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Abstract
Background/Aims: Increased circulatory levels of both TNF-α and CCL4/MIP-1β are found in
metabolic diseases. However, it is unclear whether TNF-α which is a signature proinflammatory
cytokine involved in metabolic inflammation, can induce/promote the expression of CCL4.
Methods: THP-1 human monocytic cells and THP-1-derived macrophages were stimulated
with TNF-α and LPS-treatment as a positive control. CCL4 mRNA/protein expression was
measured using qRT-PCR/ELISA, respectively. Stress-activated protein kinases (SAPK)/ c-Jun
N-terminal kinase (JNK) activity was determined using the assay kit. Mechanistic pathways were
studied using anti-TNFR1/2 antibodies, pharmacological inhibitors, siRNAs, and NF-κB/AP-1
reporter-expressing THP-1-XBlue cells. Phosphorylation of signaling molecules was assessed
by Western blotting. Results: TNF-α induces CCL4 expression at mRNA and protein levels,
in both THP-1 monocytic cells and macrophages (P<0.05). TNF-α-driven CCL4 production
was markedly abrogated by pre-treatment with anti-TNFR1/2 neutralizing antibodies.
TNF-α treatment induced phosphorylation of SAPK/JNK, c-Jun, and NF-κB. Genetic and/or
pharmacologic inhibition of SAPK/JNK and NF-κB pathways suppressed the TNF-α-induced
CCL4 expression (P<0.05). NF-κB/AP-1 activity was found to be significantly increased in TNFα-treated SEAP reporter-expressing monocytic cells. Conclusion: These data suggest that
TNF-α drives CCL4 expression in THP-1 monocytic cells/macrophages via the activation of
SAPK/JNK and NF-κB pathways. The findings may provide new insights into understanding
the regulatory role of TNF-α in augmenting CCL4 expression during inflammatory conditions.
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Introduction

