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ABSTRACT

Aim: The present review is aimed to assess the role of inflam-

matory mediators in the initiation and progression of the disor-
ders, related to air pollution, with a special focus on cytokines. 

Background: Air pollution adversely affects human health. 
The outdoor and indoor pollution accounts for approximately 4 
million deaths every year. The major pollutants include gaseous 
compounds, polycyclic aromatic hydrocarbons (PAH) and par-
ticulate matter (PM). Epidemiologic data shows the increase in 
the incidence of cardiopulmonary and central nervous system 
disorders on exposure of the pollutants and how do they aggra-

vate the pre-existing disease conditions. Also, it contributes to 
the higher rate in cancer prevalence also.

Review results: Numerous studies were carried out in delineat-
ing the underlying pathological changes of these diseases due 
to pollution. The suggestive mechanisms include the local and 
systemic inflammatory response and bone marrow stimulation 
elicited as a result of the entry of the toxic compounds. The 
oxidative stress developed also is said to be a contributing 
factor. The multiple interactions of a broad range of compounds 
like, cytokines, growth factors, adhesion molecules, reactive 
oxygen species, and acute phase proteins are also involved 
in the reactions.

Conclusion: Multiple interrelated molecular pathways of 
inflammation are stimulated as a result of air pollution and 
which in turn leads to the secretion of the mediators and effector 
molecules. Cytokines are significant intermediaries of both the 
innate and the adaptive immune responses. These compounds 
take a major position in the events in pathogenesis. 

Clinical significance: The concentrations of cytokines are 
seen altered in circulation and tissues. Hence, these may have 
the potential in considering as markers for evaluating adverse 
effects of air pollution.
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BACKGROUND

The release of pollutants from various anthropogenic 

sources into the atmospheric air has a severe impact 

on human health. World Health Organization (WHO) 

estimates about 3 million premature deaths by ambient 

(outdoor) air pollution every year, where a major frac-

tion elicited by cardiopulmonary disorders.1,2 Similarly, 

indoor pollution also causes 4.3 million deaths annually.3 

Air pollutants comprise of gaseous compounds like ozone 

(O3), nitrogen dioxide (NO2), carbon monoxide (CO), 

sulfur dioxide (SO2), lead (Pb) and particulate matter of 

less than 10 and 2.5microns (PM10 and PM2.5). PM con-

sists of particles of sulfate, nitrates, ammonia, sodium 

chloride, black carbon, mineral dust, and water. The open 

burning in agricultural fields, coal mining, transport, 

and power generation emit PM and some other gaseous 

pollutants.1-3 Further, combustion of fossil fuel and agri-

cultural waste generates organic matters like polycyclic 

aromatic hydrocarbons (PAH), benzene, formaldehyde 

and some toxic molecules including fluorine, arsenic, 

selenium, and mercury.3 

Recent past has witnessed a surge in research on the 

harmful effects of these compounds on human health. 

The particulate matters less than 10 microns are deposited 

on the bronchial pathways whereas the ultrafine particles 

infiltrate and enter to circulation reaching various organ 

systems. Pulmonary function is severely affected, which 

leads to the increase in the incidence of infections, asthma 

and chronic obstructive pulmonary disease (COPD).4,5 

Another detrimental effect of these pollutants is that they 

cross the blood-brain barrier and cause inflammatory 

changes in the central nervous system. This enhances 

the risk of developmental disorders, Parkinson’s disease 

as well as stroke.6 The exposure of particulate matter 

is harmful to the cardiovascular system too; it causes 

acute coronary syndrome and heart failure. More so, 

continuous exposure may lead to the development of type 

2 diabetes mellitus, and hypertension.7 Children and the 

elderly are the most vulnerable population.8,9

In addition to the cardiopulmonary complications, 

outdoor air pollution can initiate carcinogenesis also. 

The international agency for research on cancer (IARC) 

classified PM as the cause of lung cancer.10 Epidemiologi-

cal data confirm the various health issues starting from 

allergic symptoms to reproductive and developmental 

complications. Besides, it disrupts the endocrine activities 
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Table 1: Common air pollutants and their health impact

Air 

pollutants

Time 

period

Air quality 

standard* Source Health effects

Ozone 8hr 100 µg/m3 Industries, 
electric 

utilities, 

motor 
vehicles

Respiratory 
illness and 
asthma

PM 2.5 24hr 25 µg/m3 Industries, 
motor 
vehicles

Respiratory and 
cardiovascular 
diseases

PM10 24hr 50 µg/m3 Industries, 
motor 
vehicles, 
construction/
demolition 
operations, 
burning

