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Article history: Studies evidence links air pollution to increased risk of COVID-19 infection
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Accepted Dec 20, 2023 the links between pollutants and their effects on the respiratory system, in

this case, mostly on COVID-19 patients. We searched using electronic

databases (PubMed, Springer, ScienceDirect, and Sage) in May 2023. The
Keywords: keywords chosen were connected to respiratory diseases and air pollution.
All relevant studies published in peer-reviewed journals between 2020 and

A.CE'Z . 2023 and written in English were considered. We excluded letters and non-
Air pollution original articles. Relevant keywords were used to select papers. A total of 11
COVID-19 articles are eligible to be included in the present review study. It was
Respiratory diseases reported that countries with a high prevalence of COVID-19 also have
Systematic review greater concentrations of surface air particles (PM1 and PMzs) due to

vehicle exhaust and industrial pollution. PM-virus aggregates spread easier
across the lungs and the top respiratory system, facilitating viral attachment
to the lung epithelium. This study found that tiny particles with an
aerodynamic dimension fewer than 2.5 pm (PMz2s) or ten um (PM1o) have
the most significant potential influence on the respiratory system compared
to other pollutants.
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1. INTRODUCTION

The COVID-19 pandemic induced by severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) has had a wide-ranging effect on many parts of life since it produces significant infections of the
lungs [1], [2]. The rapid transmission from person to person through close contact causes the disease to
spread quickly and in a short period. Its high transmissibility has made COVID-19 the third major pandemic
in history and become the most significant health concern. Almost every country has been impacted by this
pandemic, which has led to a remarkable case of mortalities.

Recent studies highlighted the importance of the environment in impacting the high incidence of
confirmed COVID-19 cases. Environmental variables such as excessive air pollution and aerosols in
hospitals can get contaminated, increasing the risk of infection and causing asthma, chronic obstructive
pulmonary disease, bronchitis, and other respiratory disorders [3]. Contaminated aerosols are linked to an
increase in COVID-19 cases since they cause angiotensin converting enzyme 2 (ACE-2) overexpression,
which is the attachment receptors of the SARS-CoV-2 rise protein and thus enhances the likelihood of getting
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infected and the extent of human respiratory disease. lronically, the virus in aerosols can survive for up to
three hours, resulting in more severe COVID-19 instances [4]. Those findings evidence the role of air
pollution, which is part of environmental issues, in causing extreme conditions for the prognosis of COVID-19.

In addition, air pollution affects the worsened health outcomes of residents living in areas with high
air pollution. This was also experienced during the COVID-19 pandemic. A previous study comparing
COVID-19 cases according to the spatial distribution in Italy identified 39 most polluted regions significantly
associated with the elevated number of COVID-19. In 15 samples, the polymerase chain reaction (PCR)
method revealed the E gene and a high RARP gene specific for SARS-CoV-2 [5]. The findings indicate that
SARS-CoV-2 RNA may be discovered in urban atmospheric PM1o. The SARS-CoV-2 virus is incorporated
into the PM by coagulation, increasing the virus's concentration in the lungs [6], [7].

Previous studies reported that long-term contact with air pollution is a primary cause of COVID-19-
related death [8]. Particulate matter, both PMio and PM.s, aids the transportation of viral particles; hence,
massive COVID-19 transmission through carriers occurred [9]. These conditions may elevate the
susceptibility and severity of COVID-19 and the contribution of chronic diseases. Furthermore, fuel is an
environmental issue. An estimated 4.2 and 3.8 million fatalities per year are linked to dirty atmospheric air
caused by substantial traffic volumes and high manufacturing activity, respectively, as well as residential
exposure to smoke from filthy fuel sources [5], [10]-[14]. Indeed, industrial regions with high pollution
levels have been demonstrated to have increased hospitalization rates and mortality rates owing to
SARS-CoV-2 transmission [15]-[20].

Several studies examine the link between pollutants in the air and the increase in the prevalence of
confirmed COVID-19 cases; however, the pathways of outdoor contaminants to COVID-19 transmission and
severity remain unclear. PMs, PMio, NO, and SO, mechanisms related to ACE-2 overexpression will be
discussed in this study to increase understanding, and it is hoped that it will become a reference for further
research and that public health service programs will prioritize air quality improvement.