Chemokine CC motif ligand 4 (CCL4) belongs to the CC chemokine family and is also
known as macrophage inflammatory protein (MIP)-1β. CCL4 is a chemoattractant for various
cell types including macrophages, natural killer cells, monocytes, immature dendritic cells,
and coronary endothelial cells [1-5]. Several studies have pointed to the association between
CCL4 and pathogenesis of a plethora of morbid conditions implicating inflammation as the
underlying factor such as psoriasis vulgaris [6], sarcoidosis [7], cystic fibrosis [8], multiple
sclerosis [9], systemic lupus erythematosus [10], obesity-associated metabolic inflammation
[11], prediabetes [12], type-1 diabetes (T1D) [13], type-2 diabetes (T2D) [14], stroke [15],
acute coronary syndrome [16], and atherosclerosis [17].
Low-grade chronic inflammation known as a metabolic inflammation plays a pivotal
role in the development of insulin resistance and T2D and its complications involving
atherosclerosis and hepatic steatosis. In obesity/T2D, adipose tissue is marked by infiltration
of major immune regulatory cells, especially proinflammatory M1 macrophages, followed by
increased production of inflammatory cytokines/chemokines. Proinflammatory macrophage
accumulation in the adipose tissue is an important feature of increasing obesity which
correlates with local expression of signature inflammatory proteins in this compartment
[18, 19]. These inflammatory mediators, including CCL4, contribute at various levels to the
infiltration and/or activation of monocytes/macrophages into the adipose tissue and set
stage for further aggravation of metabolic inflammation [20, 21]. CCL4 is regarded as one of
the major macrophage attractants and its link with T1D and T2D may be explained by the
critical role of macrophages in the destruction of beta cells, development of insulin resistance,
and progression of prediabetes status to fulminating T1D and T2D [13, 14, 22]. Increased
circulatory levels of CCL4 were reported in high-risk individuals that later progressed to
T1D [12]. Likewise, elevated CCL4 levels in the circulation of individuals with obesity and
T2D were documented [23, 24]; however, much less work has been done regarding the CCL4
production and regulation.
Immunometabolic changes in obesity and T2D lead to the increased production of
proinflammatory cytokine TNF-α and several chemokines [25-27]. Therefore, a plausible
mechanistic link between TNF-α and chemokines in metabolic disease has been envisaged.
TNF-α is a proinflammatory cytokine that can regulate a wide range of cellular and
biological processes including inflammation and immunomodulation, cell proliferation and
differentiation, growth inhibition, apoptosis, angiogenesis, and energy metabolism [28].
TNF-α is produced by different cell types such as monocytes/macrophages, T-lymphocytes,
smooth muscle cells, adipocytes, and fibroblasts [29-31]. TNF-α exerts its biological effect
through its transmembrane glycoprotein receptors known as TNF-α receptor 1 (TNFR1) and
TNF-α receptor 2 (TNFR2); however, TNF-α binds to TNFR1 with high affinity [32, 33]. TNFα
binding with its surface receptors engages multiple signal transduction pathways including
three groups of mitogen-activated protein (MAP) kinases i.e. extracellular signal-regulated
kinases (ERKs), c-Jun NH2-terminal kinases (JNKs) and p38 MAP kinases. Signaling through
MAP kinase pathways induces secondary response by increasing expression of several
inflammatory cytokines including TNF-α [34, 35].
The association between TNF-α and obesity/T2D is well established. TNF-α play a role
in the development of insulin resistance and a strong correlation was reported between
circulatory levels of TNF-α and reduced insulin‑stimulated glucose disposal [31, 36-42].
Increased adipose tissue levels of both mTNF-α and sTNF-α were found in obese/T2D
patients [43, 44]. Although, TNF-α is known to induce inflammatory mediators such as IL-1β,
IL-6, and IL-8, its role in CCL4 induction remains unclear. Based on the premise that TNF-α
and CCL4 are consistently found to be elevated in several inflammatory conditions, we
hypothesized that TNF-α could induce CCL4 expression in monocytic cells and macrophages.
Herein, we present the evidence that TNF-α upregulates the expression of CCL4 in human
monocytes through the mechanism that involves SAPK/JNK and NF-kB mediated signaling.
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Materials and Methods
Reagents and Cell lines
Recombinant human TNF-α (Catalog number: 210-TA-100), anti-hs TNF-R1 (Catalog number:
MAB625), anti-hs TNF-RII (Catalog number: MAB726) and Mouse IgG1 (Catalog number: MAB0026)
were purchased from R&D Systems (Minneapolis, USA). LPS (Catalog number: L43391), Resveratrol
(Catalog number: R5010), Triptolide (Catalog number: T3652), Palmitate (Catalog number: P5585), PMA
(Catalog number: P1585) were purchased from Sigma (San Diego, CA). SP600125 (Catalog number: 8177),
SB203580 (Catalog number:5633), PD98059(Catalog number: 9900), U0126 (Catalog number: 9903),
Cell Lysis Buffer (Catalog number: 9803), LY294002, (Catalog number: 9901) and Wortmannin (Catalog
number: 9951), anti p-SAPK/JNK (Catalog number: 9251S), anti p-c-Jun (Catalog number: 9261L), anti pNF-κB (Catalog number: 3031S), anti SAPK/JNK (Catalog number: 9252S0), anti c-Jun (Catalog number:
9165S) and anti NF-κB (Catalog number: 3034S) antibodies were purchased from Cell Signaling, USA.
SAPK/JNK siRNA (Assay ID: s11152,), Negative siRNA (Catalog number: 4390843), CCL4 TaqMan Assays
(Assay ID: Hs99999148_ml), SAPK/JNK TaqMan Assay (Assay ID: Hs01548508_m1) and GAPDH (Assay ID:
Hs03929097_g1) were purchased from Thermo Scientific, USA.
Human monocytic leukemia cell line THP-1 was purchased from American Type Culture Collection.
THP1 X-Blue cells stably expressing a secreted embryonic alkaline phosphatase (SEAP) reporter inducible
by NF-kB and AP-1 were purchased from InvivoGen (San Diego, CA, USA). Quanti-Blue solution (rep-qbs),
Zeocin (Catalog number: ant-zn-1), and Normocin (Catalog number: ant-nr-1) were also purchased from
Invivogen. RPMI-1640 culture Medium (Catalog number: A1049101), HI-FBS (Catalog number: 16140071), L-Glutamine (Catalog number: 25030-081), Penicillin-Streptomycin (Catalog number: 15140-122)
were purchased from Gibco, Invitrogen, Grand Island, NY, USA.
Cell Culture
Monocytic THP-1 cells were grown in RPMI-1640 culture medium supplemented with 10% fetal
bovine serum, 2 mM glutamine, 1 mM sodium pyruvate, 10 mM HEPES, 100 ug/ml normocin, 50 U/ ml
penicillin and 50 μg/ml streptomycin, and incubated at 37°C (with humidity) in 5% CO2. THP-1-XBlue cells
were cultured in complete RPMI-1640 medium with the addition of selective antibiotic zeocin (200 μg/ml;
InvivoGen, San Diego, CA, USA). Prior to stimulation, THP-1 cells were transferred into growth medium.

