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( Abstract

N

Context: Tuberculosis is an airborne infectious disease influenced by multiple factors. Exposure to air pollutants may
aggravate pulmonary tuberculosis. This systematic review examined the increased risk of tuberculosis and its exacerbation
associated with exposure to air pollutants.

Evidence Acquisition: The review searched PubMed, ScienceDirect, Web of Science, the Cochrane Library, and Google Scholar
for studies published from 1995 through 2024 using terms related to air pollution, ambient air, Mycobacterium tuberculosis, the
respiratory system, and tuberculosis. The initial search retrieved 404 records.

Results: The main symptoms of pulmonary tuberculosis include chills, night sweats, fatigue, fever, chronic hemoptysis,
lymphadenopathy, and weight loss. Tuberculosis most commonly affects the lungs, although other organs may also be
involved. Environmental agents, including gases and airborne particles, may delay treatment and further damage lung tissue.
The reviewed evidence indicates that exposure to certain air pollutants may increase the risk or severity of tuberculosis by
impairing immune function and lung health, highlighting air pollution as an important public health concern.

Discussion: The findings indicate an association between ambient air pollutant levels and tuberculosis. Air pollutants can
damage healthy lung tissue through multiple mechanisms and impair pulmonary defenses against disease, thereby
exacerbating conditions such as tuberculosis. Therefore, reducing air pollution may help to lessen the severity of symptoms of
respiratory diseases, including tuberculosis.
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1. Introduction

Tuberculosis, caused by Mycobacterium tuberculosis, is an
airborne infectious disease characterized by symptoms
that may include fever, chills, night sweats, chronic
hemoptysis, and weight loss (1). Numerous exogenous
factors may contribute to the development or exacerbation
of tuberculosis (2). When a person with pulmonary

tuberculosis coughs or sneezes, bacteria-containing
respiratory particles are released into the air and may be
inhaled by others. Increasing concentrations of harmful
ambient air pollutants represent a major challenge for
many societies (3). Industrialization, population growth,
and the extensive use of fossil fuels
substantially to this problem. Government and semi-state

contribute

industries, power plants and refineries, factories, and
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motor vehicles are major sources of urban air pollution
(4). Air pollution is particularly problematic in developing
countries and megacities. Population growth and
increasing traffic have made air pollution difficult to
control in many cities worldwide (5). These conditions
pose serious threats to humans, other living organisms,
and the environment. The direct and indirect costs
associated with air pollution, including school, university,
market, and factory closures and travel restrictions, can
also be substantial (6).

Air pollution causes considerable morbidity, mortality,
environmental damage, and economic burden. Its adverse
effects on human health impair quality of life and increase
health-related costs, contributing substantially to the
burden of disease attributable to environmental risk
factors. Because breathing is involuntary and essential for
cellular function, the quality of inhaled air is an important
determinant of health. Inhaled pollutants can affect
multiple organs via the respiratory and circulatory
systems. Outdoor air pollutants are associated with
cardiovascular, dermatological, neurological, mental,
immune, and respiratory disorders; several cancers,
including lung, blood, liver, and prostate cancers; and
premature death (7, 8). The respiratory system is a major
route of entry for air pollutants. Asthma, respiratory
allergies, chronic obstructive pulmonary disease, and lung
cancer may be exacerbated by air pollution. Pulmonary
tuberculosis is another respiratory disease for which
symptoms may be aggravated by air pollution.
Tuberculosis is caused by the rod-shaped bacterium M.
tuberculosis, also known as the tubercle bacillus.

Because of its small size, M. tuberculosis can remain
suspended in air for prolonged periods, facilitating
transmission from infected individuals to susceptible
people. The organism is transmitted through small
droplets and aerosols released when an infected person
coughs, sneezes, or speaks. People with symptoms such as
fever, chills, night sweats, a cough lasting more than 3
weeks, and hemoptysis may be suspected of having
tuberculosis. Although tuberculosis can affect many
organs, the lungs are the most commonly affected site. This
systematic review investigated the increased risk and
exacerbation of pulmonary tuberculosis associated with
exposure to air pollutants.

