INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 40: 1495-1503, 2017

MAPK/p38 regulation of cytoskeleton rearrangement accelerates
induction of macrophage activation by TLR4, but not TLR3
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Abstract. Toll-like receptor 3 (TLR3) and TLR4 utilize
adaptor proteins to activate mitogen-activated protein kinase
(MAPK), resulting in the acute but transient inflammatory
response aimed at the clearance of pathogens. In the present
study, it was demonstrated that macrophage activation by
lipopolysaccharide (LPS) or poly(I:C), leading to changes in
cell morphology, differed significantly between the mouse
macrophage cell line RAW?264.7 and mouse primary peri-
toneal macrophages. Moreover, the expression of a- and
B-tubulin was markedly decreased following LPS stimulation.
By contrast, a- and 3-tubulin expression were only mildly
increased following poly(I:C) treatment. However, the expres-
sion of B-actin and GAPDH was not significantly affected.
Furthermore, it was verified that vincristine pretreatment
abrogated the cytoskeleton rearrangement and decreased the
synthesis and secretion of proinflammatory cytokines and
migration of macrophages caused by LPS. Finally, it was
observed that the MAPK/p38 signaling pathway regulating
cytoskeleton rearrangement may participate in LPS-induced
macrophage cytokine production and migration. Overall, the
findings of the present study indicated that MAPK/p38 regula-
tion of the cytoskeleton, particularly tubulin proteins, plays an
important role in LPS-induced inflammatory responses via
alleviating the synthesis and secretion of proinflammatory
cytokines and inhibiting the migration of macrophages.

Introduction
Innate immune signaling receptors play a pivotal role in

defense against invasion by pathogenic microorganisms
or tissue damage (1). Toll-like receptors (TLRs), as one of
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the important innate immune signaling receptors, initiate
complicated signaling pathways leading to acute but tran-
sient inflammatory responses aimed at the clearance of
pathogens and cellular debris (2). TLR3 and TLR4 recruit
TIR-domain-containing adapter-inducing interferon-f3 (TRIF)
and/or MyD88, leading to the expression of proinflamma-
tory cytokines and the induction of interferon (IFN)-f (2,3).
Although proinflammatory cytokines and IFN-f are essen-
tial for resistance against invading pathogens, uncontrolled
TLR3/4 activation by poly(I:C)/lipopolysaccharide (LPS)
and production of proinflammatory cytokines, such as tumor
necrosis factor (TNF)-a, interleukin (IL)-6 and IFN-f are
the main cause of septic shock (4). Therefore, elucidating the
mechanisms underlying the production of these cytokines is
crucial for developing treatments for such conditions.

The cytoskeleton plays an important role in modulating
cell morphology, migration and division through contractile
ring formation and certain intracellular signaling pathways (5).
Recent studies have provided evidence supporting the
importance of the cytoskeleton in immunocytes, including
macrophage-, B-cell- and dendritic cell-mediated inflam-
mation (6-8). poly(I:C) and LPS are two TLR3/4 agonists
commonly used to induce macrophage activation and
investigate the effect of other signaling molecules in cellular
responses (3). However, the role of the cytoskeleton in the
TLR3/4 signaling pathway inducing macrophage activation
has not been clearly determined.

Vincristine (VCR) is a vinca alkaloid extracted from the
plant Catharanthus roseus (9), which has long been used as
a chemotherapeutic agent for the treatment of childhood and
adult acute lymphocytic leukemia, Hodgkin's and non-Hodg-
kin's lymphoma, and various solid tumors, including germ cell
tumors, small-cell lung cancer, Ewing's sarcoma, neuroblas-
toma, breast cancer, melanoma and multiple myeloma (10,11).
VCR may lead to microtubule depolymerization via binding
to the tubulin protein in a dose-dependent manner, similar to
colchicine (12). However, the effect of VCR on macrophage
activation by poly(I:C) and LPS has not been fully elucidated.