Cell stimulation
Monocytic cells were cultured in 12-well plates (Costar, Corning Incorporated, Corning, NY, USA) at 1 ×
106 cells/well concentration unless indicated otherwise. Cells were stimulated with rhTNF-α (10 ng/ml) or
LPS (10 ng/ml) for 24hrs at 37°C. Cells were harvested for RNA isolation and culture media were collected
for measuring CCL4/MIP-1β secretion.
Macrophage differentiation
THP1 cells were plated in 12 well plate at 1x 106 cells/ml concentration and treated with PMA (50 ng/
ml) for 72 hours at 37°C. Cells were washed, fresh culture medium was added and differentiated macrophages
were incubated for another 24 hours [45]. Then, differentiated macrophages were stimulated with TNF-α
(10ng/ml; Sigma, San Diego, CA, USA) or LPS (10 ng/ml; Sigma, Saint Louis, MO, USA) for 24hrs at 37°C. Cells
were harvested for RNA isolation and culture media were collected for measuring CCL4 secretion by ELISA.

TNF-α receptor Neutralization
THP-1 cells were plated in a 12 well plate at a concentration of 1x106 cells/ml and treated separately
with 2μg/ml of neutralizing TNF-R1 mAb, TNF-R2 mAb or Isotype-matched IgG1 control for 40 minutes.
Antibody-treated cells were treated with TNF- α and incubated for 24 hrs. Collected cells and supernatant
were subjected for CCL4 expression analysis using qRT-PCR and ELISA.
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Measurement of NF-κB/AP-1 activity
THP-1-XBlue cells are THP-1 cells transfected with a reporter construct, expressing a secreted
embryonic alkaline phosphatase (SEAP) gene under the control of a promoter inducible by the transcription
factors NF-κB and AP-1. Upon stimulation, NF-κB and AP-1 are activated and subsequently secreted SEAP.
THP-1 XBlue cells were stimulated with TNF-α (10 ng/ml) or LPS (10 ng/ml; positive control) for 24 hrs at
37°C. Levels of SEAP were detected in the culture media after 3 hrs incubation of supernatants with QuantiBlue solution at 650nm wave length by ELISA reader.

Small interfering RNA (siRNA) transfections
For transient transfection, THP-1 cells (1x106 cells) were resuspended in 100 ul of nucleofector solution
provided with the Amaxa Nuclecfector Kit V and transfected separately with SAPK/JNK siRNA, Negative
Control siRNA and pmaxGFP plasmid (0.5 ug; Amaxa Nuclecfector Kit V for THP-1, Lonza). All transfection
experiments were performed with Amaxa Cell Line Nucleofector Kit V for THP-1 (Lonza, Germany) by using
Amaxa Electroporation System (Amaxa Inc, Germany). After 36 hrs transfection, cells were treated with
TNF-α (10 ng/ml) for 24 hrs. Cells were harvested for RNA isolation and culture media were collected for
measuring CCL4 secretion. SiRNA Transfection efficiency was analyzed by fluorescence microscopy and
SAPK/JNK gene Knock down level was assessed by Real Time-PCR using SAPK/JNK Taqman assays.