2. Methods

2.1. Search Strategy

The manuscript reports that the study was conducted
on 2025, to evaluate the relationship between exposure to
air pollution and tuberculosis. Google Scholar,

ScienceDirect, the Cochrane Library, Web of Science, and
PubMed were searched for original articles in this field. The
epidemiological literature review was conducted in
English. Relevant studies published between 1995 and 2024
were considered, and 404 records were retrieved.

2.2. Search Strings and Keywords

The Medical Subject Headings (MeSH) terms and
keywords used in the search included "air pollution,"
"ambient air exposure," "Mycobacterium tuberculosis,"
"respiratory system," and "tuberculosis." The submitted
search string was: ((("air pollution "[Title/Abstract]) AND
("ambient air exposure"[Title/Abstract])) AND
("Mycobacterium  tuberculosis  "[Title[Abstract]) ~ AND
("respiratory system "[Title/Abstract])) AND ("Tuberculosis
"[Title/Abstract])).

2.3. Inclusion and Exclusion Criteria

Studies were eligible for inclusion if the full text was
available, air pollution exposure was measured,
tuberculosis and health risk were assessed, and the article
was published in English or Persian. Books, PowerPoint
presentations, conference articles, letters to the editor, and
review articles were excluded.

2.4. Literature Search by Database

The search was limited to articles published from 1995
through 2024, and 404 records were retrieved. References
were imported into EndNote reference-management
software. The databases searched were Google Scholar,
ScienceDirect, the Cochrane Library, Web of Science, and
PubMed. For studies examining the association between
air pollution and tuberculosis, 54 records were retrieved
from PubMed, 75 from ScienceDirect, 50 from the Cochrane
Library, 62 from Web of Science, and 163 from Google
Scholar (Table 1).

2.5. Study Selection Process

Based on the eligibility criteria, an initial screening of
404 published titles was conducted. Screening and
selection were performed by two independent reviewers,
with conflicts resolved by discussion. A total of 127 records
were selected from the database search. Subsequently, 99
studies were screened, 12 full-text articles entered the
assessment process, and 4 articles were ultimately
included. The study-selection process is presented in the
PRISMA flow diagram (Figure 1).

Included studies met both of the following criteria:

1) The study was published in English between 1995 and
2024.
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Table 1. Search Terms and Query Results

Terms PubMed ScienceDirect Cochrane Library Web of Science Google Scholar Unique results
Air pollution 12 20 15 8 48 103
Ambient air exposure 8 19 1 9 25 72
Mycobacterium tuberculosis 12 9 13 18 31 83
respiratory system 17 13 8 1 37 86
Tuberculosis 5 14 3 16 22 60
Total 54 75 50 62 163 404

_E Records identified through

E databases (n=127)

Duplicate records removed

(n=28)

Records screened (n =99)

Article excluded:

Not air pollution (n- 27)

2]
g
E Not mycobacterium tuberculosis (n-35)
'§ Not tuberculosis (n=25)
Articles assessed for eligibility
(n=12)
Articles excluded
Not avail inenglish(n-5)
Reviews (n-3)
E Studies included in review
=
g (n=4)
|

Figure 1. Representation of the search strategy based on the PRISMA flow diagram

2) The study investigated the effect of inhaled air
pollutants on the exacerbation of pulmonary tuberculosis.
Studies were excluded if they were unrelated to air
pollution, did not address tuberculosis, did not include
original data, were review articles, were unavailable in

Arch Clin Infect Dis. 2026; 21(2): 167376

English, or had no available full text. However, the
reference lists of review articles were searched to identify
potentially relevant studies.