The aim of the present study was to demonstrate that
macrophage activation, leading to cytokine production and
changes in cell morphology, differs significantly between LPS
and poly(I:C). In addition, tubulin expression was decreased
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following LPS stimulation. By contrast, tubulin expression
was somewhat increased following poly(I:C) treatment.
There was no significant effect on the expression of f-actin
and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) in
LPS- or poly(I:C)-induced macrophages. Furthermore, it was
observed that VCR pretreatment represses the cytoskeleton
rearrangement in macrophages and reduces the production of
proinflammatory cytokines and cell migration caused by LPS.
In addition, it was demonstrated that the mitogen-activated
protein kinase (MAPK)/p38 signaling pathway plays a pivotal
role in cytoskeleton rearrangement leading to cytokine produc-
tion and macrophage invasion induced by LPS.

Materials and methods

Reagents and preparation. LPS (Escherichia coli,055:B5) was
obtained from Sigma-Aldrich (Merck KGaA, St. Louis, MO,
USA; cat. no. L2880). poly(I:C) was obtained from InvivoGen
(San Diego, CA, USA; cat. no. tlrl-picw). VCR was purchased
from Dalian Meilun Biotech Co.,Ltd. (Dalian, Liaoning, China;
cat. no. 2068-78-2). Mouse monoclonal antibodies to GAPDH
(cat. no. 60004-1-Ig), B-actin (cat. no. 60008-1-1g), a-tubulin
(cat. no. 66031-1-1g) and p-tubulin (cat. no. 66240-1-1g) were
purchased from Proteintech Group, Inc. (Rosemont, IL,
USA). LPS and poly(I:C) were dissolved and diluted with
corresponding liquid according to the manufacturer's instruc-
tions. The VCR was stored as powder at room temperature.
For cytology experiments, VCR was dissolved in a stock solu-
tion of sterile deionized H,O to a concentration of 1 mg/ml.
For further experiments, stock solution was diluted in sterile
deionized with H,O or Dulbecco's modified Eagle's medium
(DMEM; Gibco-BRL; Thermo Fisher Scientific, Grand Island,
NY, USA) containing 10% fetal bovine serum (FBS; Gibco®
Sera; Thermo Fisher Scientific, Newcastle, Australia) to a final
concentration working solution of 10, 20, 50, 100, 300, 500 and
1,000 ng/ul.

Mice and cells. Male C57BL/6] mice, 6-8 weeks old, were
obtained from the Animal Research Committee of the Institute
of Biology and Cell Biology (Shanghai, China) and housed in
a specific pathogen-free environment. The animal room was
kept at 20-22°C under a 12-h light/dark cycle. All animal
experiments were conducted in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals, with the approval of the Scientific Investigation
Board of the Medical School of Shandong University (Jinan,
China). Mouse primary peritoneal macrophages were prepared
as previously described (3). The mouse macrophage cell
line RAW?264.7 was obtained from American Type Culture
Collection (Manassas, VA, USA) and cultured in DMEM
containing 10% (v/v) FBS, 100 U/ml penicillin and 100 pg/
ml streptomycin (Gibco-BRL; Thermo Fisher Scientific,
Grand Island, NY, USA). The cell lines were maintained at
37°C in a humidified incubator with 5% CO,. RAW264.7 cells
were stimulated with 100 ng/ml LPS or 20 pg/ml poly(I:C)
for different times, with or without pretreatment with VCR or
MAPK pathway inhibitors.

RNA extraction and quantification. Total RNA was extracted
using TRIzol reagent (Invitrogen; Thermo Fisher Scientific,
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Carlsbad, CA, USA) according to the manufacturer's instruc-
tions, and reverse transcription was performed using a Takara
reverse transcription kit (Takara, Shiga, Japan). The expression
of IL-6, TNF-a and IFN-f3 was quantified using SYBR Premix
Ex Tap™, with GAPDH as an internal normalized reference.
The specific sequences of the primers used were as previously
described (3,13). Quantitative polymerase chain reaction
(qPCR) was performed under the following conditions: 95°C
for 30 sec, followed by 45 cycles at 95°C for 5 sec, 60°C for
5sec, 72°C for 5 sec and 65°C for 20 sec, using the LightCycler
Real-time PCR system (Roche Diagnostics, Indianapolis, IN,
USA) as previously described (14).

