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Abstract The peak occurrence of Mycoplasma pneumoniae
(M. pneumoniae) infections in childhood and haze episodes is
concurrent. Together, the prevalence of macrolide-resistant
M. pneumoniae varies among countries might also be related
to the concentration of ambient fine particulate mass (aerody-
namic diameter ≤2.5 μm, PM2.5). Numerous cohort studies
have identified consistent associations between ambient
PM2.5 and cardiorespiratory morbidity and mortality. PM2.5

is a carrier of the heavy metals. The relationship between
PM2.5-associated metals and M. pneumoniae infections in
childhood has been increasingly drawing public attention.
First, we reviewed original articles and review papers in
Pubmed and Web of Science regarding M. pneumoniae and
PM2.5-associated metal and analyzed the structural basis of
PM2.5-associated metal interaction with M. pneumoniae.

Then, the possible mechanisms of action between them were
conjectured. Mechanisms of oxidative stress induction and
modulation of the host immune system and inflammatory re-
sponses via Toll-like receptors (TLRs) and/or the nuclear
factor-kappa B (NF-κB) pathway are postulated to be the re-
sult of PM2.5-associated metal complex interaction with
M. pneumoniae. In addition, a heavy metal effect on
M. pneumoniae-expressed community-acquired respiratory
distress syndrome (CARDS) toxin, and activation of the aryl
hydrocarbon receptor (AhR) and TLRs to induce the differen-
tiation of T helper (Th) cells are also regarded as important
reasons for the influence of the heavy metals on the severity of
M. pneumoniae pneumonia and the initial onset and exacer-
bation ofM. pneumoniae associated asthma. PM2.5-associated
metals via complex mechanisms can exert a great impact on
the host through interaction with M. pneumoniae.
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Introduction

Mycoplasma pneumoniae (M. pneumoniae) infection is the
dominant cause of pneumonia in childhood (Chiang et al.
2007; Atkinson et al. 2008; He et al. 2013). Although it has
been nearly 70 years sinceM. pneumoniaewas first isolated in
tissue culture from the sputum of a patient with primary atyp-
ical pneumonia, the pathogenesis ofM. pneumoniae infection
is still not fully clear. This organism causes a variety of clinical
presentations from self-limiting to life-threatening, from pul-
monary to extrapulmonary, and can even cause community
outbreaks similar to influenza. Macrolides are commonly rec-
ommended for treatment of microbiologically defined
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M. pneumoniae infection. However, there is a major concern
that macrolide-resistantM. pneumoniae have increased locally
and is spreading throughout the world. In East Asia,
macrolide-resistant M. pneumoniae rapidly increases and will
become the cause of the majority of clinically proven
M. pneumoniae in both children and adults. For example, over
90 % of isolated M. pneumoniae in China is macrolide resis-
tant, while no macrolide-resistent M. pneumoniae is found in
the Netherlands. Generally, it becomes highly prevalent in
East Asian countries including China, Japan, and South
Korea , whi le being a medium or low prevalent
M. pneumoniae in North America and Europe, respectively.
Macrolide-resistantM. pneumoniae is reportedly more preva-
lent in children, and the predominant point mutation found is
A2063G in domain V of 23S rRNA. The prevalence of
macrolide-resistant M. pneumoniae varies among countries
and age groups (Table 1) (Averbuch et al. 2011; Akaike
et al. 2012; Miyashita et al. 2012; Spuesens et al. 2012;
Uldum et al. 2012; Yamada et al. 2012; Yoo et al. 2012;

Dumke et al. 2013; Eshaghi et al. 2013; Pereyre et al. 2013;
Wu et al. 2013; Zhao et al. 2013; Saraya et al. 2014).

The reasons for the regional differences in macrolide-
resistant M. pneumoniae have not been elucidated. In our
opinion, this might be related to the concentration of ambient
fine particulate mass (aerodynamic diameter ≤2.5 μm; PM2.5).
For example, the rural background concentrations of PM2.5 in
Europe seem to be in general quite uniform at between 11 and
13 μg/m3, and considerably lower than urban background
levels (around 15–20 μg/m3), which in turn are lower than
PM2.5 annual averages at traffic sites (typical range 20–
30 μg/m3) (data before 2005) (WHO 2006). According to
the relevant literatures: Munich and Wesel (Germen)
October 2008 to November 2009, Augsburg (Germany)
2011–2012, Dresden (Germany) 2011–2012, Ljubljana
(Slovenia) 2012–2013, and Prague (Czech Republic) 2012–
2013, the mean and standard deviation of the air pollutants for
PM2.5 were 14.8±2.2, 14.9±9.8, 16.2±13.8, 20.7±14.3, and
16.2 ±11.6 μg/m3, respectively (Liu et al. 2015; Lanzinger