2.6. Data Collection Process
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Figure 2. Sources of air pollutants and diseases caused by them
Potentially eligible articles were evaluated against the cardiovascular, ocular, dermatologic, neurologic,

inclusion and exclusion criteria based on their titles and
abstracts. The full texts of eligible articles were then
independently screened by different colleagues. Extracted
data were recorded in a data-collection form and included
the first author, publication year, state, statistical analysis
method, and information related to air pollution, ambient
air, M. tuberculosis, the respiratory system, and tuberculosis.

3.Results

3.1. Air Pollution

The reviewed evidence identified air pollution as an
important contemporary problem  with
consequences for human health and the environment. The
problem is particularly severe in developing countries,
densely populated cities, and megacities because of the
large number of industries and the increasing number of
motor vehicles. In these settings, concentrations of air
pollutants may exceed permitted limits or established
standards, contributing to a wide range of adverse
consequences (9). After smoking, air pollution is
considered a major cause of mortality associated with
noncommunicable diseases and is linked to increased risks

serious

of acute and chronic disease and death (10). Clean air is
essential for human health. Nitrogen dioxide, sulfur
dioxide, carbon monoxide, ground-level ozone, particulate
matter, and lead are six criteria pollutants with adverse
effects on human health and the environment (11). The
toxic effects of air pollution may involve the respiratory,

psychiatric, immune, and reproductive systems.

Cellular and molecular toxicity may also contribute,
over the long term, to cancers of vital organs, including the
liver, lungs, and brain (12). Even relatively low
concentrations of air pollutants may be harmful to
sensitive groups, including children, older adults, patients
with respiratory or cardiovascular disease, and pregnant
women (13). Air pollution, either directly or through
aggravation of pulmonary and cardiovascular disease,
contributes to deaths worldwide. Strategies to reduce
emissions and improve pollution-control and purification
systems can improve air quality (14). Common approaches
include wusing cleaner fuels instead of fossil fuels,
expanding public transportation, installing catalytic
converters in vehicle exhaust systems, installing filters for
industrial emissions, and creating greenbelts around cities
(15). Figure 2 shows major sources of air pollutants and
diseases associated with them.

3.2. Tuberculosis

Tuberculosis is a transmissible disease and an
important cause of death from curable infectious disease
(16). It has affected human populations for many years.
Epidemiological  estimates have suggested that
approximately one-third of the world's population has
been infected with M. tuberculosis (17). According to the
World Health Organization, 10 million people worldwide
were diagnosed with tuberculosis in 2017, and

approximately 1.3 million died (18).
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Tuberculosis can affect several organs, including the
skeletal system and joints, nervous system, and endocrine
system, although the lungs are the most commonly
involved site (19). Approximately 85% of tuberculosis cases
involve the pulmonary system, although extrapulmonary
disease also occurs (20). Pulmonary tuberculosis is an
infectious disease caused by the rod-shaped bacterium M.
tuberculosis (21). Humans are the only known host of M.
tuberculosis, although the organism can infect animals (22).
After M. tuberculosis enters the body, infection may remain
latent when immune defenses suppress bacterial growth
and spread (23). If immune defenses are inadequate, active
tuberculosis may develop (24, 25). Active tuberculosis may
present with fever, chills, chronic cough, fatigue, weight
loss, chest pain, and shortness of breath. Active disease is
infectious and can be transmitted to other people. Latent
tuberculosis may become active years after infection if
immune function declines (26).

3.3. Transmission of Mycobacterium tuberculosis

Tuberculosis, a major cause of death from single-agent
infectious diseases, is usually caused by M. tuberculosis (27).
The organism can be transmitted from an infected person
to a susceptible person through airborne particles and
respiratory aerosols (28). Coughing, sneezing, talking,
laughing, and shouting can release infectious respiratory
particles and contribute to transmission (29). Because of
its small size, M. tuberculosis can remain suspended in the
air for prolonged periods (30). Successful infection
depends on exposure sufficient to overcome host defenses
(31). After inhalation, bacilli enter the lungs and may
subsequently disseminate to other parts of the body (32).
The immune system provides an important barrier against
infection and, in many cases, limits bacterial activity (33).

