 on the kinetics of IL-6 mRNA expression and IL-6 protein production and
compared it with that of activation of TLR4 or TLR2/6 alone. Results showed that with LPS
stimulation, IL-6 mRNA level was quickly increased, peaked at 4 h and then declined (Fig.
3A, panel a). In consistence with the kinetic of IL-6 mRNA expression, IL-6 protein in
culture medium also increased rapidly and reached a plateau at 24 h (Fig. 3A, panel b). With
pam2CSK4 stimulation, IL-6 mRNA level was rapidly increased at 2 h, remained at high
level for 10 hours, and started dropping rapidly at 12 h (Fig. 3A, panel c). IL-6 protein in
culture medium increased rapidly in the first 12 h and then reached a plateau (Fig. 3A, panel
d). With stimulation by LPS plus pam2CS4, IL-6 mRNA level peaked at 8 h and then
declined (Fig. 3A, panel e). IL-6 protein in culture medium reached a plateau at 12 h (Fig.
3A, panel f).

Taken together, these data indicate that IL-6 mRNA expression is highly controlled by
coactivation of TLR4 and TLR2/6 as well as activation of TLR4 or TLR2/6 alone: IL-6
mRNA expression was subjected to not only a rapid and robust upregulation, but also a fast
and vigorous downregulation.
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Based on the above kinetic studies, we selected 2, 4, 12 and 24 h as the time points to
determine the effect of coactivation of TLR4 and TLR2/6 on IL-6 mRNA expression and
protein level in culture medium and compared it with that of activation of TLR4 or TLR2/6
alone. Results showed that while either TLR4 or TLR2/6 activation led to a time-dependent
increase in IL-6 mRNA, coactivation of TLR4 and TLR2/6 exerted an additive
augmentation on IL-6 mRNA expression at 4 and 12 h (Fig. 3B, panel a). At 24 h,
coactivation of TLR4 and TLR2/6 no longer augmented IL-6 mRNA expression. In
consistence with the findings on IL-6 mRNA, the augmentation of IL-6 protein level in
culture medium by coactivation of TLR4 and TLR2/6 was observed at 12 and 24 h after the
treatment (Fig. 3B, panel b).

To show the specificity of the kinetics of IL-6 mRNA expression and protein production
regulated by TLR4 and TLR2/6 coactivation, we studied the kinetics of MMP-1 mRNA
expression and protein level in culture medium from the same cells. As shown in Fig. 3B,
panel c, the augmentation of MMP-1 mRNA expression by coactivation of TLR4 and
TLR2/6 was observed at 12 and 24 h. The augmentation of MMP-1 protein level in culture
medium by coactivation of TLR4 and TLR2/6 was observed at 24 h (Fig. 3B, panel d).

3.4. The Effect of Coactivation of TLR4 and TLR2/6 on IL-6 mRNA Stability
Since it was reported that IL-6 mRNA expression level could be upregulated by enhancing
IL-6 mRNA stability (Patil et al., 2004), we determined if coactivation of TLR4 and TLR2/6
augmented IL-6 mRNA expression by increasing IL-6 mRNA stability by using actinomycin
D, an inhibitor of transcription (Yamato et al., 1990). The inhibition of IL-6 transcription by
actinomycin D was confirmed by the control study that showed that incubation of U937
cells with 10 μg/ml of actinomycin D alone reduced IL-6 mRNA by 77% at 2 h and 80% at
4 h. U937 cells were treated with LPS, pam2CSK4 or LPS plus pam2CSK4 for 4 h and then
exposed to 10 μg/ml of actinomycin D for 2 or 4 h. Data from quantitative real-time PCR
showed that no significant difference in IL-6 mRNA stability was found in cells treated with
LPS, pam2CSK4 or LPS plus pam2CSK4 (Fig. 4), indicating that the augmentation of IL-6
mRNA expression by coactivation of TLR4 and TLR2/6 is not due to increase in IL-6
mRNA stability when compared to activation of TLR4 alone.