Enzyme-linked immunosorbent assay (ELISA). The cell
culture supernatants were collected, and the concentration of
IL-6 (cat. no. KMCO0061) and TNF-a (cat. no. KMC3011) were
measured using a commercially available ELISA kit (all from
Invitrogen; Thermo Fisher Scientific), in accordance with the
manufacturer's instructions.

Boyden chamber assays. The Boyden chamber was obtained
from Corning, Inc. (Corning, NY, USA; cat. no. 3422). DMEM
(600 ul) with 10% FBS was added to the lower chamber. Next,
RAW?264.7 cells were collected and washed with DMEM. The
cells were resuspended in 200 ul of DMEM with/without VCR
and/or LPS, and then seeded to the upper chamber at a concen-
tration of 2x10° cells/well. Following incubation for 20 h at
37°C in a humidified incubator with 5% CO,, the Boyden
chamber was fixed with 4% paraformaldehyde. Non-migrated
cells on the upper surface of the filter were removed with a
cotton swab and the cells that traversed and spread on the lower
surface of the membrane were stained with hematoxylin. The
filter was dehydrated with gradient alcohol and dried at room
temperature. These membranes were sealed using neutral gum
and cell invasiveness was observed under a light microscope
as previously described (14).

Cell counting kit-8 (CCK-8) assay. Cell proliferation was
evaluated using CCK-8 (Dojindo Molecular Technologies,
Inc., Kumamoto, Japan). Cells were seeded at a density of
3x10*/well in 96-well plates and were then treated with VCR
at different concentrations. After 0,2, 4, 8, 12,24,36 and 48 h,
20 ul of CCK-8 solution was added to each well and incubated
at 37°C for 1 h. At the end of the incubation, the optical density
was read at 450 nm using a microplate reader (Thermo Fisher
Scientific, Waltham, MA, USA). The mean values were deter-
mined from different wells as previously described (14).

Confocal microscopy analysis. RAW264.7 cells were
grown on coverslips and stimulated with 100 ng/ml LPS or
20 pug/ml poly(I:C) for 24 h at 37°C, with or without VCR
pretreatment. Non-adherent cells were then washed away
with phosphate-buffered saline (PBS). The cells were fixed
in 4% paraformaldehyde for 15 min and permeabilized with
0.1% Triton X-100. After blocking with 10% bovine serum
albumin (BSA) in PBS for 2 h at room temperature, they were
incubated with primary antibodies against a-tubulin, $-tubulin
and phalloidin-FITC (50 pg/ml; cat. no. P5282; Sigma Aldrich;
Merck KGaA) for 1 h atroom temperature, followed by washing
3 times with PBS for 5 min/time. Cells were incubated with
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secondary antibodies (cat. no. CA11005s; Invitrogen; Thermo
Fisher Scientific) for 1 h at room temperature in the dark,
except for the phalloidin-FITC staining groups, followed by
washing 3 times with PBS for 5 min/time. Cell nuclei were
stained with DIPA for 8 min and washed 3 times with PBS
for 5 min/time. After sealing the coverslips with neutral gum,
images were captured using a high sensitivity laser scanning
confocal microscope (LSM780; Zeiss, Jena, Germany) with
the appropriate filters and laser (488, 561 and 633 nm) and a
x63 objective lens.

Simple western assays. Cells were lysed with the CelLytic™
Cell Lysis Reagent (Sigma Aldrich; Merck KGaA) supple-
mented with a protease inhibitor cocktail; the protein
concentrations were measured on a Multiskan GO microplate
reader (Thermo Fisher Scientific) using the bicinchoninic acid
assay and BSA standards (Pierce, Rockford, IL, USA), and the
volumes were then made equal using the extraction reagent.
Automated capillary western blot analyses were performed
according to the ProteinSimple user manual provided by the
manufacturer. In brief, cell lysate samples were diluted with
1X sample buffer to 0.2 mg/ml; the diluted samples were
then mixed at 1:4 ratio with 5X master mix (ProteinSimple)
containing 1X fluorescent molecular weight markers, sodium
dodecyl sulfate and dithiothreitol, and were then incubated
at 98°C for 10 min for protein denaturation. The biotinylated
ladder, treated samples, blocking buffer, primary antibodies,
horseradish peroxidase-conjugated secondary antibodies,
luminol-peroxidase 1:1 mix and wash buffer were dispensed
to designated assay plate with 13-Capillary Cartridge
(PS-CC02). Chemiluminescence was detected at 5, 15, 30, 60,
120, 240 and 480 sec. All the primary antibodies were used at
1:50 dilution for simple western blot analysis.