The presence of bacteria in the body does not
necessarily result in active tuberculosis; infection often
remains latent (34). Many infected people are unaware that
they harbor the organism (35). In a minority of individuals,
latent infection may progress to active tuberculosis when
host defenses weaken (36). High-risk populations include
people experiencing homelessness, people who use drugs,
prisoners, and particularly people living with HIV. The
prevalence of tuberculosis is associated with factors
including race, food poverty, age, sex, exposure to dust,
population density, and poor hygiene (37). Environmental
factors, including dust and air pollution, may aggravate
tuberculosis by adversely affecting respiratory system
function (38). Figure 3 illustrates airborne transmission of
tuberculosis.

34. Exacerbation of Pulmonary Tuberculosis by Air-Pollutant
Inhalation

Arch Clin Infect Dis. 2026; 21(2): 167376

Air pollution is a recognized health risk (39). Although
its effects were initially considered primarily respiratory,
subsequent research has shown that polluted air can
adversely affect multiple organ systems (40). Proposed
mechanisms  include  oxidative  stress,  cellular
inflammation, and disruption of apoptosis (41). Increasing
concentrations of outdoor air pollutants are associated
with acute and chronic diseases that are major causes of
death (42). Exposure to pollutant gases and particles has
been associated with cardiovascular disease, neurologic
and mental disorders such as Parkinson disease and
Alzheimer disease, kidney damage, reproductive-system
disorders, and immune dysfunction (43). Pollutants
entering the respiratory system can also cause or aggravate
asthma and allergies (11). Pulmonary tuberculosis is
another respiratory disease that may be exacerbated by air
pollution (44).

Tuberculosis commonly causes symptoms, although
some patients, including those with advanced disease, may
have mild or slowly progressive symptoms (45). Some
patients with extrapulmonary tuberculosis may be
asymptomatic. In asymptomatic patients or those with
mild or nonspecific symptoms, tuberculosis may be
identified through contact history, abnormal chest
radiography, a positive tuberculosis test, or a positive
mycobacterial culture (46). Patients may experience
fatigue, anorexia, weight loss, chronic cough, generalized
weakness, night sweats, fever, and chills for weeks to
months. These manifestations may be aggravated by
intense  physical activity, emotional stress, or
environmental factors, including air pollutants (47).

The mucous membrane lines much of the respiratory
tract and serves as an initial defense barrier against inhaled
microorganisms, helping prevent pathogens from
reaching the lower respiratory tract (48). Air pollution may
reduce mucosal function or damage the respiratory
mucosa (49). Pollutants can also impair normal clearance
of secretions, facilitating the passage of pathogenic
microorganisms, including M. tuberculosis (50). Smaller
pollutants, such as particles with an aerodynamic diameter
of 2.5 um or less, can reach the lower airways and alveoli
(51). Alveolar macrophages destroy inhaled foreign agents
through phagocytosis and contribute to granuloma
formation during early infection (52).

Air pollutants reaching the lower respiratory tract may
reduce alveolar macrophage activity or damage
macrophages, facilitating access of tuberculosis bacilli to
the alveoli. Another mechanism involves oxidative stress
and inflammation. Oxidative stress occurs when the
balance between free radicals and antioxidants is
disrupted (53). Cells produce free radicals during normal
metabolic processes and antioxidants that help neutralize
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Figure 3. Airborne transmission of tuberculosis

them (54). Under conditions such as pollutant exposure,
this balance may be disturbed, and pulmonary immunity
may be impaired (55). Oxidative stress involving H,O,

produced during mitochondrial dysfunction may
aggravate tuberculosis-related abnormalities, while
mitochondria-targeted antioxidant treatment has been
reported to inhibit or reduce disease manifestations (56).
Mitochondrial dysfunction has also been observed in
macrophages from patients with tuberculosis during
phagocytosis and under oxidative stress (57). Several
products of oxidative stress are increased in patients with
tuberculosis compared with healthy individuals, while
levels of enzymes involved in reactive oxygen species (ROS)
removal are reduced in some studies (58).