3.5. The Effect of Coactivation of TLR4 and TLR2/6 on IL-6 Transcriptional Activity
To determine if increase in IL-6 transcription activity is the mechanism involved in the
augmentation of IL-6 mRNA expression by coactivation of TLR4 and TLR2/6, we
transfected cells with luciferease reporter plasmids, whose expression was driven by an
1168-bp human IL-6 promoter region. Following the transfection, U937 cells were treated
with LPS, pam2CSK4 or LPS plus pam2CSK4. Results showed that while LPS significantly
stimulated luciferase activity, LPS plus pam2CSK4 increased the luciferase activity to a
greater level as compared to LPS alone (Fig. 5), indicating that increased IL-6
transcriptional activity is responsible for the augmentation of IL-6 mRNA expression
induced by coactivation of TLR4 and TLR2/6.

3.6. Requirement of p38 MAPK and NFκB Pathways for Augmentation of IL-6 Expression
by Coactivation of TLR4 and TLR2/6

To further understand how coactivation of TLR4 and TLR2/6 augmented IL-6 expression as
compared to activation of TLR4 or TLR2/6 alone, we sought to identify the signaling
pathways required for the IL-6 upregulation using specific inhibitors for different signaling
pathways. Results showed that SB203580 and Bay117085 were effective in inhibition of
IL-6 production induced by coactivation of TLR4 and TLR2/6 (Fig. 6A). In contrast,
PD98059 and SP600125 at the same concentrations had insignificant effect. These results
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suggest that p38 MAPK and NFκB pathways are required for IL-6 upregulation induced by
coactivation of TLR4 and TLR2/6.

To show the specificity of the requirement of p38 MAPK and NFκB pathways in IL-6
production, we determined the effects of these inhibitors on MMP-1 production by U937
cells. As shown in Fig. 6B, PD98059, SB203580, and SP600125 effectively inhibited
MMP-1 production, indicating that the ERK, p38 MAPK, and JNK pathways are required
for the stimulation of MMP-1 expression by coactivation of TLR4 and TLR2/6.

3.7. P38 MAPK Signaling Was Increased by Coactivation of TLR4 and TLR2/4
The findings from the above studies suggest that the p38 MAPK and NFκB pathways may
mediate the augmentation of IL-6 expression by coactivation of TLR4 and TLR2/6. Thus,
we determined if coactivation of TLR4 and TLR2/6 increased p38 MAPK and NFκB
pathway signaling as compared to activation of TLR4 or TLR2/6 alone. Since our previous
studies have shown that p38 MAPK is activated rapidly (Sundararaj et al., 2008), we
determined the phosphorylation of p38 MAPK within 1 h.

Interestingly, results showed that the kinetics of p38 MAPK phosphorylation in response to
LPS, pam2CSK4 or LPS plus pam2CSK4 were different. As shown in Fig. 7A and 7B, LPS,
pam2CSK4 or LPS plus pam2CSK4 stimulated the p38 MAPK phosphorylation in a time-
dependent manner and the stimulation peaked at 10 min. At 10 min, the combination of LPS
and pam2CSK4 was more potent than LPS or pam2CSK4 alone in the stimulation of p38
MAPK phosphorylation. Furthermore, the phosphorylation of p38 MAPK at 60 min was
only observed in cells treated with LPS plus pam2CSK4, but not LPS or pam2CSK4 alone.
Thus, these data showed that coactivation of TLR4 and TLR2/6 triggered a stronger and
prolonged p38 MAPK signaling. To confirm the role of p38 MAPK pathway in the
augmentation of IL-6 expression by coactivaiton of TLR4 and TLR2/6, we used another p38
MAPK inhibitor SB239063 (Strassburger et al., 2008) to block p38 MAPK signaling.
Results showed that 10 μM of SB239063 inhibited IL-6 secretion stimulated by LPS plus
pam2CSK4 by 88% (Fig. 7C).

In contrast to the phosphorylation of p38 MAPK, no enhancement of the phosphorylation of
ERK (Fig. 7D and 7E) and JNK (Fig. 7F and 7G) was observed in cells treated with LPS
plus pam2CSK4.