Statistical analysis. All data are presented as the result of three
or four independent experiments. All data are expressed as
mean + standard deviation, and analyzed via one-way analysis
of variance and two-tailed Student's t-test using SPSS 16.0
statistical software (SPSS, Inc., Chicago, IL, USA). In all
cases, P-values <0.05 were considered to indicate statistically
significant differences.

Results

LPS stimulation, but not poly(I:C) stimulation, leads to
changes in macrophage morphology. In order to investigate
the possibly different mechanism of TLR3/4-induced macro-
phage activation, the mouse macrophage cell line RAW264.7
and mouse primary peritoneal macrophages were stimulated
with LPS or poly(I:C) at different timepoints. First, the acti-
vating effect of LPS or poly(I:C) was examined by PCR using
IL-6 and IFN-f, well-known downstream molecules in the
signaling pathway of TLR3/4. As shown in Fig. 1A and B, the
synthesis of IL-6 and IFN-f3 was markedly increased with LPS
or poly(I:C) stimulation. The expression of other cytokines,
such as TNF-a and inducible nitric oxide synthase, was also
upregulated (Fig. 1A). However, surprisingly, the expression of
the abovementioned cytokines induced by poly(I:C) stimula-
tion was always lower compared with that of the LPS group at
any given timepoint. Moreover, TLR3 and TLR4 expression
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was detected with the PCR assay, and TLR3 and TLR4 were
found to be expressed in RAW264.7 cells and mouse primary
peritoneal macrophages, although the level of TLR3 was lower
compared with that of TLR4 (Fig. 1C). In addition, there was
a major distinction between the two groups regarding cell
morphology. As shown in Fig. 1D, the cells stimulated by LPS
were more stretched and developing multiple pseudopodia or
flattened. In sharp contrast, poly(I:C)-induced cells maintained
their round morphology, without marked changes compared
with the unstimulated group. Subsequently, cytoskeleton rear-
rangement following LPS or poly(I:C) treatment was observed
using a confocal microscope. As shown in Fig. 1E, the cyto-
skeleton was found to be markedly rearranged via staining
of the a- and B-tubulin and F-actin. Finally, the expression
of cytoskeletal proteins (a- and B-tubulin and p-actin) and
non-cytoskeletal proteins (GAPDH) was evaluated following
LPS or poly(I:C) stimulation using simple western assays.
Surprisingly, LPS stimulation significantly reduced a- and
[B-tubulin expression, but not that of 3-actin and GAPDH. By
contrast, o- and B-tubulin expression were mildly increased,
whereas there was no significant effect on the expression of
B-actin and GAPDH following poly(I:C) stimulation (Fig. 1F).
Taken together, these data indicate that cytokine and cyto-
skeletal protein expression and cell morphology differed
significantly following TLR3/4-induced macrophage activa-
tion.

VCR pretreatment represses the cytoskeleton rearrangement
induced by LPS. VCR may combine with tubulin, actin and
10-nm filament proteins to inhibit cytoskeletal rearrangement,
and plays an important role in the cytoskeleton and signaling
pathways, such as colchicine. Therefore, in order to further
confirm the effect of cell morphological changes on macro-
phage activation induced by LPS, the mouse macrophage
cell line RAW264.7 was pretreated with gradually increasing
concentrations of VCR for 30 min, and then stimulated
with 100 ng/ml LPS for 12 or 24 h. As shown in Fig. 2A, a
concentration as low as 10 ng/ml was able to significantly
inhibit LPS-induced cell morphological changes and the
cells maintained a round shape, rather than developing cyto-
plasmic projections. Furthermore, cytoskeleton rearrangement
following VCR pretreatment was observed using a confocal
microscope. As shown in Fig. 2B, the arrangement of a- and
[B-tubulin and F-actin was found to be disordered and the cyto-
skeleton rearrangement was significantly inhibited following
VCR pretreatment and LPS stimulation for 24 h. Taken
together, these data indicate that VCR pretreatment repressed
the cytoskeleton rearrangement induced by LPS.