Table 1 Proportion of macrolide-resistant Mycoplasma pneumonia

country age year proportion

China All ages 2012

2011

2010

2009

2008

Taiwan Child 2011

2010

Japan Child 2009-2011

-15

16-19 2008-2011

20-

South Korea Child 2011

Adult

Israel All ages 2010-2011

Canada All ages 2010-2012

USA All ages 2007-2010

France All ages 2011

Germany All ages 2009-2012

Denmark All ages 2010-2011

Netherland All ages 1997-2008
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et al. 2015). The average PM2.5 concentrations in the USA
were 12.5 μg/m3 in 2002, with 90 % of the sites having
PM2.5 levels <16 μg/m3 (WHO 2006). During August 2000
to February 2004, daily PM2.5 levels in Connecticut/
Massachusetts region (USA) averaged 14.0 μg/m3 (Bell
et al. 2014). The mean and standard deviation of the acute
(2-day moving average) PM2.5 and the chronic (1-year
exposure) PM2.5 across the North East USA for 2000–2009
were 11.1 ± 6.8 and 12.9 ± 2.2 μg/m3, respectively (Kloog
et al. 2015). However, fine particles are responsible for most
visibility problems in Asia. Measurements in the center of
Beijing show PM2.5 concentrations averaging just over
100 μg/m3. The monthly average concentrations varied be-
tween 61 and 139 μg/m3. During air pollution episodes, daily
mean PM2.5 values can reach 300 μg/m3 (WHO 2006; Liang
et al. 2014). Especially, the monitor showed the concentration
of PM2.5 got to amazing 886 μg/m3 in 2013 (Yu et al. 2013).

Together, although M. pneumoniae is endemic throughout
the year, the peak occurrence of these illnesses is in fall and
winter (Foy 1993; Layani-Milon et al. 1999). Notably, haze
episodes always appear concurrently. Numerous cohort stud-
ies have identified consistent associations between ambient
PM2.5 and cardiorespiratory morbidity and mortality (WHO
2013; Alessandria et al. 2014; Cakmak et al. 2014; Sarnat
et al. 2015; Traversi et al. 2015). PM2.5 is a carrier of the heavy
metals, it is established that exposure to heavy metals is asso-
ciated with lower lung function and higher prevalence of re-
spiratory symptoms and diseases in local residents, especially
children (Zheng et al. 2013, 2016; Zeng et al. 2016). From the
data difference of the concentration of PM2.5-associated
metals in Europe, North America, and China (Table 2)
(Duan and Tan 2013; Cakmak et al. 2014; Fuertes et al.
2014), which is a surprising positive correlation with regional
differences in macrolide-resistant M. pneumoniae. We specu-
late that PM2.5-associated metals play important role during
child M. pneumoniae infections. In this review, we focus on
the interaction of M. pneumoniae with 11 common PM2.5-
associated metals, including iron (Fe), copper (Cu), chromium
(Cr), vanadium (V), cadmium (Cd), arsenic (As) (although As
is not a heavy metal, considering its health effect, it is
discussed as a heavy metal (oid) in the context), lead (Pb),
nickel (Ni), mercury (Hg), zinc (Zn), and manganese (Mn),
and discuss the possible mechanisms of action.

Methods

The structural basis of PM2.5-associated metal interaction
with M. pneumoniae

M. pneumoniae is a unique organism that lacks a cell
wall. It attaches to ciliated respiratory epithelial cells at
the base of the epithelia by interactive adhesins and

accessory proteins clustered at the tip of the organelle.
Specifically, M. pneumoniae attaches to the bronchial ep-
ithelial cells via P1 adhesin, P30, and other structures
(high-molecular-weight protein 1 (HMW1), HMW2,
HMW4, HMW5, P90, and P65). Cytadherence of
M. pneumoniae in the respiratory tract is the initial event
in infection. The infection process is associated with the
release of a soluble hemolysin, hydrogen peroxide
(H2O2), superoxide radicals (O2−•) and the pertussis-like
community-acquired respiratory distress syndrome
(CARDS) toxin which results in interference with the in-
tegrity of the respiratory epithelium. The surface-
associated pyruvate dehydrogenase (PDH) subunits might
also play a role by interaction with human plasminogen
(Saraya et al. 2014; Gründel et al. 2015). Furthermore,
because mycoplasmas lack cell walls, they do not contain
known pathogen-associated molecular patterns (PAMPs)
such as those corresponding to lipopolysaccharide
(LPS), peptidoglycan (PGN), or lipoteichoic acid. These
findings suggested that lipoproteins are key factors of
M. pneumoniae-induced inflammatory responses and
facilitate the development of pneumonia in humans
(Shimizu et al. 2014). Pattern recognition receptors
(PRR) are essential for innate immunity to invading path-
ogens. One of the best-characterized groups of PRR is the
family of Toll-like receptors (TLRs). TLRs are expressed
on many cell types, including professional antigen pre-
senting cells (APCs), such as dendritic cells (DCs) and
macrophages, as well as T cells, B cells, and airway epi-
thelial cells, to recognize microorganisms and to induce
innate immune responses and subsequent acquired immu-
nity (Gururajan et al. 2007; Jin et al. 2012; Kawasaki and
Kawai 2014). Among the reported TLR family members,
TLR2, TLR4, TLR5, and TLR9 have been implicated in
the recognition of different bacterial components. In par-
ticular, lipoprotein from various microorganisms is recog-
nized by TLR2. These TLR family members have been
also shown to activate nuclear factor-kappa B (NF-κB)
via interleukin-1R (IL-1R)-associated signal molecules,
including myeloid differentiation protein (MyD88),
interleukin-1 receptor-activated kinase (IRAK), tumor ne-
crosis factor (TNF) receptor-associated factor 6 (TRAF6),
and NF-κB-inducing kinase (NIK) (Shimizu et al. 2014).
It is well known that NF-κB induces transcription of a
number of important genes. Many of the NF-κB-targeted
genes are pivotal in mediating cell-to-cell interaction, in-
tercellular communication, cell recruitment or transmigra-
tion, amplification or spreading of primary pathogenic
signals, and initiation or acceleration of carcinogenesis
(Chen and Shi 2002). Therefore, cytadherence of invading
mycoplasmas to the respiratory epithelium, localized host
cell injury, and overaggressive inappropriate immune re-
sponses appear to contribute to the pathogenesis of
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M. pneumoniae infection (Shimizu et al. 2014). PM2.5 has
increasingly been shown to be more harmful to human
health than larger particles, since the smaller particles
have more potential to be deposited in the respiratory
bronchioles, the alveoli and even penetrate the blood-gas
barrier as a result of greater penetration (Gao et al. 2015).
The respiratory tract provides necessary and sufficient
conditions for PM2.5-associated metal interactions with
resident M. pneumoniae. Compared to adults, children
are a demographic of special concern, as they represent
a population at increased risk for air pollution–related
respiratory conditions because of their biologic character-
istics (e.g., immature lungs and immune system, higher
breathing rates) and behavior (e.g., more time spent
outdoors) (Ostro et al. 2009). So PM2.5-associated metal
interaction with M. pneumoniae can exert a greater impact
on them.