Respiratory and 
cardiovascular 
diseases

Sulphur 
dioxide

24h 20 µg/m3 Fossil fuel 

combustion, 
industry

Chronic 
respiratory 
diseases and 
allergy

Nitrogen 
dioxide

1yr 40 µg/m3 Vehicular 
exhaust

Respiratory 
diseases and 
allergy

Carbon 
monoxide

8hr 9ppm Vehicular 
exhaust, 
burning of 
coal &wood, 
Industries

Cardiovascular 
disorders and 
allergy

Lead 3months 1.5 µg/m3 Combustion 
of leaded 
gasoline 
in motor 
vehicles

Lead 
accumulates 
in bones, 
blood, and soft 
tissues, Neuro 

developmental  
effects

PAH 1yr 1ng/m3 Fuel 

combustion, 
burning of 
coal & wood 

Respiratory, 
Nervous system 
disorders and 
cancer

PM: Particulate matter, PAH: Polycyclic aromatic hydrocarbons

*As per the WHO air quality guidelines 2006 and United States 
Environmental Protection Agency 

as well.11 Recent updates demonstrate the impairment 

of cognitive processes and the defective gametogenesis 

with long-term contact.12,13 A positive correlation of dental 

caries and exposure to the environmental pollutants 

has also been cited.14 The chemicals, in fact, impair the 

homeostasis of the body. Table 1 describes the various air 

pollutants and their health impacts.

Several studies are underway to decipher the underly-

ing mechanism by which the pollutants make worse the 

cellular/tissue function. Cytokines and inflammatory 

molecules have been observed to play a key role in this. 

Cytokines are a group of low molecular weight proteins 

secreted by the immune system cells. Their release 

activates a cascade of reactions leading to the systemic 

inflammation and consequent events.15 Interleukins, 

tumor necrosis factor (TNF), interferons, Granulocyte-

macrophage colony-stimulating factors [vascular endo-

thelial growth factor (VEGF), epidermal growth factor 

(EGF)], are some of the cytokines altered in eliciting the 

response. Many other growth factors (VEGF, EGF), adhe-

sion molecules  [vascular adhesion molecule (VCAM)], 

intercellular adhesion molecule (ICAM), acute phase 

proteins  [C-reactive protein (CRP)], other inflammatory 

molecules (plasminogen activator inhibitor-1, myeloper-

oxidase, monocyte chemoattractant protein-1 (MCP-1) are 

also getting stimulated by these compounds.16 So, a series 

of interrelated molecular pathways are associated with 

the development of these diseases. The overall profile of 

alteration of cytokines with air pollution has been given 

in Table 2. Presence of these compounds in various body 

fluids and tissues has been detected. In another perspec-

tive, the cytokines in plasma/serum or saliva can be 

considered as a parameter for assessment of the incidence 

or severity of the disease. However, a focused analysis of 

cytokines to organ-specific pathology has not been well 

explored. Hence, this review evaluates the involvement 

of cytokines in various health issues related to air pollu-

tion and also focuses to assess their translational use as 

biomarkers for screening and disease progression.

Role of Cytokines in Various Diseases due to Air 

Pollution

Cytokines are small molecules secreted predominantly 

by T helper cells (Th) and macrophages. They regulate 

the immune and inflammatory response and are also 

involved in hematopoiesis. These molecules are pleiotro-

pic and can signal in autocrine, paracrine and endocrine 

manner. Their receptor-mediated actions contribute to 

many disease pathologies.17 Different classes of these 

molecules are defined based on their functions. These 

include, pro-inflammatory (IL-1, IL-6, TNF-a, IL-8), anti-

inflammatory (IL-10, TGF-b), anti-infectious (IFNa, IFNb, 

IFNg, TNFa), activating B cells (IL-3, IL-4, IL-5, IL-6, IL-21), 

activating T cells (IL-2,IL-4, IL-10, IL-13, IL-15), mast cell 

activating (IL-3, IL-4, IL-13, IL-5 ) and hematopoietic (GM-

CSF, IL-3, G-CSF, M-CSF, IL-5, IL-7).18 Because cytokines 

are involved the pathogenesis of the disease, it may be 

considered as potential molecules for diagnosis/progno-

sis as well as for therapeutic purposes. 

The imbalance of pro and anti-inflammatory mole-

cules have been detected in human serum who are on 

continuous exposure to air pollutants.15 Ozone exposure 

has been cited to cause an increase in the submucosal mast 

cells which is a source for pro-inflammatory cytokines. 