Real Time RT-PCR
Total RNA was extracted from treated and untreated THP1 cells using RNeasy Mini Kit (Qiagen,
Valencia. CA, USA). One microgram of total RNA was used for cDNA conversion using high capacity cDNA
reverse transcription kit (Applied Biosystems, Foster city, CA, USA). Real time polymerase chain reaction
was performed using 50ng of cDNA, gene specific TaqMan Gene Expression Assays containing gene-specific
primers and TaqMan MGB probe (6-FAM dye-labeled) and TaqMan® Gene Expression Master Mix (Applied
Biosystems, Foster city, CA, USA) in a QuantStudio 5Fast Real-Time PCR System (Applied Biosystems,
Foster City, CA, USA). The Ct values of CCL4 and SAPK/JNK were normalized with corresponding GAPDH Ct
values and the expression level of CCL4 in treated samples relative to control samples were calculated with
-2ΔΔCt-method. Relative mRNA expression was expressed as fold expression over average of control gene
expression. The expression level in control treatment was assumed to be 1.
SAPK/JNK Kinase Assay
SAPK/JNK kinase activity was performed using SAPK/JNK Kinase assay kit (Cell Signaling, USA)
according to the manufacturer’s instructions. Cell lysates were prepared using lysis buffer from THP-1 cells
treated with TNF-α and palmitate (200uM; a positive control) and untreated controls. Immunoprecipitation
of phospho SAPK/JNK was done using immobilized phospho-SAPK/JNK rabbit mAb linked to agarose
beads to pull down SAPK/JNK kinases from cell extracts. The immunoprecipitated SAPK/JNK extract was
incubated with c-Jun fusion protein, kinase buffer and ATP. c-Jun phosphorylation mediated by SAPK/JNK
kinase was measured by immunoblotting using phospho c-Jun antibody.
Secreted CCL4 quantification
Secreted CCL4 protein in supernatants of monocytic cells stimulated with TNF-α or LPS was quantified
using sandwich ELISA following the manufacturer’s instructions (R&D systems, Minneapolis, USA).

Western blotting
THP-1 cells treated with TNF-α at different time points were harvested and incubated for 30 min
with lysis buffer. The lysates were centrifuged at 14000 g for 10 min and the supernatants were collected.
Protein concentration was measured by Quickstart Bradford Dye Reagent, 1x Protein Assay kit (Bio-Rad
Laboratories, Inc, CA). Protein (20 μg) samples were mixed with loading buffer, heated for 5 min at 95°C
and resolved by 12% SDS-PAGE. Cellular proteins were transferred to Immuno-Blot PVDF membrane (BioRad Laboratories, USA) by electro blotting. The membranes were blocked with 5% non-fat milk in PBS for
1h, followed by incubation with primary antibodies against SAPK/JNK, p-SAPK/JNK, c-Jun, p-c-Jun, NF-κB
and p- NF-κB in 1:1000 dilution at 4°C overnight. The blots were then washed three times with TBS-T and
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incubated for 2 hrs with HRP-conjugated secondary antibody (Promega, Madison, WI, USA). Immunoreactive
bands were developed using an Amersham ECL Plus Western Blotting Detection System (GE Health Care,
Buckinghamshire, UK) and visualized by Molecular Imager® VersaDoc™ MP Imaging Systems (Bio-Rad
Laboratories, Hercules, CA, USA).
Statistical analysis
Statistical analysis was performed using GraphPad Prism software (La Jolla, CA, USA). Data are shown
as mean ± standard error mean, unless otherwise indicated. One-way ANOVA was used to compare group
means with that of control group. For all analyses, P value < 0.05 was considered significant (*), P<0.01 as
highly significant (**), and P< 0.001/P< 0.0001 were considered as extremely significant (***/****).

Results

TNF-α induces expression of CCL4 in THP-1 human monocytic cells and derived macrophages
Increased circulating levels of both TNF-α and CCL4 have been reported in Obesity
and T2D [46]. Therefore, we asked if TNF-α could induce the expression of CCL4 in human
monocytic cells as well as monocyte-derived macrophages. Our data show that CCL4 mRNA
expression was significantly upregulated in TNF-α-treated THP-1 monocytic cells (69.5±3.5
fold; P=0.0026) and THP-1-derived macrophages (112.00±9.00 fold; P=0.0065) compared to
controls (Fig. 1A and C). In agreement with elevated CCL4 gene expression, CCL4 secretory
protein levels were also significantly higher in supernatants from TNF-α-treated THP1 monocytic cells (277.8±13.53 pg/ml; P=0.0025) and monocyte-derived macrophages
(359.7±16.8 pg/ml; P=0.0022) compared to controls (Fig. 1B and D).