Cellular studies have shown increased ROS release from
inflammatory-response cells in patients with tuberculosis,
including neutrophils, macrophages, and monocytes (59).
Other studies have indicated that exposure to toxic air
pollutants with a high oxidative load can cause lung
disorders, including emphysema. Emphysema reduces
lung function, destroys lung parenchyma, decreases tissue
elasticity, and damages alveolar walls (60). These changes

may worsen symptoms and complicate treatment in
patients with tuberculosis. Pollutant exposure can also
stimulate immune cells, including macrophages, to
generate free radicals while responding to invading
microorganisms (61). These free radicals can damage
healthy cells and promote inflammation. Oxidative stress
and chronic inflammation can reinforce each other,
generating additional free radicals and sustaining a
harmful cycle (62). Chronic inflammation associated with
oxidative stress may reduce the capacity of the immune
system and lungs to respond to tuberculosis (63). Figure 4
illustrates proposed mechanisms by which air pollution
may aggravate tuberculosis.

3.5. Mechanisms and Pulmonary Manifestations Affected by Air
Pollution

The respiratory system is among the first organ systems
affected by acute and long-term exposure to polluted air
because it is the principal route of entry for airborne
pollutants (64). Oxidant gases and airborne particulate
matter promote the formation of ROS in bronchial
epithelial cells and alveolar macrophages, potentially

Arch Clin Infect Dis. 2026; 21(2): 167376
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Figure 4. Tuberculosis aggravation due to exposure to air pollutants

damaging intracellular structures and lung tissue through
oxidative mechanisms (65). Pulmonary tissue damage can
promote the migration and accumulation of inflammatory
cells at affected sites, resulting in focal inflammatory
changes in the lungs (66). Activated inflammatory cells can
generate additional free radicals, intensifying oxidative
stress and prolonging tissue injury (67).

Atmospheric particulate matter may disrupt cytokine
signaling in airway epithelial cells and alveolar
macrophages, sustaining the release of proinflammatory
mediators and prolonging pulmonary inflammation (68).
Concurrent exposure to airborne particles and ozone can
increase airway reactivity and the likelihood of bronchial
hyperresponsiveness (69). In the short term, these
mechanisms can reduce expiratory airflow, increase the
release of inflammatory mediators, provoke upper and
lower respiratory symptoms, and contribute to disease
exacerbation and hospitalization. In the long term,
persistent exposure may impair lung growth and small-

Arch Clin Infect Dis. 2026; 21(2): e167376

airway function and contribute to chronic bronchitis,
asthma, lung cancer, and reduced life expectancy. Figure 5
summarizes mechanisms and pulmonary effects associated
with air pollution.

4. Discussion

The reviewed evidence indicates that inhalation of air
pollutants may aggravate pulmonary
Polluted air is associated with a wide range of
abnormalities, including cardiovascular disease, kidney
disease, and impaired lung function. Tuberculosis is an
infectious disease caused by mycobacteria and is
transmitted via airborne material generated when infected
individuals cough or sneeze. The findings of this review
indicate that high concentrations of air pollutants can
impair lung function in people with tuberculosis and may
exacerbate the disease via adverse effects on respiratory
airways, tissues, mucosal defenses, macrophage function,
oxidative stress, and inflammation.

tuberculosis.
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Figure 5. Mechanisms and pulmonary effects of air pollution

Measures that reduce air pollutant concentrations may
therefore have public health value. Such measures include
standard pollution-control equipment (e.g., baghouses
and cyclones), catalytic converters in vehicle exhaust
systems, increased use of public transportation, and
cleaner fuels. These approaches can substantially reduce
pollutant concentrations to levels permitted by relevant
organizations.
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