Strategy, criteria, and procedures for the literature search

A systematic literature search was performed in Pubmed and
ScienceDirect data base platforms. The search was extended

to the last two decades (from August 1993 to June 2015).
Indexing terms used for searching were M. pneumoniae and
PM2.5-associated metals, including Fe, Cu, Cr, V, Cd, As, Pb,
Ni, Hg, Zn, and Mn. We focused on the possible mechanisms
of action between them. Inclusion criteria included the follow-
ing: (1) M. pneumoniae produces a soluble hemolysin, H2O2

and O2
−•, which produce oxidative stress in the respiratory

epithelium (Saraya et al. 2014). Correspondingly, the litera-
tures involve in Bmetal^ and Boxidative stress^. (2)
M. pneumoniae modulates the host immune system and in-
flammatory responses via TLRs and/or the NF-κB pathway.
Relatively, the studies relate to Bmetal^, BTLR^, and/or
BNF-κB^. (3) M. pneumoniae synthesizes the pertussis-like
CARDS toxin. The C-terminal domain of CARDS toxin in-
teracts with the host protein annexin A2 (AnxA2), a member
of the annexin family of proteins that is comprised of divalent
calcium [Ca(II)]- and phospholipid-binding proteins
(Somarajan et al. 2014). Comparatively, the reports refer to
Bmetal^, BCa(II) homeostasis^, and/or BCa(II)-binding
proteins^. (4) The differentiation of T helper (Th) cells could
impact the severity of M. pneumoniae pneumonia and the
initial onset and exacerbation of M. pneumoniae associated

Table 2 The concentrations of atmosphere heavy metals in Europe, North America, and China

Atmosphere
heavy metal
(ng/m3)

Europea North Americaa Chinab

Stockholm,
Sweden
(October
2008 to
February
2010)

Rome,
Italy
(October
2008 to
February
2010)

Ruhr,
Germany
(October
2008 to
February
2010)

Catalonia,
Spain
(October
2008 to
February
2010)

Greater
Manchester,
UK (October
2008 to
February
2010)

The
Netherlands
(October
2008 to
February
2010)

Boston,
Massachusetts,
USA (January
2003 to
September
2008)
Metropolitan
Area

Sault Ste.
Marie,
Ontario,
Canada
(2010
summer)
near the
steel
plant

On the
college
campus

Averaged
levels

Cu 3.1 (1.4) 13.0 (3.9) 4.4 (1.1) 6.2 (2.3) 2.0 (0.6) 3.1 (1.1) 2.3 (3.1) 117.0

Fe 141.0
(53.1)

252.8
(80.7)

155.6
(17.9)

154.9
(60.1)

70.4 (20.1) 79.8 (27.3) 59.2 (30.6) 394.0
(310.0)

85.2
(68.0)

Cr 85.7

Ni 1.5 (0.1) 1.6 (0.4) 2.6 (0.4) 0.6 (0.1) 1.9 (0.8) 2.3 (2.1) 1.6 (3.0) 0.5 (0.3) 29.0

V 1.4 (0.2) 2.8 (0.2) 1.7 (0.1) 2.0 (1.1) 1.1 (0.1) 3.1 (1.3) 2.7 (3.1) 2.3 (4.5) 0.6 (0.4) 17.9

Cd 0.2 (0.3) 0.06
(0.04)