Up/down-regulation of interleukins and inflammatory 

mediators has been correlated with various cardiac, res-

piratory and central nervous system (CNS) diseases.19,20 

In confirmation, the reports on animal experiments/

cell culture too explain the inflam matory changes when 

exposed to the toxic pollutants as well. Recently, the acti-

vation of mitogen-activated protein kinase (MAPK) and 
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NF-kB pathways was also observed as a result of inha-

lation of toxic pollutants.21 The effect of air pollution on 

various organ systems and the related molecular events 

are illustrated in Figure 1. Estimate of the specific effect of 

these pollutants in various organ systems may be helpful 

in identifying markers for air pollution.

Respiratory Disorders

Air pollution mainly affects the respiratory system. It 

has direct influence because of the large area of contact 

between atmosphere and surface of the airway.22 Acute 

exposure increases the frequency of respiratory infec-

tions, pneumonia, and allergy. It also contributes to 

respiratory mortality. The diseased conditions of asthma/

COPD get aggravated by inhaling these pollutants. The 

prevalence of COPD and lung cancer has been raised 

by long-term exposure. Chronic changes in pulmonary 

functions also have been cited.22,23

The proposed mechanisms involve the deposition of 

pollutants in the lung alveoli and initiation of the inflam-

Table 2: Alteration of cytokines with air pollution
Pollutants Specimen Cytokines increased Cytokines decreased Health effects Ref.

Ambient urban particles 
(EHC 93), inert carbon 
particles and latex 
particles

Human alveolar 
macrophages (AM)
(In vitro)

TNF-α,
IL-6, IL-1β, 
GM-CSF

IL-10 Respiratory diseases 26

PM10 Serum IL-1β, IL-6, GM-CSF - Respiratory diseases 26
O3, NO2, CO, SO2 Saliva (Children) IL-8 Oral diseases 38

PM2.5 Plasma IL-10 TNF-α Allergy and
autoimmune 

15

PM2.5 Plasma TNFα, IL-6, IL-1β Atherogenesis, acute 
coronary syndrome

30

Polluted air Plasma - IL-6 Atherosclerotic diseases 31

Long term exposure of 
NO2

Peripheral blood - IL-2, IL-10, IL-
8,TNF-α 

Cancer, respiratory and 
cardiovascular diseases

37

PM2.5 Tears - IL-5, IL-10 Ocular hazards -

PM2.5, volatile organic 
compounds

Blood IL-6, IL-5, 1L-13, 
IFNγ, TNF-α

Respiratory diseases and 
COPD

27

PM2.5 Rat Hippo-campal 
tissue 

TNF-α,
IL-1β (Gene expression)

- Neurological disorders 12

PM10 Peripheral blood Il-4, IL-13 Allergic diseases -

IL: Interleukins, TNF-α: Tumor necrosis factor-α, IFNγ: Interferon γ, GM-CSF: Granulocyte-macrophage-colony-stimulating factor, COPD: 
Chronic obstructive pulmonary disorder

Fig. 1: The effect of air pollution on various organ systems and the related molecular events 
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matory response. Alveolar macrophages are primarily 

involved in the local and systemic inflammation. The 

phagocytic activity of these cells is increased as result of 

particle inhalation and this induces the release of media-

tors of inflammation like tumor necrosis factor-alpha 

(TNF-a) and interleukins. Hematopoietic system is acti-

vated, and leukocytes are increased in circulation.24 These 

events augment the immune responses. In addition to the 

pulmonary inflammation, reactive oxygen species (ROS)

are generated by phagocytes and epithelial cells during 

contact with the airborne particles; as a consequence, 

oxidative stress is developed.25 All these molecular events 

contribute to the pathologic changes.

Many investigations documented the alterations in 

the mediators of inflammation subsequent to air pollu-

tion. The changes in cytokine levels were observed in an 

in-vitro study conducted with the incubation of different 

pollutants with human alveolar macrophages. TNF-a was 

found to be increased with all pollutants with a simul-

taneous increase in the IL-6, IL-1, macrophage inflam-

matory protein-1 (MIP-1) and GM-CSF. However, there 

was no change in levels of IL-10, the anti-inflammatory 

marker.26 The pro-inflammatory cytokines in serum of 

patients were increased in acute exposure cases of PM10. 

In another comparative study evaluating the cytokine 

levels in persons living in polluted vs. less polluted cities 

demonstrated an increase of IL-10.15 However, the inverse 

correlation of the circulating cytokines and the respira-

tory diseases were also noticed in a study in which the 

individuals are exposed to PM2.5 (outdoor) and volatile 

organic compounds (indoor). A decrease in IL-6, IL-5, 

and 1L-13 was seen in cases with respiratory illness and 

COPD. The inverse correlations were explained by the 

suppression of immune response as a part of adaptive 

mechanisms.27 The modifications of cytokines occur as 

a result of exposure to air pollutants, and probably, they 

take a critical role in the pathogenesis. 

