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Global air pollution has become a major threat to
human  health.  Daily  variations  in  air  pollution  have
been  linked  to  increased  risks  of  cardiopulmonary-
related  morbidity  and  mortality.  In  particular,  fine
particulate  matter  (PM)  with  an  aerodynamic
diameter  ≤  2.5  μm  (PM2.5),  which  mostly  originates
from  coal  combustion,  vehicle  exhaust,  and  open
sources  in  Chinese  cities,  is  detrimental  to  health[1].
Epidemiological  and  experimental  investigations
have  demonstrated  that  long-term  exposure  to
PM2.5, the most dangerous particulate in the Earth’s
atmosphere,  is  a  pivotal  risk  factor  for
cardiorespiratory diseases.

Long-term  exposure  to  PM2.5  induces  an  excess
of  reactive  oxygen  species  (ROS)  and
proinflammatory  cytokine  production,  which  are
critical  for  PM2.5-mediated  toxicity.  Studies  on
human subjects and animal models have shown that
PM2.5  exposure  results  in  local  and  systemic
inflammation[2].  However,  the  molecular
mechanisms  underlying  the  PM2.5-induced
inflammatory  response  have  not  been  elucidated.
Nuclear  factor  NF-(κB)  signaling,  which  is  crucial  for
inflammation, is activated by numerous factors, such
as  toll-like  receptor  (TLR)  ligands  of
lipopolysaccharides  (LPS),  hypoxia,  and  tumor
necrosis  factor  (TNF)-α.  Furthermore,  excessive ROS
production  can  activate  the  inhibitor  of  NF-κB  (IκB)
kinase (IKK) isoforms, including IKKα and IKKβ. These
isoforms phosphorylate IκBα to release transcription
factors such as NF-kBp65 and subsequently promote
its  nuclear  translocation,  leading  to  the  production
of  proinflammatory  cytokines  such  as  interleukin
(IL)-6  and  IL-8[3].  Moreover,  the  TLR  protein  family
plays  a  fundamental  role  in  pathogen  recognition

and  innate  immune  activation.  Various  TLRs  exhibit
different patterns of expression, and upon activation
by  stimuli,  they  mediate  immune  responses  by
triggering  a  cascade  of  distinct  events.  TLR4,  the
receptor  that  mobilizes  NF-κB,  and  promotes
inflammatory cytokine production,  has been proven
to play a key role in inflammatory responses,  which
directly activates downstream signaling pathways by
interacting  with  myeloid  differentiation  primary
response  88  (MyD88),  further  degrading  IκBα  and
decreasing  phosphorylated  NF-κB  levels[4].
Therefore, in the present study, we investigated the
toxicological  properties  of  PM2.5  collected  in  an
urban area of China (Changchun) and elucidated the
underlying  toxicological  mechanisms,  such  as  the
regulation  of  the  expression  of  NF-κB,  MyD88,  and
TLR4 proteins,  focusing mainly on inflammation and
oxidative  stress  in  macrophages.  Our  findings  may
provide new insights into the molecular mechanisms
of  PM2.5  exposure  toxicity  and  aid  in  the  design  of
new therapeutic strategies to prevent PM2.5-induced
toxicity.

The  cell  viability  measured  using  the  methyl
thiazolyl tetrazolium (MTT) reduction assays showed
concentration-dependent  decreases  following  PM2.5
exposures  in  RAW264.7  cells,  which  could  be
attributed  to  an  increase  in  extracellular  lactate
dehydrogenase  (LDH)  release  from  the
macrophages.  The  MTT  reduction  assay  measures
the  redox  activity  of  living  cells,  whereas  the  LDH
assay measures the activity of LDH released into the
medium  from  dead  cells.  In  addition,  Ca2+  overload
may  excessively  activate  the  Ca2+/calmodulin-
dependent  pathways  under  a  variety  of  pathologic
conditions, leading to cellular damage[5]. The viability
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of  the  RAW264.7  cells  was  measured  after  48  h  of
treatment  with  PM2.5,  which  showed  significant
cytotoxicity at high concentrations with a decreased
conversion  of  MTT  to  the  formazan  derivative.
Compared  with  the  control  group,  the  cell  viability
was  significantly  decreased  in  groups  treated  with
PM2.5 50,  100,  200,  and 400 μg/mL (Figure 1A).  The
decreased  cell  viability  may  be  correlated  with  a