To determine if NFκB signaling is also enhanced by coactivation of TLR4 and TLR2/6,
electrophoretic mobility shift assay was performed to show the nuclear NFκB DNA-binding
activity. Results showed that while LPS and pam2CSK alone markedly induced NFκB
DNA-binding activity, the combination of LPS and pam2CSK4 did not further enhance
NFκB activity (Fig. 8A and 8B).

4. DISCUSSION
In this study, we demonstrated that coactivation of TLR4 and TLR2/6 coordinates an
additive augmentation of IL-6 expression by mononuclear U937 cells. Given the crucial role
of IL-6 in diabetes and diabetic complications, this study has revealed an important linkage
between the TLR4/TLR2 expression by mononuclear cells and the pathogenesis of diabetes
and diabetic complications.

We focused on IL-6 in this study because IL-6 is a multifunctional cytokine involved in the
acute phase response, immunity, hematopoiesis, and inflammation (Ishihara and Hirano,
2002; Kishimoto, 2006). IL-6 is a cytokine produced by a broad array of cell types including
T cells, B cells, monocytes, macrophages, fibroblasts, endothelial cells, adipocytes, smooth
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muscle cells and synovial cells. IL-6 is a marker for cardiovascular disease (Kristiansen and
Mandrup-Poulsen, 2005; Rattazzi et al., 2003), which is considered as an inflammatory
disease and a major complication of diabetes. Studies have well documented that the plasma
levels of IL-6 and C-reactive protein are strong independent predictors of risk of future
cardiovascular events, both in patients with a history of coronary heart disease and in
apparently healthy subjects (Rattazzi et al., 2003). In addition, IL-6 plays an essential role in
many other chronic inflammatory diseases such as rheumatoid arthritis, systemic-onset
juvenile chronic arthritis, osteoporosis, psoriasis, and autoimmune diseases such as antigen-
induced arthritis and experimental allergic encephalomyelitis (Ishihara and Hirano, 2002).
IL-6 is also important in the pathogenesis of infectious diseases such as periodontal disease
(Geivelis et al., 1993; Rusconi et al., 1991). Furthermore, numerous studies have further
demonstrated that IL-6 is not just a marker for inflammation-associated diseases; it is a
major player involved in the initiation and progression of the diseases (Lowe, 2001;
Moutsopoulos and Madianos, 2006; Rattazzi et al., 2003).

IL-6 plays an important role in the acute phase response to inflammation (Akira and
Kishimoto, 1992). In consistence with this notion, our study showed that coactivation of
TLR4 and TLR2/6 as well as activation of TLR4 or TLR2/6 alone led to a rapid and
transient increase in IL-6 mRNA expression. The IL-6 mRNA expression was robustly
stimulated to the peak in 2–8 hours and then vigorously suppressed in the next 12–18 hours.
In consistence with the kinetic of IL-6 mRNA expression, although there was a rapid
increase in IL-6 protein production, it reached a plateau at 12–24 hours, indicating that IL-6
protein secretion was nearly halted at that time. These findings clearly indicate that IL-6
expression is highly and critically controlled at the mRNA expression level.

The IL-6 mRNA expression kinetic pattern in response to TLR2/6 activation is different
from that to TLR4 activation. As shown in Fig. 3A, IL-6 mRNA expression was kept at high
level for 10 h after stimulation with pam2CSK4. In contrast, it dropped quickly after
reaching the peak at 4 h after stimulation with LPS. Furthermore, the protein level in culture
medium for cells treated with pam2CSK4 reached plateau at 12 h while the protein level in
culture medium for cells treated with LPS reached plateau at 24 h. Interestingly, when both
TLR4 and TLR2/6 were activated by LPS and pam2CSK4, IL-6 mRNA expression kinetic
pattern was similar to that induced by LPS, but IL-6 protein secretion pattern was similar to
that induced by pam2CSK4 (Fig. 3B), indication a crosstalk between TLR4 and TLR2/6 as
the results of TLR4 and TLR2/6 coactivation that regulates IL-6 expression.