VCR pretreatment reduces the synthesis and secretion of
cytokines and attenuates the migration of macrophages. To
investigate the status of macrophage activation during the
inhibition of cell morphological changes, the expression and
secretion of TNF-a and IL-6 was detected with PCR and
ELISA. As shown in Fig. 3A and B, in RAW264.7 cells, VCR
priming markedly decreased the expression and secretion of
IL-6 in a dose-dependent manner. However, VCR priming
diminished the secretion of TNF-a, but not its expression. As
shown in Fig. 3C and D, the expression and secretion of IL-6
and TNF-a were all decreased in mouse primary peritoneal
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Figure 1. Lipopolysaccharide (LPS) stimulation, but not poly(I:C) stimulation, led to changes in macrophage morphology. (A) RAW264.7 cells and (B) mouse
primary peritoneal macrophages (PM) were stimulated with LPS (100 ng/ml) or poly(I:C) (20 ug/ml) for 0,4, 8, 12 and 24 h, and interleukin (IL)-6, interferon
(IFN)-B, tumor necrosis factor (TNF)-a and inducible nitric oxide synthase (iNOS) expression was detected with quantitative polymerase chain reaction
(PCR). "P<0.05, “P<0.01, ""P<0.001, “P<0.05 and *P<0.01. (C) Toll-like receptor (TLR)3 and TLR4 expression was detected with the PCR assay in RAW264.7
cells and mouse PM. (D) The expression of a- and f-tubulin and $-actin and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were measured at indicated
timepoints with simple western assays. Similar observations were obtained from three independent experiments. (E) After RAW264.7 cells were stimulated
with LPS (100 ng/ml) or poly(I:C) (20 pg/ml) for 24 h, a- and B-tubulin and F-actin were stained and detected using a confocal microscope. (F) Cell mor-
phology was observed under a light microscope after LPS (100 ng/ml) or poly(I:C) (20 ug/ml) treatment for 24 h (original magnification, x100).

macrophages during VCR pretreatment. Macrophage inva-
sion is a key factor in the inflammatory response; hence, their
invasion ability was detected with Boyden chamber assays.
As shown in Fig. 3E, macrophage invasion was significantly
accelerated following LPS stimulation. However, only few cells
invaded through the filter membrane in the poly(I:C) group.
VCR pretreatment remarkably abrogated macrophage invasion
caused by LPS, but not poly(I:C). Taken together, these data
indicate that VCR pretreatment inhibited the LPS-induced
cytokine expression and secretion and attenuated invasion in
macrophages.

VCR treatment at low concentrations and for a short time
does not inhibit cell proliferation. In order to verify that the
inhibition of proinflammatory cytokine expression and secre-
tion and cell invasion in RAW264.7 macrophages by VCR

pretreatment was not due to VCR decreasing cell proliferation,
the macrophages were pretreated with increasing concentra-
tions of VCR (0, 10, 20, 50, 100, 300, 500 and 1,000 ng/ml). As
shown in Fig. 4A, high or low concentrations of VCR did not
significantly affect cell proliferation within 12 h. However, over
time, VCR at =100 ng/ml achieved a higher cell mortality rate.
Following VCR primed for 36 h, low concentrations of VCR
were also cytotoxic to a certain extent. As shown in Fig. 4B,
VCR at <50 ng/ml did not significantly affect the cell count for
24 h. However, the cytotoxic effect was markedly increased at
VCR concentrations of =100 ng/ml. Taken together, these data
indicate that VCR pretreatment at low doses and for a short
time did not significantly affect cell proliferation and activity.