variety  of  factors,  such  as  increased  cell  death  or
decreased  cell  proliferation.  To  clarify  the
characteristics  of  PM2.5-induced  cytotoxicity,
intracellular  LDH  release  and  cytosolic  [Ca2+]i  were
determined.  We  found  that  PM2.5  triggered
significantly  higher  LDH  release  from the  cytoplasm
and increased [Ca2+]i  in  treated cells  than in  control
cells  at  a  PM2.5  concentration  of  100  μg/mL  and
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Figure 1. Cytotoxic effects on RAW264.7 cells  exposed to PM2.5 at different concentrations for 48 h. (A)
MTT assay, LDH leakage and Ca2+ concentration; (B) The effects of PM2.5 on the apoptotic rate based on
flow cytometry; (a) Controls, (b) PM2.5 50 μg/mL, (c) PM2.5 100 μg/mL, (d) PM2.5 200 μg/mL, (e) PM2.5 400
μg/mL, (f) Quantification of apoptosis. Values are expressed as the mean ± SEM (n = 6). *P < 0.05, **P <
0.01, compared with control.
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above,  as  shown  in  Figure  1A.  Collectively,  the
elevated  LDH  leakage,  increased  [Ca2+]i  and
decreased  MTT  metabolic  activity  induced  by  PM2.5
at  100  μg/mL  and  above  indicated  increased  cell
death. The flow cytometric apoptosis results showed
that  PM2.5 noticeably  activated apoptosis  in  a  dose-
dependent  manner  (P  <  0.01).  These  results
indicated  that  PM2.5  differentially  impacted  cell
apoptosis.  Based  on  the  results  of  the  cell  viability
assay,  cell  apoptosis  was  examined  in  RAW264.7
cells treated with PM2.5 50, 100, 200, and 400 μg/mL.
The  results  showed  that  PM2.5  treatment  increased
apoptosis in RAW264.7 macrophages, as shown. Our
results  clearly  demonstrated that  exposure to PM2.5
at  a  concentration  of  100  μg/mL  and  above  could
significantly  induce  ROS  generation,  decrease  cell
viability,  trigger  additional  LDH  release  from  the
cytoplasm,  and  increase  [Ca2+]i  and  the  percentage
of  cells  in  the  G2/M  phase,  which  might  cause  cell
damage  through  oxidative  stress.which  might  cause
cell damage through oxidative stress.

Long-term  exposure  to  PM2.5  can  induce
excessive  reactive  oxygen  species  (ROS)  and
proinflammatory  cytokine  production,  which  are
critical for PM2.5-mediated toxicity[1]. Indeed, studies
on  human  subjects  and  animal  models  have  shown
that  PM2.5  exposure  results  in  local  and  systemic
inflammation[6].  However,  the  molecular
mechanisms  underlying  the  PM2.5-induced
inflammatory  response  have  not  been  elucidated.

Nuclear  factor  NF-(κB)  signaling,  which  is  crucial  for
inflammation, is activated by numerous factors, such
as  toll-like  receptor  (TLR)  ligands  of
lipopolysaccharides  (LPS),  hypoxia,  and  tumor
necrosis  factor  (TNF)-α.  Furthermore,  excessive ROS
production  can  activate  the  inhibitor  of  NF-κB  (IκB)
kinase (IKK) isoforms, including IKKα and IKKβ. These
isoforms phosphorylate IκBα to release transcription
factors such as NF-kBp65 and subsequently promote
its  nuclear  translocation,  leading  to  the  production
of  proinflammatory  cytokines  such  as  interleukin
(IL)-6  and  IL-8.  Hence,  the  proinflammatory
cytokines TNF-α and IL-6 were detected to assess the
inflammatory  response  of  macrophages  to  PM2.5
exposure[7].  On  this  basis,  the  concentrations  of  the
proinflammatory cytokines TNF-α and IL-6 in the cell
culture  medium  were  analyzed  using  commercially
available  enzyme-linked  immunosorbent  assay
(ELISA)  kits,  and  the  intracellular  ROS  level  was
detected  using  the  oxidation-sensitive  fluorescent
dye  2ʹ,7ʹ-dichlorodihydrofluorescein.  The  results
showed  that  PM2.5  at  concentrations  of  100  μg/mL
and above resulted in the elevated release of TNF-α
levels compared to controls (P < 0.05, P < 0.01, and
P  <  0.01).  These  data  indicated  that  high
concentrations  of  PM2.5  increased  TNF-α  levels
approximately  3-fold  that  of  unexposed  controls
(Figure  2A).  The  IL-6  release  showed  a  similar
pattern (at a concentration of 100 μg/mL and above
approximately  3  times  over  those  with  nonexposed
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Figure 2. (A)  Tumor  necrosis  alpha (TNF-a)  production  (ng/L)  in  RAW 264.7  cells;  (B)  interleukin-6  (IL-6)
production (ng/L) in RAW 264.7 cells; (C) intracellular reactive oxygen species (ROS) levels in RAW264.7
cells. Values are mean ± S.E.M. (n = 6). *P < 0.05, **P < 0.01, compared with control.
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controls)  to  that  observed  with  TNF-α  (Figure  2B).
The  intracellular  ROS  level  showed that  PM2.5  at  50
μg/mL and above increased the levels of intracellular
ROS, with PM2.5 showing the strongest effects at 400
μg/mL  in  Figure  2C.  These  results  indicated  that
exposure  to  PM2.5  could  lead  to  the  production  of
proinflammatory cytokines.