In response to TLR4, TLR2/6 or both TLR4 and TLR2/6 activation, the kinetic pattern of
IL-6 mRNA expression is different from that of MMP-1 mRNA expression (Fig. 3B, a and c
panels). The former showed a quick and transient upregulation while the latter showed a
slow and graduate upregulation. At 24 h, IL-6 expression reached below the baseline, but
MMP-1 expression was still in rising. We have shown that IL-6 is a potent stimulator for
MMP-1 expression and IL-6 has synergistic effect with LPS on MMP-1 expression (Li et
al., 2010), the early expression of IL-6 may further increase LPS-induced MMP-1
expression.

The crosstalk between TLR4 and TLR2/6 led to an additive augmentation on IL-6 mRNA
expression. Augmentation of mRNA expression level of a particular gene can result from
increased transcriptional activity of the gene or/and increased mRNA stability (or decreased
mRNA turnover). Since our studies presented in Fig. 2 indicate that IL-6 mRNA was
degraded rapidly after reaching the peak and the previous studies have shown that IL-6
mRNA expression level is increased by enhancing IL-6 mRNA stability (Patil et al., 2004),
we determined if IL-6 mRNA stability is increased by coactivation of TLR4 and TLR2/6.
The studies that quantified the cellular IL-6 mRNA after transcription was inhibited by
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actinomycin D excluded the possibility. Without enhancement of mRNA stability, increase
IL-6 transcriptional activity by coactivation of TLR4 and TLR2/6 is the only possible
mechanism involved in the augmentation of IL-6 mRNA expression. Indeed, our studies
analyzing IL-6 promoter activity in cells transfected with plasmids containing 1168-bp of
IL-6 promoter and the luciferase reporter showed that coactivation of TLR4 and TLR2/6
stimulated a higher IL-6 promoter activity than activation of TLR4 alone.

It has been shown that ligation of TLR4 by LPS and TLR2/1 by pam3CSK4 synergistically
stimulated anti-inflammatory cytokine IL-10, but not proinflammatory cytokine TNFα, in
murine dendritic cells (Hirata et al., 2008). Further investigations in this study showed that
both p38 MAPK and JNK pathways were involved in the selective synergy in anti-
inflammatory cytokine production. It is noteworthy that the synergy for anti-inflammatory
cytokine production in this study was generated by coactivation of TLR4 and TLR2/1, but
not TLR2/6. In contrast, our current study showed that coactivation of TLR4 and TLR2/6
led to an augmentation of proinflammatory cytokine IL-6 expression in mononuclear cells
via p38 MAPK pathway, but not JNK pathway. It is possible that the coactivation of TLR4
with TLR2/6 or that of TLR4 with TLR2/6 may affect the balance between proinflammatory
cytokine and anti-inflammatory cytokine expressions. These findings warrant further
investigations.

Our further studies on signaling pathways showed that both p38 MAPK and NFκB pathways
were essential for the augmentation of IL-6 expression induced by coactivation of TLR4 and
TLR2/6. Interestingly, it was found that coactivation of TLR4 and TLR2/6 did not increase
NFκB activity, although NFkB pathway was required for the augmentation of IL-6
expression. In contrast, p38 MAPK signaling was found to be enhanced and prolonged by
coactivation of TLR4 and TLR2/6 as compared to activation of TLR4 or TLR2/6 alone,
indicating that p38 MAPK is likely to play an essential role in the augmentation of IL-6
expression by coactivation of TLR4 and TLR2/6.

p38 MAPK pathway has been shown to mediate IL-6 expression in different types of cells in
response to LPS (Thirunavukkarasu et al., 2006), IL-1β (Chae et al., 2005), prostaglandin E2
(Williams et al., 2000), and mechanical stress (Zampetaki et al., 2005). Thirunavukkarasu et
al. reported that p38 MAPK pathway inhibitor SB203580 and NFκB pathway inhibitor
pyrrolidine dithiocarbamate (PDTC), but not ERK pathway inhibitor PD98059 and JNK
pathway inhibitor SP600125, inhibited IL-6 expression in hepatic stellate cells stimulated
with LPS (Thirunavukkarasu et al., 2006), which is in agreement with our findings in this
study. Although it was proposed that p38 MAPK interacted with NFκB pathway for IL-6
expression in smooth muscle cells by mechanical stress (Zampetaki et al., 2005), Chae et al.
reported that p38 MAPK and NFκB pathways acted independently in IL-1β-stimulated
human gingival fibroblasts for IL-6 expression (Chae et al., 2005). In our current study, we
found that p38 MAPK, but not NFκB pathway, was enhanced by coactivation of TLR4 and
TLR2/6, suggesting that p38 MAPK pathway is not linked upstream to the NFκB signaling
pathway for IL-6 expression.