Fig. 1. TNF-α upregulates CCL4 expression
in human monocytic cells and derived
macrophages. THP-1 cells were treated with
TNF-α (10 ng/ml) or LPS (10ng/ml; positive
control) for 24 hrs. Cells and culture media
were collected. Total RNA was isolated
and CCL4 mRNA was quantified by realtime RT-PCR. Relative mRNA expression
was expressed as fold change over average
gene expression in mock-treated controls.
Secreted CCL4 protein was measured in
cell supernatants using ELISA. To use THP1 derived macrophages, THP-1 monocytic
cells were differentiated into macrophages
with PMA (50 ng/ml) for 72 hours and then
treated with TNF-α and LPS for 24 hrs as
described earlier. Cells and culture media
were collected. CCL4 mRNA expression
in cell lysates and secreted CCL4 protein
in cell supernatants were measured as
described. The data show that CCL4 (A)
gene (P=0.0026) and (B) protein (P=0.0025)
expression was significantly higher in
THP-1 monocytic cells treated with TNF-α
compared to controls. Similarly, CCL4 (C)
gene (P=0.0065) and (D) protein (P=0.0022)
expression was significantly upregulation in
THP-1-derived TNF-α-treated macrophages
compared to controls.
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Fig. 2. Neutralization of the TNFR1 and TNFR2 receptors
suppresses TNF-α-induced CCL4 expression. THP-1 monocytic
cells were pre-treated with 2μg/mL of anti-TNFR1/2 neutralizing
antibodies or isotype-matched IgG1 control antibody and
incubated at 37°C for 40 min. Later, cells were stimulated with
TNF-α (10ng/ml) and incubated for 24 hrs. Cells and culture
media were collected and CCL4 mRNA in cell lysates and protein
expression in cell supernatants were determined using realtime RT-PCR and ELISA, respectively. The data show that CCL4
(A) gene (TNFR1 Ab: P=0.0004; TNFR2 Ab: P=0.0005) and (B)
secreted protein (TNFR1 Ab: P=0.0002; TNFR2 Ab: P=0.0002)
expression was significantly reduced in monocytic cells that were
pre-treated with either TNFR1 or TNFR2 specific neutralizing
antibodies compared to isotype control antibody treated cells.

TNF-α-induced CCL4 expression involves TNF-R1
and TNF-R2 receptor mediated signaling
TNF-R1 and TNF-R2 are the membrane spanning
receptors for TNF-α. Next, we wanted to assess if TNFα-induced CCL4 expression in monocytic cells was
dependent on binding of TNF-α to both TNF-R1 and
TNF-R2 cognate receptors. To this end, we employed
neutralizing antibodies against TNF-R1 and TNF-R2
receptors along with isotype control antibody to block
receptors prior to stimulating cells with TNF-α. Our
data show that TNF-R1 and TNF-R2 receptor masking
by cognate antibodies significantly abrogated TNFα-induced CCL4 expression in THP1 cells at both
mRNA (TNF-R1: 18±2 fold; P=0.0004, TNF-R2: 24±1
fold; P=0.0005, Fig. 2A) and protein levels (TNF-R1:
37.2±3.3 pg/ml; P=0.0002, TNF-R2: 69.5±3.5 pg/ml;
P=0.0002, Fig. 2B).