2. METHOD
2.1. Databases and search strategy

This systematic review was written based on the preferred reporting items for systematic reviews
standard. We reviewed the published relevant literature exploring how air pollution impacts COVID-19. This
study's demographic and sample criteria were patients exposed to air pollution during a pandemic, with no
regard for race or ethnicity. While conducting a trial search and reviewing retrieved papers, we enhanced the
search term by identifying other relevant words within each concept. We used the following descriptors:
"intervention or observational" [Publication Type] OR "intervention or observational as topic" [MeSH terms]
OR "intervention or observational" [All Fields]. Based on the information gathered, we have formulated the
final search term for PubMed. The details are presented in Table 1.

Table 1. Keywords of searching strategy

Search term Keywords
AND “COVID-19” OR “SARS-COV-2” OR “Air Pollution” OR “Air Pollutant” OR “Respiratory System”
AND “Particulate matter” OR “PM” OR “NOx” OR “nitrogen oxide” OR “NO;” OR “nitrogen dioxide” OR
“SOx” OR “sulfur monoxide” OR “SO,” OR “sulfur dioxide”,
AND “COVID-19 Pandemic” OR “Effect of Air Pollution” OR “Nitrogen, Sulfur, and Particulate Matter”

2.2. Inclusion criteria

All sources fit the inclusion criteria: i) all relevant studies, ii) papers published in peer-reviewed
journals between 2020 and 2023, and iii) written in English. We excluded letters or studies other than the
original article type. The papers were then chosen based on their relevance to the historical period and the
keywords relevant to COVID-19 and air pollution. As part of the article selection process, we extensively
searched relevant articles by examining the references of the included studies. All authors reviewed and
evaluated the titles and abstracts of the articles. Then, we carefully assessed the full text of all studies that
seemed potentially eligible for inclusion in our research. We discussed and deliberated whether each article
was relevant to the present study regarding its topic, outcome, and study design.

2.3. Data extraction and bias assessment

The reviewers extracted data independently for each text using a pilot data extraction form. The
systematic review adhered to the PRISMA guidelines for identifying, screening, and collecting primary articles.
The authors manually selected papers based on their research goals, using specific inclusion criteria. After
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selecting the papers, relevant information was retrieved, such as author, year, title, aims, study design, analysis
method, research findings related to the effect of ambient air pollutants on the respiratory system, and notes or
critical comments toward the study. This information was then presented in a table for easy reference.

Conducting a biased assessment that aligns with the gold standard of systematic reviews of
interventions - the Cochrane Handbook is imperative [21]. The bias domains measured included selection of
participants, interventions, outcome data, measurement of outcome, and reported findings. Overall, risk-of-
bias judgment was categorized as low bias, some concerns, and a high risk of bias [22]. The authors
addressed the issue of discrepancies in research studies, which arise due to differences in review objectives,
the types of primary studies included, and the method of qualitative data synthesis. They aimed to minimize
potential bias due to subjective judgment while selecting articles for review.

3. RESULTS AND DISCUSSION

Among the 2,689 studies screened, 58 papers were collected from the four databases (14 from
PubMed, 13 from Springer, 19 from ScienceDirect, and 12 from Sage) after the first selection procedure. The 58
papers were then re-selected based on their relevance to the study's aims and the titles and abstracts of each
article from the four databases, yielding 11 publications evaluated, see Figure 1. Most studies were conducted in
the US, the UK, lItaly, China, and Middle Eastern countries (Iran and Saudi Arabia). We also included two
extensive studies which analyzed data from several countries. It was also detected that there has been a
progressive interest in this topic since the pandemic. Overall, the reviewed studies suggested air pollution,
including particulate matter (PMz5s and PMyg), SO, and NO correlated to increasing COVID-19-confirmed
diseases. The most investigated health outcomes were COVID-19 cases in the general population, see Table 2.

Identification of studies via databases and registers
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Figure 1. Study selection process
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Table 2. Results of a review of studies on the linkage of air pollution to an increase in COVID-19