The MAPK/p38 signaling pathway plays a predominant role in
cytoskeleton rearrangement by augmenting cytokine produc-
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Figure 2. Vincristine (VCR) inhibits cell morphological changes induced by lipopolysaccharide (LPS). (A) After RAW264.7 cells were primed for 30 min
with VCR at different concentrations, followed by treatment for 12 and 24 h with LPS (100 ng/ml), cell morphology was observed under a light microscope
(original magnification, x100). (B) After RAW264.7 cells were primed for 30 min with VCR at 50 ng/ml followed by treatment for 24 h with LPS (100 ng/ml),
a- and B-tubulin and F-actin were stained and detected using a confocal microscope. Similar observations were obtained from three independent experiments.

tion induced by LPS. TLR4 initiates the MyD88-dependent
and -independent pathway that involves TRAF6 to activate the
MAPK signaling pathway, resulting in phosphorylation of the
extracellular signal-regulated kinase (ERK), p38 and c-Jun
N-terminal kinase (JNK), with subsequent nuclear transloca-
tion to regulate proinflammatory cytokine transcription (15).
PD98059, SB203580 and SP600125 are effective inhibitors
downregulating the phosphorylation level of MAPK signaling
pathway molecules (16). To determine the role of the MAPK
signaling pathway in cytoskeleton rearrangement caused by
LPS, the macrophages were respectively pretreated with these
inhibitors for 30 min, and then stimulated with 100 ng/ml LPS.
As shown in Fig. 5A, ERK, p38 and JNK phosphorylation
were markedly increased following LPS stimulation, which
was consistent with previously reported data on LPS inducing
MAPK activation (16). Treatment with the abovementioned
inhibitors significantly attenuated LPS-induced ERK, p38 and
JNK phosphorylation. Next, the effect of these inhibitors on
LPS-induced cytokine expression was further investigated.
As shown in Fig. 5B, LPS increased the levels of IL-6 and
IFN-f mRNA following stimulation for 4 h. This increase

was reversed by treatment with SB203580 and SP600125, but
not PD98059. Furthermore, the effect of these inhibitors on
macrophage morphology was assessed. As shown in Fig. 5C,
LPS induced cell stretching after stimulation for 12 and 24 h.
This effect was abrogated by treatment with SB203580, but not
PD98059 and SP600125. Moreover, the phosphorylation level
of p38 and p65 was measured after VCR pretreatment followed
by LPS stimulation. As shown in Fig. 5D, p38 phosphorylation
was lower following VCR pretreatment; however, there was
little change in the phosphorylation of p65. Taken together,
these data indicate that the MAPK/p38 signaling pathway may
play a prominent role in cytoskeleton rearrangement leading to
cytokine production induced by LPS.

Discussion

The present study demonstrated a striking difference in
cytokine production and cell morphology between LPS- and
poly(I:C)-induced macrophage activation. Stimulation by
LPS, but not poly(I:C), significantly decreased tubulin protein
expression, leading to cytoskeleton rearrangement, while the
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Figure 3. Vincristine (VCR) pretreatment reduced the synthesis and secretion of cytokines and cell migration caused by lipopolysaccharide (LPS).
(A and B) RAW264.7 cells were primed for 30 min with VCR atdifferent concentrations and then treated for 0,4 and 8 h with 100 ng/m1 LPS. (A) Interleukin (IL)-6
and tumor necrosis factor (TNF)-a expression was measured by quantitative polymerase chain reaction (PCR). ““P<0.001, "P<0.05, "P<0.01, “P<0.05 and
&&p<0.01. (B) Secretion of IL-6 and TNF-a. in the cell culture supernatants was determined by ELISA (""P<0.001, “P<0.05, “P<0.01, ¥P<0.05 and ¥¢P<0.01).
(C and D) Peritoneal macrophages were primed for 30 min with VCR at different concentrations and then treated for 0,4 and 8 h with 100 ng/m1 LPS. (C) IL-6
and TNF-a expression was measured by quantitative PCR ("P<0.001, “P<0.05, P<0.01, ¥P<0.05 and “4P<0.01). (D) Secretion of IL-6 and TNF-a in the
cell culture supernatants was determined by ELISA (""P<0.001, “P<0.05, “P<0.01, “P<0.05 and ““P<0.01). The data are shown as mean =+ standard deviation
of triplicate samples. (E) After RAW264.7 cells and peritoneal macrophages (PM) were primed for 30 min with 50 ng/ml VCR and then treated for 20 h
(RAW264.7) or 36 h (PM) with 100 ng/ml LPS and poly(I:C) (20 ug/ml), migrated cells on the lower surface of the membrane were stained with hematoxylin