13.2

As 1.2 (1.1) 0.4 (0.2) 51.0

Pb 2.1 (1.9) 6.0 (6.6) 1.3 (1.0) 261.0

Zn 10.8 (1.0) 22.5 (4.7) 31.2 (6.6) 24.6 (9.2) 11.4 (1.3) 21.0 (6.2) 10.8 (8.6) 34.3
(45.0)

11.1
(11.0)

424.5

Mn 2.0 (1.4) 13.5 (9.6) 2.5 (1.8) 198.8

Although As is not a heavy metal, considering its health effect, it is discussed as a heavy metal (oid) in the table

Data were presented by Mean (SD), except China (Mean)

PM2.5 particles with aerodynamic diameters less than 2.5 μg/m3 , SD standard deviation, Cu copper, Fe iron, Cr chromium, Ni nickel, V vanadium, Cd
cadmium, As arsenic, Pb lead, Zn zinc, Mn manganese
aMetals in PM2.5

bMetals in atmosphere
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asthma (Wu et al. 2008; Saraya et al. 2014; Huang et al. 2015).
Parallelly, the articles touch on Bmetal^, BTh^, BAhR^, and/or
BTLR^. The rest were excluded.

Results and discussion

Through data analysis and synthesis of results above, we con-
jecture the possible mechanisms as follows:

(1) Induction of oxidative stress
M. pneumoniae produces a soluble hemolysin, H2O2

and O2
−•, which produce oxidative stress in the respira-

tory epithelium, resulting in both structural and function-
al deterioration of cilia (Saraya et al. 2014).

Oxidative stress is also thought to be an important
mechanism through which particulate air pollution con-
tributes to adverse health effects. The metal content of
PM2.5 is a logical candidate in exploring specific com-
ponents that contribute to cardiorespiratory morbidity
(Cakmak et al. 2014). Generally, heavy metals can in-
duce oxidative stress by increasing the production of
reactive oxygen species (ROS) and depletion of antiox-
idant reserves (Chen et al. 2011). Detailed studies in the
past two decades have shown that redox-active metals
such as Fe, Cu, Cr, V, cobalt (Co), titanium (Ti), and
other metals undergo redox cycling reactions and possess
the ability to produce reactive radicals such as O2

−• and
nitric oxide (NO•) in biological systems. Disruption of
suchmetal ion homeostasis may involve formation of the
O2

−•, hydroxyl radical (OH•) (mainly via Fenton reac-
tion) and other ROS. On the other hand, redox inactive
metals, such as Cd, As, Pb, Ni, and Hg, exert their toxic
effects via bonding to sulfhydryl groups in proteins and
depletion of glutathione (Valko et al 2005; Ani et al.
2007; Jomova and Valko 2011). Interestingly, for As,
the oxidation of trivalent arsenic [As(III)] to pentavalent
arsenic [As(V)], under physiological conditions, also re-
sults in the formation of H2O2 (a source of damaging
OH•) (Jomova and Valko 2011). Other redox inactive
metals, such as Cd, are unable to generate free radicals
directly. However, indirect formation of ROS and reac-
tive nitrogen species (RNS), involving O2

−•, OH•, and
NO•, has been reported (Waisberg et al 2003). An inter-
esting mechanism explaining the indirect role of Cd in
free radical generation was presented, in which it was
proposed that Cd can replace Fe and Cu in various cyto-
plasmic and membrane proteins (e.g., ferritin,
apoferritin), thus increasing the amount of unbound free
or poorly chelated Cu and Fe ions participating in oxida-
tive stress via Fenton reactions (Price and Joshi 1983).
Most intriguingly, Zn is generally regarded as a redox
inert metal and does not participate in oxidation-

reduction reactions. Zn’s function as an antioxidant in-
volves two different mechanisms: (i) the protection of
sulfhydryl groups of proteins against free radical attack
and (ii) reduction of free radical formation through pre-
vention mechanisms involving antagonism of redox-
active transition metals, such as Fe and Cu (Bray and
Bettger 1990). Together, divalent zinc [Zn(II)] is also
an important co-factor of superoxide dismutase (SOD),
which plays an important role in the degradation of pro-
inflammatory ROS (Stafford et al. 2013). However, de-
spite the fact that Zn is an essential nutrient and vital to
many physiological processes, exposure of human air-
way epithelial cells (HAECs) to Zn(II) leads to multiple
oxidative effects that are exerted through H2O2-depen-
dent and -independent mechanisms (Wages et al. 2014).
Like Zn, Mn is an essential element. It actively partici-
pates in important enzymatic reactions for cellular func-
tion. As a SOD metal co-factor, Mn ion also involves
catalytic conversion of O2