Author  Study Study design Analysis method Variables The connection between air pollution and the
setting COVID-19 pandemic
[23] us Longitudinal Generalized additive  i. Outcome: daily confirmed Increased levels of PM2.5 and O3 in the environment
study model cases increase the likelihood of infection with COVID-19 by
ii. Factors: Air pollutants 9.41% and 2.42%, respectively, in daily reported COVID-
(PMz5and Os) 19 cases between 1 and 14 days.
[24] UK  Prospective Logistic regression i. Outcome: COVID-19 Long-term exposure to PM2.5 and NO2 was linked to a
cohort model cases, hospitalizations, and positive COVID-19 test. Chronic diseases such as diabetes,
deaths chronic lung disease, and cardiovascular disease are all risk
ii. Factors: Air pollutants factors for COVID-19 infection.
(PMzs, PM1o,and NO2)
[25] UK  Retrospective Multilevel analysis:  i. Outcome: COVID-19 cases A significant statistical link exists between NO and NO:
cohort regional-level, and deaths ranges and COVID-19 death at the regional and subregional
subregional-level, and ii. Factors: Air pollutants levels. Air pollution from urban traffic raises the probability
individual-level (PMz25, PM1o, NO2, NO, and of a severe COVID-19 result. A 12% rise in UK COVID-19
analysis 0s) cases is connected with a 1 m® increase in long-term average
PMzs. A similar impact was shown for PM10, where a one-
unit increase was linked with an 8% rise in COVID-19 cases.
[26] China Longitudinal Time-series analysis i.Outcome: daily COVID-19 COVID-19 spread is aided by NO2 exposure. With a 20-
study confirmed cases day interval, an increase in NO2 concentration per
ii.Factors: interquartile range of roughly 19% was detected,
- Air pollutants (PMzs, increasing COVID-19 morbidity. High levels of NOx in the
PMio, NO2, CO, SO, and environment have been linked to protracted exacerbations
0s) of viral etiologies, which may enhance susceptibility to
- Meteorological infection and contribute to the toxicological consequences
variables (temperature, of air pollution.
dew point temperature,
and wind speed)
[27] 260  Retrospective, Spatio-temporal i.Outcome: COVID-19 The findings imply a link between biological diversity
countries observational, algorithms model confirmed cases variables and COVID-19 dissemination. Natural ecological
longitudinal study ii.Factors: disruption accelerates the transmission of illness from
- National biodiversity wildlife to people. Also, countries with a high prevalence
index of COVID-19 have higher amounts of particulate matter in
- Air quality the environment (PMio and PMzs) at ground level due to
- Pollutants elements vehicle exhaust and industry emissions.
(PM1o, PM25, and Oz).
[28] Europear Retrospective Multi-level i.Outcome: daily reported Temperature and relative humidity might hasten the
countries  study correlation analysis COVID-19 cases transmission of SARS-CoV-2 when PMzs concentrations
ii.Factors: are less than 20 mg/m3 due to harmful metal ions and
- Particulate matter organic debris in PMzs.
(PMz25) A single cough or sneeze generates around 710 to 40,000
- Latitude droplets of SARS-CoV-2, which can interact strongly with
- Temperature; humidity PM2s. These aerosol droplets can linger in the air and
- Population density travel beyond 1 meter.
- Human development
index
- Global health security
index
[29] Italy  Retrospective Multiple generalized  i.Outcome: Daily reported Short-term contact with PMio could indicate a risk of
cohort study linear mixed models COVID-19 cases developing pneumonia in individuals infected with
with mixed effects ii.Factors: Particulate matter COVID-19.
logistic regression. (PM1o) 1079 (16.6%) of the 6483 COVID-19 patients as probands
were diagnosed with pneumonia, where the majority were
older, more likely to be male, have poorer health, and have
higher individual levels of PMio.
[30] Iran  Longitudinal Time-series i.Outcome: COVID-19 Fine PM, having an aerodynamic dimension of fewer than
study correlation analysis incidence and positive 10 pm (PMuo) or 2.5 um (PMzs), primarily generated by
chest CT scan sources such as cars, the energy sector, and dust, has the
ii.Factors: most severe potential effects on human health. Because
- Particulate matter (PMo; daily air temperatures of 10-28 °C and relative humidity of
PMzs) 19-40% are conducive to the spread of the coronavirus in
- Relative humidity Ahvaz, a positive CT scan of the chest proved this.
- Temperature
[31] Spain Retrospective A multilevel Poisson  i.Outcome: daily COVID-19 COVID-19 mortality is associated with high levels of
cohort study regression model deaths PM2.5 (IRR=1.016, 95% CI: 1.007-1.026), NO2
ii.Factors: (IRR=1.066, 95% ClI: 1.058-1.075), and rainfall
- PM2s (IRRNO2=0.989, 95% CI: 0.981-0.997). The COVID-19
- NO2 mortality rate in Spain could be influenced by air pollution.
[32] China Longitudinal A nonlinear i.Outcome: COVID-19 At lag4, the parameter increased across the entire range
study concentration- confirmed cases between quarters PMzs, PMio, SO2, and NO2 corresponded
response analysis ii.Factors: to 1.40 (1.37-1.43), 1.35 (1.32-1.37), 1.01 (1.00-1.02), and
- PMz2s; PM1o 1.08 (1.07-1.010) OR of daily new COVID-19 instances.
- SO2 The ORs for a one °C, 1%, and one m/s rise in wind speed,
- NO2 relative  humidity, and temperature are  0.94  (0.92-
- O3 0.95), 0.96 (0.96-0.97), and 0.97 (0.97-0.98).
- CO
[33] Saudi Retrospective Linear correlation i.Outcome: Total COVID-19  After evaluating 77 sites, researchers discovered that PM
Arabia cohort study analysis confirmed cases lingered longer in high-altitude air than around the ocean