Cardiovascular Diseases

Air pollution increases the risk of coronary heart disease 

(CHD), cardiac arrhythmia, thrombosis, and athero-

sclerosis.28 Cardiovascular difficulties due to the air 

pollutants are mainly because of the systemic inflam-

mation and endothelial injury. The direct and indirect 

mechanisms play roles in the development of vascular 

diseases by air pollutants. Directly, the fine particles 

reach the alveoli enters into circulation and deposit on 

the vascular endothelium which can stimulate oxidative 

stress and destabilizes the atherosclerotic plaque. This 

will cause thrombus formation.28 The indirect effects are 

due to the cytokine-mediated inflammation. Further, it 

alters blood coagulability and imbalances the vasoactive 

molecules. This supports the dysfunction of endothe-

lium, vasoconstriction, and development of oxidative 

stress which leads to atherosclerosis and hypertension.7 

Likewise, ultrafine particles promote atherosclerosis/

calcification of arteries and activate platelets. This may 

result in arterial thrombosis.29

 The group of cytokines were quantified in plasma 

of PM2.5 exposed subjects and reported an increase 

in anti-angiogenic (TNFa, IP-10 (interferon g-induced 

protein 10)) and proinflammatory cytokines (IL-6, 

IL-1b). The reduction in pro-angiogenic growth factors 

(EGF (epidermal growth factor), VEGF (vascular endo-

thelial growth factor)) was also noted. Also, markers of 

endothelial adhesion sICAM-1and sVCAM-1were also 

involved. These might be secreted by the stimulation 

of cytokines.30 Another study concludes that changes 

are limited only to a susceptible population. Accord-

ingly, CRP, Myeloperoxidase showed an increase where 

plasminogen activator inhibitor-1 (PAI-1) and IL-6 were 

on the decline.31 It is understood that cytokines and the 

downstream effectors have definitive functions in the 

progression of cardiovascular diseases. 

Neurological diseases

Central nervous system (CNS) is another target organ 

for air pollution effects. Chronic exposure results in an 

ischemic stroke. Further, Alzheimer's disease (AD), Par-

kinson's disease (PD), are strongly linked to air pollution. 

PM, or nanosized particles, either enter directly through 

olfactory mucosa or the cytokines released as a part of 

systemic inflammation reaches the brain. It activates 

cerebral endothelial cells and disturbs the blood-brain 

barrier.32 The nervous system is affected by the ROS 

generation and activation of pro-inflammatory pathways 

during exposure to pollutants. The stimulation of neuro-

kinin A, a neuropeptide, by sensory neurons in contact 

with particles too contributes for neurogenic inflamma-

tion. Hence, The inflammatory reactions are mediated 

by cytokines, chemokines and oxidative stress.33 Also, 

irritant particle deposition can cause depression. At the 

molecular level, depression is related with the dopamine 

reduction in the central nervous system. Fonken et al. 

reported the induction of dopaminergic neurotoxicity 

by air pollutants related oxidative stress.33

Long-term exposure can lead to impairment in 

neurotransmitter signaling, neuronal remodeling and 

finally neurodegeneration and impaired cognition. 

The hippocampus is mostly affected, and it aggravates 

Alzheimer's disease. An animal study reported the 

depressive response and impairment in learning and 

memory for mice exposed to PM2.5 for 10 months.12 In 

another in-vivo study carried out by exposing mice to 
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carbon black and injected with lipoteichoic acid (LTA). 

The messenger RNA (mRNA) expression of IL-1b with 

the alteration of neurotransmitters was seen in mouse 

olfactory mucosa with LTA.34 Here, it can be noted that 

continuous activation of immune processes is negatively 

impairing the normal cellular functions.