(original magnification, x200). Similar observations were obtained from three independent experiments. PBS, phosphate-buffered saline.

expression of actin and GAPDH were not significantly affected.
VCR, a drug accelerating microtubule depolymerization via
tubulin binding, was found to inhibit cytoskeleton rearrange-
ment in LPS-induced macrophages, decrease the production of
proinflammatory cytokines and diminish macrophage migra-
tion. Furthermore, the MAPK/p38 signaling pathway may
play a prominent role in cytoskeleton rearrangement leading
to cytokine production induced by LPS. Our data suggest that
the cytoskeleton regulates LPS-induced macrophage activa-
tion via the MAPK/p38 signaling pathway.

Macrophages represent a heterogeneous population of
immune cells with various functions in body homeostasis
and disease initiation, maintenance and resolution (17,18).
Macrophages express a myriad of pattern recognition recep-
tors (PRRs), including TLRs, that enable them to rapidly
respond to pathogen infections and to coordinate innate
and adaptive immunity (2,13). Disturbances in macrophage
function may lead to abnormal repair, such as uncontrolled

production of inflammatory and growth mediators, deficient
production of anti-inflammatory macrophages, or failed
communication between macrophages and other non-immune
cells, all of which are conducive to a status of persistent
injury (18). Therefore, it is particularly important to elucidate
the mechanism underlying macrophage activation. TLRs are
membrane-associated PRRs that consist of an ectodomain
with leucine-rich repeats (LRR) that mediate interactions with
activator and coreceptors, a transmembrane region, and an
intracellular TIR signaling domain (19). TLR3/4 are the main
PRRs for recognition of Gram-negative bacterial LPS (20,21)
and viral dsRNA (22). Their binding to corresponding ligands
leads to accumulation of intracellular TIR domains to enable
recruitment of adapter proteins by TLR dimerization. The
MyD88-dependent signaling pathway is activated by TLR4
from the cell surface (23), and then TLR4 translocates into the
endosome in a GTPase- and CD14-dependent manner to trigger
the TRIF-dependent signaling pathway that activates the
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Figure 4. Vincristine (VCR) treatment at low concentration and for a short time did not inhibit cell proliferation. (A) The proliferation of RAW264.7 cells was
assayed over a 48 h period with VCR of different concentration, and the data shown are means = SD from 3 independent experiments (“P<0.01 and ““P<0.001).
(B) RAW264.7 cells were primed for 24 h with VCR at different concentrations, and cell morphology was observed under a light microscope (original
magnification, x100). Similar observations were obtained from three independent experiments. OD, optical density.
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Figure 5. Mitogen-activated protein kinase (MAPK)/p38 signaling pathway inhibitor pretreatment repressed cytoskeleton rearrangement and production of
interleukin (IL)-6 and interferon (IFN)-f. (A-C) RAW264.7 cells were primed for 30 min with PD98059, SB203580 and SP600125, and then stimulated with
100 ng/ml lipopolysaccharide (LPS). (A) The levels of non-phosphorylated and phosphorylated extracellular signal-regulated kinase (ERK), p38 and c-Jun
N-terminal kinase (JNK) in the lysates were detected by immunoblotting. (B) IL-6 and IFN-f3 expression was measured by quantitative polymerase chain
reaction (“P<0.05, ““P<0.001 and "P<0.01). (C) Cell morphology was observed under a light microscope (original magnification, x100). RAW264.7 cells
were primed for 30 min with vincristine (VCR) and stimulated with 100 ng/ml LPS for 30 min. Subsequently, p38 and p65 phosphorylation were detected by
immunoblotting (D). Similar observations were obtained from three independent experiments. DMSO, dimethyl sulfoxide.
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TBKI-IRF3 to induce production of type=I IFNs. TLR3 only
utilizes the TRIF-dependent signaling pathway (19). The TLR
signaling pathway is regulated at multiple levels, such as the
expression of TLR (24), TLR signal complex assembly, ubiq-
uitination and phosphorylation of associated proteins (25,26),
induction of negative and positive regulators (13,26,27), and
epigenetic and post-transcriptional modification regula-
tion (28,29). It was observed that the expression and secretion
of IL-6, TNF-a and IL-12 p40 and p70 were always lower
during poly(I:C) compared with LPS stimulation in previous
studies (16,30,31). Consistently, in the present study, it was
demonstrated that IL-6 and IFN-f expression following
poly(I:C) stimulation were always lower compared with LPS
stimulation at any given timepoint, although the reason for this
difference remains unclear.