ii.Factors: Particulate matters

floor. This shows that the connection between PM and
COVID-19 transmission might be increased in highland
settings.
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This study was intended to explore whether pollutant exposures, mainly particulate matter (PM),
nitrogen dioxide (NO2), and Sulphur dioxide (SO2), increase the likelihood of the infection of COVID-19
and its mechanism in the human body. Previous findings from different settings and methods support the
statement that exposure to those pollutants represents potential factors for developing respiratory issues,
including pneumonia among COVID-19 patients [10], [34]. These increased trends were linked to rising
exposure to indoor and outdoor pollutants.

WHO defined a threshold value of pollutant level as an annual average of 10 mg/um?® and a 24-hour
average of 25 pg/m® of PMzs, PMy, for a yearly average of 20 mg/m? and a 24-hour average of 50 pg/m?,
NO; for an annual average of 40 pug/m? and 200 pg/m? for an hourly average, and SO; for an average of 24
hours and 500 pg/m? for an average of 24 minutes [35]. The increasing levels of those pollutants may
enhance the frequency of COVID-19 outbreaks, notably through increased comorbidities caused by ACE-2
overexpression, which provides SARS-CoV-2 adhesion sites to assault lung cells, see Figure 2 [10], [36].
Concerning the other respiratory diseases, it was found that acute infection in the lower respiratory tract
(LST) instances among Kids aged 0-4 years, lung cancer and chronic obstructive pulmonary disease in adults
aged 30 years, asthma in children aged five years, and TB at age 15 years are all comorbid hazards related to
air pollution [10]. This does explain the high fatality rate of air pollutants to the respiratory system, including
COVID-19.

Air pollution is well-known to elevate the host susceptibility through chronic exposure, which may
weaken the respiratory and immune systems and heighten the risk of comorbidities. Short-term and long-term
exposure to air pollution worsens respiratory disease by causing oxidative stress and inflammation
throughout the body. For instance, PMs accumulating in the lungs and traveling to extrapulmonary regions
via the air-blood barrier produce low-grade systemic inflammation. This low grade of inflammation
exacerbates COVID-19 inflammation. It has also been associated with an increased risk of diseases such as
cancer, heart disease, stroke, diabetes, asthma, and other comorbidities. As a result, high lung damage may be
shown in the COVID-19 symptoms, which also indicates the severity of the disease and increases the risk of
death outcome, see Figure 2.

Air Pollution increases host
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Figure 2. The connection between increased COVID-19 instances and high pollutant levels [10]

Air pollution also causes comorbidities such as the production of ROS, oxidative stress, reactive
nitrogen, mitochondrial dysfunction, metabolic reprogramming, smooth muscle cell proliferation, necrosis,
apoptosis, neutrophil inflammation, and infiltration. All these comorbidities are influenced by genetic factors
that result in abnormal microRNA expression and, ultimately, different physiology worsens as a result of
immunological dysregulation, putting it vulnerable to major respiratory disorders, see Figure 3 [37]-[39].
This is linked to the "Cytokine Storm," an overwhelming immune response, because of the large production of
systemic inflammatory cytokines, particularly interleukin-6 (I1L-6) [11], [40], [41]. When the virus that causes
SARS-CoV-2 binds to the receptor for ACE-2 on epithelial cells, Ang-11 levels in the blood rise, activating the
ACE/ANng-1I/AT1R. Overexpression of ACE-2 and transmembrane protease serine 2 TMPRSS2 in type 2
pulmonary alveolar tissue may enhance sensitivity to SARS-CoV-2 binding, see Figure 4 [42].
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As a result, the body has significant challenges. In a histological analysis of COVID-19 patients,
[44] discovered that viral penetration produces endothelial inflammation in small intestine cells, blood
vessels, lungs, heart, liver, and kidneys in a histological examination of COVID-19 patients. Vascular injury
is commonly associated with endothelial dysfunction, microthrombus formation, and cellular inflammation,
see Figure 5. Pollutants induce reactive oxygen species (ROS), activating redox-sensitive transcription
factors NF-xB and AP-1, which promote proinflammatory gene transcription. PAHs also start AhRs that
interact with NF-xB [8]. SARS-CoV-2 hinds to ACE-2 on host cells. The virus spike protein is activated by
TMPRSS2 and endosomal cysteine protease cathepsin B and L (CatB/L). This triggers the activation of NF-
Kb, the AT1R, A disintegrin, and metalloprotease 17 (ADAM-17), leading to inflammation [43]. COVID-19
patients' lung histology findings mimic those of harmed microscopic structures in air pollution exposure. A
histological examination of COVID-19 patients indicated viral penetration of endothelial cells in the liver and
small intestine and endothelial inflammation in the small intestine, vascular, lung, heart, liver, and kidney