Cancer

The association of carcinogenesis and air pollution has 

been explored well. A long-term follow-up study consists 

of 66,280 participants performed in Hong Kong reported 

the increase of mortality of about 42 percent in carcinoma 

of digestive system due to 10 µg/m³ increase of PM2.5. In 

the case of breast and lung cancer, it was 80% and 36% 

respectively. Majority of the lung cancer deaths are results 

of air pollution. Exposure to NO2 also has been identified 

as a risk factor for lung cancer. The long-term contact 

increases the danger of bladder cancer/brain cancer too. 35

The probable changes occur in cells which initiate 

carcinogenesis include; defects in deoxyribonucleic acid 

(DNA) repair function, alterations in the body's immune 

response and activate angiogenesis. Chronic inflamma-

tion and ROS generation favors cellular malignant trans-

formation of cells. Integrins, the cytoskeleton protein, 

interacts with the DNA regulating pathways and stimu-

late the extracellular matrix (ECM) degrading proteins, 

connective tissue growth factor (CTFG), transforming 

growth factor beta (TGF-beta), and interleukins.36 

Heavy metal poisoning has an effect on the bacteria 

of the intestine and promotes cancerous changes. The 

genotoxicity of outdoor air pollutants has been confirmed 

from the single-stranded DNA breaks on exposure to 

diesel exhaust particles, smoke/dust. The mice exposed to 

ambient air for 10 weeks showed a high level of expanded 

simple tandem repeated mutation (ESTAR) in spermato-

gonial stem cells. In a cohort study, a strong association 

has been noticed with the incidence of a brain tumor and 

PM2.5.
10 The pollutants directly are genotoxic to the cells, 

or it can act indirectly causing DNA aberrations through 

eliciting inflammatory changes.

Cytokines as Markers of Air Pollution

Here, mechanisms related to biological effects of pollut-

ants demonstrated the key involvement of inflammatory 

pathways. This includes the changes in the levels of 

cytokines and other inflammatory molecules. The rise 

in promoters of inflammations such as TNF-a has been 

noticed in all diseases except for the allergic/autoimmune 

disorders. The Increase in levels of pro-inflammatory/B 

cell-activating cytokine, IL-6, has been associated with 

respiratory disturbances where the reverse is seen with 

other inflammatory cytokines (IL-5, IL-8, and IL-17) 

with COPD on long-term exposure to PM2.5 and volatile 

organic compounds. Similarly, reducing levels of IL-2, 

IL-8, IL-10, and TNFa was associated with long-term 

inhalation of oxides of nitrogen.37 However; increase of 

salivary IL-8 was seen in children exposed to PM2.5.
38 In 

the same way, neurological symptoms correlated with 

high level of IL-1b. All these data indicate that the con-

centrations of cytokine molecules in body fluids depend 

on the type and time of exposure of pollutants. 

Methods of Detection of Cytokines

Different methods are used for quantifying cytokines. 

The secreted cytokines usually are detected by enzyme 

linked immuno sorbent assay (ELISA) using specific anti-

bodies. This method is simple, accurate and cost-effective. 

However, a smaller amount of tissue fluids collected and 

the threshold of detection of ELISA limit the accuracy of 

results. The advanced technology of cytokine bead assay 

is beneficial in detecting a panel of cytokines in a multi-

plex manner with very small sample volumes. This test is 

of high cost, low sensitivity and underestimation due to 

fewer amounts of cytokines released due to cellular con-

sumption. The cytokines are detected at the stage of gene 

expression by mRNA quantification by polymerase chain 

reaction (PCR). This requires only very small volumes 

and can be done at tissue/cellular level. This is a highly 

sensitive method. But due to the post-translational modi-

fications (IL-1 and IL-8), it may not replicate the actual 

protein levels. So, the results vary with the percentage of 

cytokine releasing cells in tissue as well.39

The cytokine-producing cells are detected by immu-

nohistochemistry. This method is sensitive enough to 

detect less number of cytokine-producing cells in the 

tissue. The main disadvantage of this method is that it is 

not quantitative and cannot detect secreted molecules. In 

situ hybridization technique can be used in tissue mRNA 

detection. This uses fluorescent/radiolabeled comple-

mentary strands of DNA/RNA for identification.39 The 

proteomic analysis by mass spectrometric techniques is 

also a promising approach for discovering the specific 

cytokines involved in pathogenesis.40 The identification 

of markers will aid in delineating the molecular pathways 

involved in pathogenesis. 

CONCLUSION

In this review, we attempted to analyze the different 

mechanisms underlying the initiation/progression of 

the diseases caused by air pollution. It has been observed 

that continuous activation of the immune system occurs 

subsequent to the exposure to pollutants. This would 

stimulate many interrelated molecular pathways of 

inflammation and which in turn results in secretion of the 
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mediators and effector molecules like cytokines, growth 

factors, adhesion molecules, etc. Cytokines take a major 

position in the events in pathogenesis. Hence, these can 

be considered for evaluating the severity of air pollution. 

In addition, epidemiological and molecular studies may 

assist in taking steps to reduce the risk of air pollution. 

CLINICAL SIGNIFICANCE

Cytokines are significant intermediaries of both the 

innate and the adaptive immune responses. They are 

primarily involved in the events of pathogenesis in air 

pollution-related diseases. Hence, these may have the 

potential in considering as markers for evaluating adverse 

effects of air pollution.
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