−• and H2O2. Nevertheless,
continuous exposure to high concentrations of this metal,
mainly through inhalation, may produce alterations in
the central nervous system (Riojas-Rodríguez et al.
2010; Kim et al. 2014). It is feasible that manganese
can generate oxidative products when exposed within
the cell to potential oxidizing agents, such as dopamine
or Fe. This could be a mechanism for manganese neuro-
toxicity (Zheng et al. 2013). In addition, with respect to
the particular species, metal oxides are substances tradi-
tionally considered to be relatively inert chemically, but
despite this, in very small (ultrafine) size ranges, these
particles have been linked with significant oxidative
stress-mediated toxicity. Some metals, such as Zn oxide,
will dissolve in the body (Cassee et al. 2013). Notably,
phagocytosis-induced ROS is an immediate response oc-
curring within the first 30min of particle uptake, whereas
TLR signaling promotes a slower accumulation of ROS,
which is derived from the mitochondria (Stafford et al.
2013). Furthermore, aryl hydrocarbon receptor (AhR)
ligands have been shown to increase ROS production,
perhaps as the consequence of increased expression of
AhR target genes, cytochrome P4501A1 (CYP1A1), and
a member of the membrane nicotinamide adenine dinu-
cleotide phosphate (NADPH) oxidase complex,
p40phox, while divalent cadmium [Cd(II)], As(III),
hexavalent chromium [Cr(VI)], and divalent lead
[Pb(II)] can interact with the metal ligation function of
the AhR (Hemdan et al. 2013; Huang et al. 2015).

Therefore, PM2.5-associated metals can increase pro-
duction of ROS and deplete of antioxidant reserves by
multiple pathways. The overwhelming of body antioxi-
dant mechanisms by increased ROS productionmay lead
to oxidative stress and subsequently induce DNA dam-
age, lipid peroxidation, protein modification, and other
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effects, all symptomatic of numerous diseases involving
cancer, cardiovascular disease, diabetes, atherosclerosis,
neurological disorders (Alzheimer’s disease, Parkinson’s
disease), chronic inflammation, and others (Jomova and
Valko 2011).

In a word, the PM2.5-associated metals and
M. pneumoniae could produce synergistic effects for ox-
idative stress induction.

(2) Modulation of the host immune system and inflammato-
ry responses via TLRs and/or the NF-κB pathway

Lipoproteins from various Mycoplasma species have
potent inflammatory properties. Three lipoproteins/
lipopeptides of M. pneumoniae origin, macrophage-
activating lipopeptide-2 (MALP-2), P48, and M161Ag
(identical to MALP-404), reportedly modulate the host
immune system via TLR2/TLR6 signaling. Shimizu
et al. reported that the mycoplasma-derived lipoproteins
NF-κB-activating lipoprotein 1 (N-ALP1)/N-ALP2 and
F0F1-ATPase activate NF-κB via TLR1, 2 and TLR1, 2,
6 signaling, respectively. Stimulation of these TLRs has
been shown to produce chemokines that promote lym-
phocyte and neutrophil trafficking and inflammation in
the lung (Saraya et al. 2014). Shimizu et al. (2014) re-
ported cytadherence of M. pneumoniae induces inflam-
matory responses through TLR4 and autophagy. Saraya
et al. (2014) also demonstrated that the severity of the
M. pneumoniae pneumonia depends on host innate im-
munity to M. pneumoniae, which might be accelerated
by antecedent M. pneumoniae exposure (re-exposure or
latent respiratory infection) through upregulation of
TLR2 expression on bronchial epithelial cells and alve-
olar macrophages.

Meanwhile, in mice, instillation of PM2.5, in a dose-
dependent manner, induces a Th1/Th2 cells shift in in-
flammatory responses and upregulates TLR2 and TLR4
on alveolar macrophages (Zhao et al. 2012). ROS also
stimulate TLR2 and TLR4 through MyD88-dependent
pathways, inducing cellular damage and elevated levels
of damage-associated molecular patterns (DAMPs)
(Hansel and Barnes 2009). Dagher et al. (2007) reported
that the transition metals (i.e., Fe, aluminum (Al), Pb,
Mn, Zn) and organic compounds (i.e., volatile organic
compounds (VOC), polycyclic aromatic hydrocarbons
(PAH)) present in PM2.5 can be involved in the induction
of several physiopathological processes (i.e., oxidative
stress, gene expression, and protein secretion of inflam-
matory mediators and apoptotic events) through activa-
tion of the NF-κB/inhibitory kappa B (IκB) complex in
lung target cells. The metal content of PM2.5 is also
regarded as a logical target in exploring these effects.
Metal ions can activate TLR signaling similar to
bacteria-derived PAMPs. Likewise, metal ions can func-
tion as haptens activating the adaptive immune system