TNF-α-induced CCL4 expression in THP-1 monocytic cells and derived macrophages
involves SAPK/JNK and NF-κB signaling pathways
Binding of TNF-α with its receptors TNF-R1 or TNF-RII is followed by conformational
changes leading to activation of a downstream signaling cascade of MAPK and NF-κB
pathways. We next investigated whether these pathways were involved in TNF-α-induced
CCL4 expression in THP-1 cells. To this effect, both pharmacological inhibitors and genetic
suppression were used for cell treatment before exposure to TNF-α while mock treatments
with vehicle or scrambled siRNAs served as controls. The data show that CCL4 mRNA
expression was significantly abrogated by treatment with the inhibitor of SAPK/JNK
(SP600125) (14±1.22 fold; P < 0.05) but not with inhibitors of MAPK (PD98059 and U0126)
and p38 (SB203580) (Fig. 3A). Consistent with CCL4 gene suppression, TNF-α-induced CCL4
protein levels were also significantly reduced in supernatants of THP-1 cells pretreated with
SAPK/JNK inhibitor SP600125 (50.64±0.42 pg/ml; P < 0.05; Fig. 3B). Our data further show
that TNF-α treatment increases phosphorylation of SAPK/JNK and c-Jun (Fig. 3C). Next, to
validate the results of chemical inhibition, cells were transfected with SAPK/JNK siRNA and
target gene knock down efficiency was assessed by SAPK/JNK TaqMan RT-PCR assays. The
siRNA transfection resulted in significant suppression of SAPK/JNK mRNA expression in
THP-1 monocytic cells (0.39±0.03 fold) compared to mock transfected control (P = 0.0024;
Fig. 4A). Next, the data show significant downmodulation of CCL4 mRNA expression (69±3.0
fold; P = 0.0108; Fig. 4B) and protein secretion (352.1±14.64; P = 0.015; Fig. 4C) in SAPK/
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JNK siRNA-transfected THP1 cells treated with TNF-α compared to mock treated controls.
To further confirm the role of SAPK/JNK and c-Jun in TNF-α induced CCL4 induction, SAPK/
JNK Kinase assay was performed and the data show SAPK/JNK kinase activity with increased
c-Jun phosphorylation in TNF-α treated cells compared to mock treated controls (Fig. 4D).
Treatment with palmitate, a known inducer of SAPK/JNK kinase activity [45], was used as a
positive control in the assay for comparison with TNF-α treatment.
TNF-α is known to act through the activation of NF-κB pathway leading to the release
of inflammatory mediator CCL2 [47]. In the present study, we also used NF-κB inhibitors
triptolide and resveratrol for cell treatment before TNF-α treatment and found that both
triptolide and resveratrol pre-treatments suppressed the expression of CCL4 mRNA
(Triptolide: 21.58±2.86 fold, P < 0.0001; Resveratrol: 27.23±1.60 fold, P < 0.0001; Fig. 5A)
and CCL4 protein (Triptolide: 23.0±1.30 pg/ml, P <0.0001; Resveratrol: 177.50±12.56 pg/
ml, P <0.0001; Fig. 5B) compared to controls in THP-1 monocytic cells. We also found that
NF-κB phosphorylation was induced in a time dependent manner by cell treatment with
TNF-α as compared to controls (Fig. 5C).
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Fig. 4. TNF-α-induced CCL4
expression is downmodulated
by genetic suppression of SAPK/
JNK signaling. THP-1 monocytic
cells were transfected with
SAPK/JNK siRNA while cells
transfected with scrambled
siRNA served as mock-treated
control as described in materials
and methods. Later cells were
stimulated with TNF-α and
incubated at 37°C for 24 hrs. Cells
and supernatants were collected
and CCL4 mRNA in cell lysates
and protein expression in culture
supernatants were determined
using real-time RT-PCR and
ELISA, respectively. (A) The
data show that SAPK/JNK siRNA
transfection in human monocytic
cells resulted in significant target
gene suppression compared
to
mock-treated
control
(P=0.0024). TNF-α stimulation
of THP-1 cells transfected with
SAPK/JNK siRNA resulted in
significant suppression of CCL4
(B) gene (P=0.0108) and (C)
protein (P=0.0151) expression
compared
to
mock-treated
controls. (D) SAPK/JNK kinase
assay confirmed the c-Jun
phosphorylation
in
TNF-αtreated cells compared to mocktreated controls while palmitate
treatment served as a positive control.