The cytoskeleton plays a central role in cell morphology main-
tenance, cell migration and division, and organelle movement and
localization; in addition, it is involved in intra- and extracellular
signal transduction. The three elementary structural compo-
nents of the cytoskeleton are microtubules, microfilaments and
intermediate filaments via the polymerization and assembling of
different monomers. These polymers undergo continual turnover
and rearrangement and specifically bind different proteins to
yield their respective functions. In the present study, a significant
difference in cell morphology was observed between LPS and
poly(I:C)-induced macrophage activation. LPS stimulation, but
not poly(I:C) stimulation, significantly decreased tubulin protein
expression, leading to cytoskeleton rearrangement. VCR, a
drug accelerating microtubule depolymerization by binding to
tubulin, inhibits cytoskeleton rearrangement in LPS-induced
macrophages, decreasing the production of proinflammatory
cytokines and diminishing cell migration. Thus, it was validated
that cytoskeleton regulated LPS- but not poly(I:C)-induced
macrophage activation. In addition, actin and GAPDH were
found to be more stable as internal reference compared with
tubulin in detecting the change in the expression of other proteins
during LPS-induced macrophage activation.

The MAPK intracellular signaling pathway is a key
mediator of TLR3/4-induced signal transduction. MAPKs,
including ERK, p38 and JNK, regulate the synthesis of inflam-
matory mediators at the transcriptional and translational levels
through NF-kB activation (32,33). In the present study, it
was demonstrated that pretreatment with PD98059, an EKR
inhibitor, did not affect cytokine expression mediated by the
MAPK/ERK signaling pathway. Similarly, it was observed
that SB203580, a p38 signaling pathway inhibitor, repressed
cytoskeleton rearrangement in LPS-induced macrophages
and led to inhibition of the production of proinflammatory
cytokines. PD98059 and SP600125, MAPK/ERK and JNK
signaling pathway inhibitors, respectively, exerted no effect on
cytoskeleton rearrangement leading to cytokine production. In
previous studies, the MAPK signaling pathway was found to
participate in tubulin and/or actin polymerization, regulating
migration of vascular smooth muscle cells (34), podocyte
response to ox-LDL (35) and hepatocellular cholestasis induced
by oxidative stress (36). In addition, it was demonstrated that
p38 phosphorylation, but not p65 phosphorylation, was ablated
following VCR priming and LPS stimulation compared with
LPS alone. In conclusion, our results demonstrated that the
cytoskeleton played a different role in LPS- and poly(I:C)-
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induced macrophage activation. The MAPK/p38 signaling
pathway, but not ERK and JNK, promoted cytoskeleton
rearrangement in LPS-induced macrophage to promote the
production of proinflammatory cytokines and cell migration.
Given the pathological role of the macrophage inflammatory
response in certain autoimmune diseases, VCR at low doses
may be of therapeutic value in the treatment of autoimmune
diseases with uncontrolled inflammatory response. In addi-
tion, due to the differences in the stability of cytoskeletal
proteins, particularly tubulin, in LPS- and poly(I:C)-induced
macrophage activation, GAPDH was used as an internal
control to determine the expression level of the other proteins.
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