similar to bacterial derived antigens (Pajarinen et al.
2014). Schmidt et al. (2010) reported that divalent nickel
[Ni(II)] triggers an inflammatory response by directly
activating human TLR4. Ni(II)-induced TLR4 activation
is species-specific; studies with mutant TLR4 proteins
revealed that the non-conserved histidines 456 and 458
of human TLR4 are required for activation by Ni(II).
Balbi et al. (2014) reported that in mussels (at least 15
mussels in quadruplicate for each condition) exposed for
96 h to either nanosized titanium dioxide (n-TiO2)
(100 μg/L nominal concentration levels, corresponding
to 60 μg/LTi on a mass basis), or Cd(II) (100 μg/L) and
to both n-TiO2 and Cd(II) at the same concentrations,
neither contaminant alone affected mRNA levels for
the toll-like receptor isoform (TLR-i), whereas a dramat-
ic decrease was observed with the mixture (−80 % with
respect to controls). A much more substantial literature
has documented effects of Zn on signaling and inflam-
matory output in immune cells. Such effects are likely to
be an important component of Zn-mediated host defense.
Zn regulates inflammatory gene expression through mul-
tiple pathways, including protein tyrosine phosphoryla-
tion, mitogen-activated protein kinases (MAPKs), pro-
tein kinase C (PKC), phosphodiesterases (PDEs), and
NF-κB, many of which lie downstream of TLRs. A
reoccurring theme in Zn signaling is that Zn concentra-
tions are critical; while low concentrations may be re-
quired for the activation of a specific pro-inflammatory
signaling pathway, high concentrations can suppress the
same pathway (Stafford et al. 2013). Following 10 weeks
of exposure to Hg via drinking water, Assefa et al. (2012)
found that Hg exposure significantly enhances the ex-
pression of TLR4 and activates p38 MAPK and NF-κB
pathways in vole livers. Zelnikar et al. (2014) demon-
strated that V potentiates TLR4 activity by increasing
hepatocyte growth factor-regulated tyrosine kinase sub-
strate (Hrs) phosphorylation status, reducing the size of
Hrs/TLR4-positive endosomes and impacting TLR4
degradation, thus contributing to the detrimental effects
of air pollutants on human health.

Accumulating evidence suggests that manymetals are
able to affect the activation or activity of the NF-κB
transcription factor. To date, the results are not straight-
forward. Both activation and inhibition of NF-κB by
metals have been reported. In the human bronchial epi-
thelial cell line BEAS-2B, Chen et al. observed that the
activation of NF-κB byAs(III) occurred in a very narrow
dose range. A 5- to 6-fold induction of NF-κB-dependent
reporter gene activity was observed by As(III) at concen-
trations of 6–12 μM. In contrast, a substantial inhibition
of NF-κB by As(III) was observed at concentrations
higher than 25 μM. Obviously, at physiologically rele-
vant dose ranges, As(III) is not an inhibitor but rather an
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activator for NF-κB. In airway epithelial cells, studies by
Jaspers et al. indicated that As(III) activated NF-κB
through an alternative mechanism that did not require
the inducible degradation of IκBα and the nuclear trans-
location of NF-κB proteins. Mechanistic studies, using
wild-type and sek1 [stress-activated protein kinase
(SAPK)/extracellular-signal-regulated kinase (ERK) ki-
nase] gene knockout mouse embryo stem cells, sug-
gested that As(III)-mediated activation of NF-κB occurs
through a signaling pathway that involves SEK1
(MKK4)-c-Jun N-terminal kinase (JNK). Neither ERK
nor p38 is required for As(III)-induced NF-κB activa-
tion. In contrast to these studies, several reports suggest
that As(III) inhibits NF-κB by either interfering with
DNA binding of NF-κB or directly inactivating IκB ki-
nase (IKK). Pentavalent vanadium [V(V)] activates
NF-κB in virtually all types of cells. Studies by
Schieven et al. indicated that the activation of NF-κB
by V(V) might be tyrosine kinase-dependent. Studies
by Imbert et al. indicated that the activation of NF-κB
by V(V) occurs independently of IκBα degradation.
However, several other studies suggest that V(V) does
induce degradation of IκBα after the phosphorylation of
serine or tyrosine. Cr(VI) is able to activate NF-κB at
lower concentrations (<50 μM) in T cells, macrophages,
and bronchial epithelial cells. The final concentration of
Cr(VI) is critical for this metal to induce or inhibit
NF-κB. The inhibitory effect of Cr(VI) at higher concen-
trations (>50 mM) on NF-κB may be due to cytotoxic
effects on cells or interference with the DNA binding
activity of NF-κB. Chen et al. demonstrated that Cr(VI)
activated NF-κB at 5–10 μM in human bronchial epithe-
lial cells cultured at a relatively high cell density, possi-
bly through activating IKK. Chen et al. further showed
that activation of NF-κB protects cells from Cr(VI)-in-
duced cytotoxicity (Chen and Shi 2002). Many of Pb’s
effects on the immune system might be explained
through activation of the transcription factor, NF-κB. It
was shown that Pb at physiologically relevant concentra-
tions activates NF-κB in primary human CD4+ T lym-
phocytes. Pb-induced activation of NF-κB is blocked by
antibodies for p65 and p50 subunits, but not by cRel,
indicating that the p65:p50 heterodimer (NF-κB) is in-
volved (Kudrin 2000). Chen et al. (2014) reported high
levels (20 or 30 μM) of Cd exposure on normal human
bronchial BEAS-2B cells can significantly upregulate
the protein levels of eukaryotic translation initiation fac-
tor 5A1 (eIF5A1) and redox-sensitive transcription fac-
tor NF-κB p65. Moreno et al. (2008) reported direct
stimulation of cyclic guanosine monophosphate
(cGMP) synthesis and activation of mitogen-activated
protein (MAP) kinase signaling pathways underlies the
capacity of Mn to augment NF-κB-dependent gene