TNF-α-induced CCL4 expression requires NF-κB/AP-1 activation
It was previously reported that the CCL4 promoter has binding sites for NF-κB and
AP-1[48] . Our data show the involvement of NF-κB and MAPK signaling pathways as cells
are treated with TNF-α to induce CCL4 expression. We next wanted to know if the TNF-αinduced CCL4 expression activated the NF-κB/AP1 activity in THP-1 monocytic cells. To
this effect, we used THP-1 X-Blue cells expressing the NF-κB/AP-1 response element driven
SEAP reporter activity upon activation. As expected, TNF-α treatment of THP-1 X-Blue cells
significantly upregulated the NF-κB/AP-1 activity (0.95±0.09 OD) compared to controls (P =
0.0198) while LPS treatment served as a positive control (Fig. 6A). This induction of NF-κB/
AP-1 activity corresponded with the increased CCL4 mRNA (91.5±2.5fold, P = 0.0008; Fig.
6B) and protein (303.6±9.53, P = 0.001; Fig. 6C) expression in these cells, suggesting that
TNF-α-induced CCL4 expression in monocytic cells implicates the activation of NF-κB/AP-1
transcription factors.
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Fig. 5. TNF-α -induced CCL4
expression in human monocytic
cells is suppressed by NFκB inhibitors. THP-1 human
monocytic cells were pretreated
with NF-κB inhibitors (Triptolide
10µM or Resveratrol 15µM) for
1hr and then cells were treated
with TNF-α (10ng/ml) for 24 hrs.
Cells and supernatants were
collected and CCL4 mRNA in cell
lysates and CCL4 secreted protein
expression in culture supernatants
were determined using real-time
RT-PCR and ELISA, respectively.
The
data
show
significant
downmodulation of CCL4 (A)
gene
(Triptolide:
P<0.0001;
Resveratrol: P<0.0001) and (B)
protein (Triptolide: P<0.0001;
Resveratrol: P<0.0001) expression
in cells that were pretreated
with NF-κB inhibitors compared
to mock-treated controls stimulated with TNF-α. (C) To analyze TNF-α-induced NF-κB phosphorylation,
cells were incubated with TNF-α (10ng/ml) and cell samples were collected at 5, 10, 15, 30, 60, and 120
min. Mock treated cells served as negative control. Cell lysates in RIPA buffer were calibrated for protein
concentration, resolved by SDS-PAGE and NF-κB phosphorylation was assessed by using specific antibodies
against phosphorylated and total NF-κB. The blot shows that TNF-α treatment of human monocytic cells
induced NF-κB phosphorylation at 5-10 min that reduced thereafter.

Discussion

The proinflammatory mediators, such as TNF-α and CCL4 are found to be increased in
obesity and/or T2D and are believed to be important actors of metabolic inflammation [4952]. By increasing migration of monocytes into the adipose tissue, CCL4 plays a significant
role in metabolic inflammation [53, 54]. In the present study, we investigated the CCL4
induction in THP-1 monocytic cells and derived macrophages by treatment with TNF-α. We
show that TNF-α, which is one of the most abundant proinflammatory cytokine found in the
circulation of obese humans, can induce the expression of CCL4 chemokine in THP-1 human
monocytic cells. Likewise, TNF-α also upregulates the expression of CCL4 secretory protein
in the THP-1-derived macrophages. This indicates that TNF-α is one of the potential inducers
of CCL4 chemokine in monocytes/macrophages. Also, we show that TNF-α driven induction
of CCL4 in THP-1 monocytes/macrophages involves signaling through both TNFR1 and
TNFR2 receptors on these cells. However, a previous study showed that TNF-α affinity for
TNFR1 was higher than its affinity for TNFR2 [32]. Thus, TNF-α interaction, especially with
TNFR1, may have direct significance with regard to inflammatory responses. In line with
this argument, deletion of TNFR1 was found to be protective against diet-induced obesity
in mice through the mechanism that involved increased thermogenesis [55]. We and others
have shown high expression of TNF-α receptors in monocytic cells [47, 56]. It was further
shown that TNF-α-induced activation of monocytes/macrophages resulted in the expression
of inflammatory mediators [47]. Adipose tissue is also an important source of IL-6 which
is an important cytokine secreted by macrophages, adipocytes, and other cells including
skeletal muscle, fibroblasts, and endothelial cells. We previously reported elevated adipose
tissue expression of IL-6/IL-6R as an underlying mechanism of metabolic inflammation in
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Fig. 6. TNF-α-driven CCL4 expression in human
monocytic cells involves activation of the NF-κB/
AP1 activity. THP-1-XBlue cells i.e. THP-1 cells
stably expressing a SEAP (secreted embryonic
alkaline phosphatase) reporter inducible by NFκB/AP-1 promoter activity, were incubated with
TNF-α (10ng/ml) or LPS (10ng/ml; positive
control) for 24 hrs while mock-treated cells
served as negative control. Cell culture media
were assayed for SEAP reporter activity (OD
detected at 650nm wavelength) as a measure
of the degree of NF-κB/AP-1 activation. CCL4
gene expression in THP-1-XBlue cell lysates and
CCL4 secreted protein expression in culture
supernatants were assessed by real-time RTPCR and ELISA, respectively. The data show
(A) significantly enhanced activation of NFκB/AP-1activity in THP-1-XBlue cells treated
with TNF-α compared to mock-treated control
(P=0.0198). Also, the data show concomitantly
upregulated CCL4 (B) gene (P=0.0008) and (C)
secreted protein (P=0.001) expression in TNF-α
stimulated THP-1-XBlue cells compared to
mock-treated controls.