The present study showed that upon their activation, TLR4 and TLR2/6 shared many similar
biological activities related to IL-6 expression. First, activation of either TLR4 or TLR2/6
led to rapid ERK, JNK, p38 MAPK and NFκB activation. Second, a fast and transient
increase in IL-6 mRNA expression was observed in cells with either TLR4 or TLR2/6
activation. Third, a similar action between TLR4 and TLR2/6 activation on IL-6 protein
production was observed. Besides these similarities, our study also showed some subtle
differences between TLR4 and TLR2/6. First, as compared to TLR2/6 activation, TLR4
activation triggered a faster and more transient upregulation of IL-6 mRNA expression.
Second, TLR4 activation leads to a more potent upregulation of IL-6 protein production than
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TLR2/6 activation. Third, the time period for p38 MAPK phosphorylation induced by
TLR2/6 activation was longer than that by TLR4 activation. These differences may be
related to the different structures of TLR4 and TLR2/6 signaling pathways. Interestingly, Re
et al. have reported that TLR2 or TLR4 activation in dendritic cells leads to the
transcriptional activation of different cytokine and chemokine genes (Re and Strominger,
2001), indicating a difference in genes targeted by TLR2 and TLR4 activation.

In conclusion, the present study showed for the first time that coactivation of TLR4 and
TLR2/6 coordinated an additive augmentation on IL-6 gene transcription via p38 MAPK
pathway. These findings suggest that p38 MAPK signaling pathway is the potential target
for inhibition of IL-6 expression by mononuclear cells induced by coactivation of TLR4 and
TLR2/6.
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Figure 1.
TLR expression by U937 cells in the absence or presence of the treatment with LPS,
pam2CSK4 or both LPS and pam2CSK4. U937 cells were treated with or without 100 ng/ml
of LPS, pam2CSK4 or both LPS and pam2CSK4 for 24 h. After the treatment, cellular
mRNA levels of TLR1, TLR2, TLR4 and TLR6 were quantified using real-time PCR and
normalized to GAPDH mRNA.
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Figure 2.
Stimulation of IL-6 production by TLR4, TLR2 or TLR4 plus TLR2 activation. U937 cells
were treated with 100 ng/ml of LPS, 100 ng/ml of pam2CSK4, 100 ng/ml of pam3CSK4,
LPS plus pam2CSK4, LPS plus pam3CSK4, or pam2CSK4 plus pam3CSK4 for 24 h. After
the treatment, IL-6 released into culture medium was quantified using ELISA. The data
presented are the representative of 5 independent experiments with similar results.
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Figure 3.
Time Courses of the augmentation of IL-6 mRNA expression and protein production
induced by coactivation of TLR4 and TLR2/6. A. Kinetics of IL-6 mRNA expression and
protein production in response to LPS (a and b), pam2CSK4 (d and d) or LPS plus
pam2CSK4 (e and f). U937 cells were treated with 100 ng/ml of LPS, 100 ng/ml of
pam2CSK4 or both for 2, 4, 8, 12, 24, or 36 h. At each time point, RNA was isolated from
cells for quantification of IL-6 mRNA using real-time PCR; culture medium was collected
for quantification of IL-6 protein production using ELISA. The data presented are the
representative of 3 independent experiments with similar results. B. Augmentation of IL-6
mRNA expression (a), IL-6 protein production (b), MMP-1 mRNA expression (c) and
MMP-1 protein production (d) by activation of TLR4, TLR2/6, or TLR4 and TLR2/6. U937
cells were treated with 100 ng/ml of LPS, 100 ng/ml of pam2CSK4 or LPS plus pam2CSK4
for 2, 4, 12 or 24 h. Culture medium and cells were collected at each time point. IL-6 and
MMP-1 mRNA was quantified using real-time PCR and IL-6 and MMP-1 protein in culture
medium was quantified using ELISA. The data presented are the representative of 3