expression in astrocytes. Shionome et al. (2013) reported
Ni(II) ions can reduce NF-κB activity. The inhibitory
effect of Ni(II) ions is attributed to the prevention of
p50 subunit accumulation to the nucleus. The direct re-
quirement for Zn in activating NF-κB has been demon-
strated in T cells. However, an extensive literature has
also documented inhibitory effects of Zn on NF-κB ac-
tivation, both in vitro and in vivo. In the latter case, this
also correlated with reduced TNF expression and liver
injury, an effect that was metallothionein (MT)-indepen-
dent. Others have also reported that Zn exerts protective
effects in vivo by limiting NF-κB activation during in-
nate immune responses. Multiple mechanisms of NF-κB
inhibition have been identified. Direct inhibition of
IKKβ by Zn has been reported, while others have also
shown that Zn indirectly inhibits IKKβ via cGMP-
dependent activation of protein kinase A (PKA)
(Stafford et al. 2013). Kenneth et al. (2014) demonstrated
that elevated Cu is a general inhibitor of NF-κB activity
induced by multiple stimuli, with both canonical and
non-canonical NF-κB blocked by excess Cu levels.

Furthermore, heavy metals can also modulate NF-κB
by ROS. General, ROS seem to play a dual role in par-
ticipating NF-κB activation cascade. On one hand, a
number of reports suggest that NF-κB can be activated
by a variety of ROS that causes oxidative stress. It has
been realized for decades that oxidative stress is the ma-
jor effect of toxic metals on cellular events (Chen and Shi
2002). Gius et al. (1999) summarize the available re-
search evidences suggest that ROS act as a common
second messenger following cellular exposure to agents
that induce NF-κB activation. However, Kenneth et al.
(2014) demonstrated elevated intracellular Cu blocks
NF-κB gene transcription by increasing the production
of intracellular ROS that results in the inhibition of IKK-
dependent phosphorylation of IκBα.

In sum, bothM. pneumoniae and heavy metals could
modulate the host immune system and inflammatory re-
sponse via TLRs and/or the NF-κB pathway.

(3) Impact of the heavy metals on CARDS toxin
M . p n e um o n i a e s y n t h e s i z e s a n ADP -

ribosyltransferase, similar to pertussis toxin, known as
the CARDS toxin, which binds to surfactant protein A
and enters host cells by clathrin-mediated endocytosis.
CARDS toxin produces ciliostasis and nuclear fragmen-
tation, and stimulates production of proinflammatory cy-
tokines to cause an acute cellular inflammatory reaction,
leading to airway damage (Atkinson and Waites 2014).
Somarajan et al. (2014) recently showed that the C-
terminal domain of CARDS toxin interacts with the host
protein AnxA2, a member of the annexin family of pro-
teins that is comprised of Ca(II)- and phospholipid-
binding proteins that exhibit many signaling functions.
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The interaction between CARDS toxin and AnxA2 like-
ly plays an important role in the observed localized and
disseminated inflammation and tissue pathologies asso-
ciated with M. pneumoniae infections. Exposure to the
heavy metals Cd(II), Pb(II), or methylmercury (MeHg)
results in neurotoxicity in both humans and laboratory
animals, while developing organisms are generally more
susceptible than adults to the neurotoxic effects of these
metals. The mechanisms of neurotoxicity of these metals
have not been elucidated. However, each of these metals
disrupts neuronal function by altering the function of
multiple cellular proteins and Ca(II) homeostatic mech-
anisms (Shafer 1998). Furthermore, intake of Cd and Pb
modulates the activity or deregulates the expression of
Ca(II)-binding proteins (Zhang et al. 2011). In addition,
it is well established that accumulation of ROS lead to
cytosolic Ca overload (Temsah et al. 1999; Gen et al.
2001; Viste et al. 2005; Song et al. 2006; Wagner et al.
2011). ROS can also impair the function of Ca-
regulatory protein. The mechanisms, however, are in-
completely understood but involve direct modification
of target proteins (i.e., ion channels and transporters)
and activation of serine/threonine kinases (i.e., cAMP-
dependent protein kinase A (PKA), PKC, and Ca/
calmodulin-dependent protein kinase II (CaMKII))
(Wagner et al. 2013). While oxidative stress induction
is the major effect of the heavy metals contributes to
negative health consequences, which we have sufficient-
ly discussed above. Thus, PM2.5-associated metals might
impact the effect of CARDS toxin on the host through
regulating dynamic equilibrium of calcium ion.

(4) Effect of the heavy metals via AhR and TLRs on the
differentiation of Th cells

The AhR is a ligand-activated member of the Per-
Arnt-Sim (PAS) family of basic helix-loop-helix (HLH)
transcription factors. The AhR is activated in many im-
mune cell types, including T cells, B cells, natural killer
(NK) cells, macrophages, and DCs, as well as in epithe-
lial cells, Langerhans cells, innate lymphoid cells,
intraepithelial lymphocytes, and microglia. The
AhR mediates cellular responses to toxins or its
ligands (Nguyen et al. 2014). Through metal liga-
tion of the AhR, heavy metal ions, such as Cd(II),
As(III), Cr(VI), and Pb(II) can activate the AhR
(Hemdan et al. 2013). The AhR plays an important
role in the control of the adaptive immune
response. In particular, Quintana and Sherr (2013)
found that the AhR controls the differentiation and
activity of specific T cell subpopulations, while the
differentiation of Th cells could impact the severity
of M. pneumoniae pneumonia and the initial onset
and exacerbation of M. pneumoniae-associated
asthma.