In  addition,  the  inflammatory  reaction  is  a
common pathological process of numerous diseases.
For  example,  serious fibrosis  development is  always
associated  with  the  upregulation  of  inflammatory
responses,  induced  mainly  by  the  activation  of  the
NF-κB and mitogen-activated protein kinase (MAPK)
signaling  pathways[8].  Moreover,  the  TLR  family  of
proteins  plays  a  fundamental  role  in  pathogen
recognition  and  the  activation  of  innate  immunity.
The  various  TLRs  exhibit  different  patterns  of
expression, and upon activation by stimulation, they
mediate  immune  responses  by  triggering  a  cascade
of distinct events. TLR4 has been shown to play a key
role  in  the  inflammatory  response  by  acting  as  a
receptor  for  mobilizing  NF-κB  and  promoting  the
production  of  inflammatory  cytokines[9].  It  directly
activates  downstream  signaling  pathways  by
interacting  with  myeloid  differentiation  primary

response  88  (MyD88),  further  degrading  IκBα  and
decreasing  phosphorylated  NF-κB  levels[10].
Moreover,  in  fibrosis,  inflammation-related  cell
infiltration is the key target of antifibrosis �research[4].
Based  on  this  knowledge,  we  investigated  whether
PM2.5-induced  inflammatory  responses  in  mouse
macrophages  were  mediated  via  activation  of  the
TLR4  and  NF-κB  signaling  pathways.  Western  blots
were  performed  in  Figure  3B  to  investigate  the
protein  expression  levels  of  NF-κB,  which  were
significantly  increased  after  PM2.5  treatment
compared with  the controls  (P <  0.01),  especially  at
400  μg/mL,  2.98-fold  over  those  with  nonexposed
controls.  The  Western  blot  analysis  in  Figure  3C
shows  that  the  protein  expression  levels  of  MyD88
were  significantly  increased  after  PM2.5  treatment
compared with  the controls  (P <  0.01),  especially  at
400 μg/mL, which was approximately 3 times that of
the  nonexposed  controls.  As  shown  in  Figure  3D,
compared with the controls, the levels of TLR4 were
markedly increased after PM2.5 treatment compared
with the controls (P < 0.01), especially at 400 μg/mL,
which  was  approximately  three  times  higher  than
that  of  the  unexposed  control  group.  The  results
showed  that  PM2.5  stimulated  the  TLR4/NF-
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Figure 3. PM2.5  regulates  the  TLR4/MyD88/NF-κB  pathway  in  RAW  264.7  cells.  Western  blot  (A)  and
analysis  of  NF-κB  (B),  MyD88 (C),  TLR4  (D).  Values  are  in  the  form of  means  ±  SEM (n  =  6).  Values  are
mean ± SEM (n = 6). *P < 0.05, **P < 0.01, compared with control.
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κB/MyD88  signaling  pathway,  which  enhanced
phosphorylated  NF-κB  levels  and  proinflammatory
cytokine  release  and  potentially  accelerated  lung
injury.

In  the  present  study,  we  demonstrated  that
PM2.5  induced  early  response  ROS  generation,
decreased  cell  viability,  triggered  cytoplasmic  LDH
release, and increased [Ca2+]i  and the percentage of
G2/M  cells,  possibly  causing  cell  damage  through
oxidative stress. Additionally, high concentrations of
PM2.5 (200 and 400 μg/mL) significantly increased IL-
6 and TNF-α levels and promoted NF-κB, MyD88, and
TLR4  protein  expression  compared  to  unexposed
controls.  These  findings  show  that  atmospheric
environmental  PM2.5  in  Changchun  city  causes
inflammation  and  oxidative  stress  in  macrophages
via  TLR4/NF-κB/MyD88  signaling  pathways.  Our
findings  provide  new  insights  into  the  molecular
mechanisms  underlying  PM2.5  toxicities  and  may
facilitate  the  development  of  novel  preventative
strategies.
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