independent experiments with similar results.
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Figure 4.
IL-6 mRNA stability in cells treated with LPS, pam2CSK4 or LPS plus pam2CSK4. U937
cells were treated with 100ng/ml LPS, 100ng/ml pam2CSK4 or LPS plus pam2CSK4 for 4
hours, followed by addition of 10 μg/ml of actinomycin D. U937 cells were harvested before
and 2 and 4 hours after actinomycin D treatment for quantification of IL-6 mRNA using
real-time PCR. The IL-6 mRNA expression was normalized to GAPDH mRNA expression
and the data presented are % of the control that was IL-6 mRNA level before the addition of
actinomycin D.
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Figure 5.
The Effect of coactivation of TLR4 and TLR2/6 on IL-6 transcription. U937 cells were
transiently cotransfected using FuGENE HD transfection reagent with 0.55 μg of
p1168huIL6P-luc+ plasmids and pRL-TK plasmids (Renilla luciferase) 24 h. The cells were
then treated with 100 ng/ml LPS, 100ng/ml pam2CSK4, or LPS plus pam2CSK4 for 24 h.
After the treatment, the cells were lysed and the lysate was used for luciferase activity assay.
The firefly luciferase levels were normalized to the Renilla luciferase levels. The presented
data (mean ± SD) are representative of 3 experiments with similar results.
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Figure 6.
The effect of PD98059, SB203580, SP600125 and Bay117085 on the stimulated IL-6 (A)
and MMP-1 production (B) by LPS plus pam2CSK4. U937 cells were treated with 100 ng/
ml of LPS plus 100 ng/ml of pam2CSK4 in the absence or presence of 5 or 10 μM of
PD98059, SB203580, SP600125 or Bay117085 for 24 h. For control, U937 cells were
treated with 10 μM of PD98059, SB203580, SP600125 or Bay117085 alone. After the
treatment, IL-6 and MMP-1 secreted in medium were quantified using ELISA. The data
were presented as % of LPS plus pam2CSK4-stimulated IL-6 or MMP-1 production. The
data presented are the representative of 2 independent experiments with similar results.
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Figure 7.
A and B: The effect of LPS, pam2CSK4 or LPS plus pam2CSK4 on phosphorylation of p38
MAPK. U937 cells were treated with LPS, pam2CSK4 or both for 0, 5, 10, 20 or 60 min. At
each time point, cells were lysed and the cell lysate was subjected to immunoblotting to
detect phosphorylated and total p38 MAPK. C: The effect of p38 MAPK inhibitor
SB239063 on IL-6 secretion in response to LPS plus pam2CSK4. U937 cells were treated
with or without 100 ng/ml of LPS plus pam2CSK4 in the absence or presence of 5 or 10 μM
of SB239063 for 24 h. After the treatment, IL-6 in culture medium was quantified using
ELISA. D to G: The effect of LPS, pam2CSK4 or LPS plus pam2CSK4 on ERK MAPK,
and JNK MAPK. Similar studies as described in A and B were conducted to determine
phosphorylated and total ERK and JNK MAPK. The bands for phosphorylated p38, ERK
and JNK MAPK in the images were quantified using densitometric scanning and normalized
to total p38, ERK and JNK MAPK (B, E and G). The data presented are the representative
of 3 independent experiments with similar results. P-p38, P-ERK, P-JNK: phosphorylated
p38, phosphorylated ERK, phosphorylated JNK. T-p38, T-ERK, T-JNK: total p38, total
ERK, total JNK.
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Figure 8.
The effect of LPS, pam2CSK4 or both on NFκB DNA-binding activity. U937 cells were
treated with 100 ng/ml of LPS, 100 ng/ml of pam2CSK4 or both for 2 or 4 h. At each time
point, nuclear protein was extracted and subjected to electrophoretic motility shift assay to
determine NFκB DNA-binding activity as described in Methods. The data presented are the
representative of 2 independent experiments with similar results.
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