obesity [57]. IL-6 is a systemic regulator of body weight and lipid metabolism [58]. Plasma
[39] and adipose tissue [59] levels of IL-6 were found to correlate with obesity and insulin
resistance even better than TNF-α. As a myokine, IL-6 in skeletal muscle acts as an energy
sensor by activating AMP-activated protein (AMPK) kinase and increasing glucose disposal,
fat oxidation, and lipolysis [60]. IL-6 treatment of mice blunted insulin-stimulated insulin
receptor substrate (IRS)-2-associated phosphatidylinositol 3-kinase (PI3K) activity in the
liver and also reduced insulin-stimulated glucose uptake in skeletal muscle via defective IRS1-associated PI3K signaling and elevated fatty acyl-CoA levels [61].
Addressing the role of TNFR-mediated signaling in CCL4 production by THP-1
monocytic cells and derived macrophages following treatment with TNF-α, the data show
that neutralization of TNFR1 and TNFR2 significantly diminished the production of CCL4 by
monocytic cells. NF-κB and MAPKs are classical pathways recruited downstream to TNFRmediated signaling. TNF-α activated MAPKs and NF-κB signaling pathways are involved
in the regulation of several inflammatory cytokines that contribute to the pathogenesis of
different inflammatory conditions. Previous studies have shown that ligation of TNF-α with
TNF-R initiates activation of ERK, SAPK/JNK, and p38 MAPK in different cell types [62-64].
Our data show that disruption of SAPK/JNK signaling molecules by specific inhibitors or
siRNA significantly blocks TNF-α mediated production of CCL4. We also show that TNF-α
induces phosphorylation of the MAPKs including SAPK/JNK and c-Jun. However, MEK/ERK
and p38 MAPK was not found to be involved in this induction which may be due to the reason
that these signaling molecules are not involved in CCL4 production by THP-1 monocytic
cells. ERK1/2 and JNK can be activated by a variety of stimuli in various cell types [65]. The
present findings are consistent with our previous results showing that activation of MAPKs,
except p38 MAPK, was implicated in the expression of MMP-9 in THP-1 human monocytic
cells [66, 67].
The present data also show that NF-κB pathway inhibition by Triptolide and Resveratrol
significantly down modulates the CCL4 expression in THP-1 monocytic cells at both
mRNA and protein levels. This is also consistent with our previous findings of significant
suppression in the palmitate-induced MMP-9 expression in human monocytic cells following
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NF-κB pathway inhibition (55). Another study also showed that LPS-induced cytokines/
chemokines gene expression was dependent on the activation of NF-κB [68]. Activation of
NF-κB was found to be responsible, at least in part, for IL-1β-induced CCL4 expression in the
human hepatocytes [69]. We further show that TNF-α treatment of THP-1 monocytic cells
leads to upregulation of the NF-κB/AP-1 activity. Taken together, it implies that TNF-α driven
CCL4 expression in THP-1 human monocytic cells involves the SAPK/JNK (MAPK) and NF-κB
dependent signaling. These data may have pathologic and immunobiological significance of
the plausible role of TNF-α/CCL4 axis in metabolic inflammation.
Conclusion

In summary, data from the present study support the regulatory role of proinflammatory
cytokine TNF-α as a driver of CCL4 expression in human monocytic cells and macrophages
through the mechanisms that involve SAPK/JNK and NF-κB signaling pathways. These findings
unravel new aspects of the inflammatory role of TNF-α through the CCL4 upregulation.
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