In mouse models for M. pneumoniae pneumonia,
Saraya et al. found that enhanced host immune responses
against M. pneumoniae antigen are required for persis-
tent inflammation in the lung, as well as Th2 character-
istics causing plasma cell infiltration into the peri-
bronchovascular areas (PBVAs), but not Th1 character-
istics. Th2 characteristics might be required to generate
typical M. pneumoniae pneumonia, even in humans.
Other studies also showed that the histopathological
score of M. pneumoniae pneumonia is significantly
higher in infected BALB/c mice (Th2 predominant) than
in C57BL/6 mice (Th1 predominant) through the late
phase, suggesting differences in host reactions against
intranasally inoculated live M. pneumoniae. Tanaka
et al. described the different pathological findings in a
Mycoplasma pulmonis (M. pulmonis)-infected mouse
model involving treatment with IL-2 (Th1 upregulated)
vs. cyclosporine A (Th1 downregulated). So the severity
of M. pneumoniae pneumonia seems to depend on po-
larization toward Th1 or Th2 predominance (Saraya et al.
2014). In addition, M. pneumoniae has been recognized
as a contributing factor in both stable asthma and asthma
exacerbations (Wu et al. 2008). Asthma is a phenotypi-
cally heterogeneous chronic disease of the airways, char-
acterized by either predominant eosinophilic or neutro-
philic, or even mixed eosinophilic/neutrophilic inflam-
matory patterns. Eosinophilic inflammation can be asso-
ciated with the whole spectrum of asthma severity, rang-
ing from mild-to-moderate to severe uncontrolled dis-
ease, whereas neutrophilic inflammation occurs mostly
in more severe asthma. Eosinophilic asthma includes ei-
ther allergic or nonallergic phenotypes underlying im-
mune responses mediated by Th2 cell-derived cytokines,
while neutrophilic asthma is mostly dependent on Th17
cell-induced mechanisms. These immune-inflammatory
profiles develop as a consequence of a functional impair-
ment of T regulatory (Treg) lymphocytes, which pro-
motes the activation of DCs directing the differentiation
of distinct Th cell subsets (Pelaia et al. 2015).

At the same time, AhR and TLR signaling intersect
and cross-regulate each other. TLR activation
upregulates AhR expression, and AhR acts as a negative
regulator of TLR signaling (Quintana and Sherr 2013).
Traditionally, activation of TLRs in APCs will lead to the
production of IFN-α, proinflammatory cytokines, such
as TNF-α, IL-1 and IL-6, and the cytokines IL-12 and
IL-18, which instruct Th1 to differentiate, whereas an
increased Th2 response is observed in MyD88-
deficient mice with impaired TLR signaling. The IL-12
and IL-23 secretions of DCs induced by TLR activation
are enhanced by the chemokine CCL17 in an autocrine
manner. Production of these cytokines is significantly
reduced in CCL17-deficient DCs. Activation of TLR4
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results in aMyD88-dependent Th17 response inmemory
CD4+ T cells in the absence of TIR domain-containing
adaptor inducing interferon-β (TRIF). Activation of DCs
via TLR2-MyD88 also induces Th1 and Th17 cell dif-
ferentiation. Still, signaling of TLR2 can inhibit DCs to
produce IL-12p70 by dampening the type 1 IFN ampli-
fication loop. This signaling also drives the immune re-
sponse induced by synergistic combination of TLR4 and
TLR7/8 agonists (both are potent inducers of Th1 re-
sponses) toward Th2 and Th17 responses in naive and
memory T cell subpopulations (Jin et al. 2012). So TLRs
could give rise to the AhR-like effect by these
mechanisms.

Conclusions

Metal ions are essential life elements that regulate numerous
biological and biochemical functions to every living cell.
However, overwhelming exposure to heavymetals in a variety
of environmental settings is highly toxic to eukaryotic cells
(Chen and Shi 2002). Particularly in regard to children with
M. pneumoniae infections, based on the discussion above,
PM2.5-associated metals via complex mechanisms can exert
a great impact on the host through interaction with
M. pneumoniae, which might be an important reason that
the peak occurrence ofM. pneumoniae infections in childhood
and haze episodes are concurrent. Together, which might also
be account for the prevalence of macrolide-resistant
M. pneumoniae varies among countries. In view of this, it is
necessary to increase public awareness about the effects of
exposure to inhalational toxic heavy metals and arouse local
government interest in public health and safety, so that a more
comprehensive National Ambient Air Quality Standard
(NAAQS) can be established. More important, reduction of
the heavy metal loading might employ the treatment of
M. pneumoniae infection in childhood more effectively.
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