cells [41]. All of these organ systems are impacted by chronic air pollution.
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Figure 5. COVID-19 histopathological pictures from a population living in high-pollution locations,
(a) Histopathological signs of acute lung damage with alveolar hyaline membranes, (b) Microthrombi in the
pulmonary vessels cause vascular injury, (c) Tracheal airway inflammation with submucosal inflammation,
(d) Thromboembolism of the lungs [45], [46]

In addition to acute respiratory distress syndrome (ARDS), pollution causes cardiac arrhythmias,
atopic disease, myocarditis, chronic cardiopulmonary illness, ischemic heart disease, heart failure, and
neurological issues. Even its clinical sequelae have been linked to dementia, chronic renal disease, pediatric
leukemia, organ failure, and hypertension [47], [48]. If left untreated, this illness produces severe
inflammation, loss of alveolar septa, and heart damage, which can lead to death in people suffering from
pulmonary and heart failure, see Figure 6 [49], [50] This is connected to PM, which has been demonstrated to
promote ACE-2 expression in the lungs, providing the primary adhesion for SARS-CoV-2. The PM-virus
aggregation spreads more quickly and disseminates throughout the lungs and the top of the respiratory tract,
making viral attachment to the lung epithelium easier [8]-[10], [36], [39], [51]-[53]. Furthermore, ACE-2
can accelerate the splitting of angiotensin-1 and angiotensin-1l groups 1 through 7, which operate as a
vasodilator and have the potential to produce hypertension [54]. COVID-19 severity is increased by severe
air pollution due to poor ACE-2 overexpression [55].
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As a result of the significant increase in COVID-19 cases, it is critical to determine host
susceptibilities due to high outdoor air pollutants, including PM2s, PMio, NOX, and SOx. The existing
findings proved that a high concentration of particulate matter significantly affects the prevalence of chronic
respiratory diseases, including COVID-19 [56], [57]. Moreover, it is also noted that exposure to PMzs is
correlated with a longer recovery time. This pollutant decreases the pulmonary diffusing capacity in lung
function, elevates airway inflammation and hyperresponsiveness, and worsens the respiratory system [58].
The mechanism has been examined, beginning with the organic components of PM producing body harm,
which may increase free radical formation and oxidize lung cells. Excessive formation of free radicals or
ROS causes an imbalance in intracellular calcium homeostasis, which reduces the antioxidant capacity of
cells. Furthermore, particulate matter has been linked to inflammatory cytokines by stimulating the
overexpression of transcription factor genes and inflammation-related cytokine genes, resulting in
inflammatory damage [57].

While particulate matter and the respiratory-related outcome are explained, NOx and Sox have
caused a similar effect. High intensity and ambient NOx and SOx exposure contributed to respiratory tract
infections. A strong association has been reported between pollutants (SO2 and NO>), a significant decline in
small airway function, and an increase in airway oxidative stress among children with asthma [59]. NO; is
demonstrated in increasing leukotriene production, which may cause a significant trigger for asthma
exacerbations [60]. Those findings suggest outdoor air pollutants, including particulate matter, NOx, and
SOx, plausibly explain the effects on the respiratory system of both healthy and pulmonary patients.

Despite the COVID-19 pandemic subsiding, the danger of air pollution should not be ignored. This
study does not solely focus on COVID-19 but instead uses it as an example of a respiratory-based disease
discussed in this study. Previous research has already indicated that chronic exposure to air pollutants not
only exacerbates pre-existing conditions but also increases the number of new cases of asthma, chronic
obstructive pulmonary disease (COPD), and lung cancer, even in rural areas [61]-[63]. This means that
COVID-19 is not the only disease caused by high levels of air pollution. This study highlights that air
pollution and its health implications remain a significant global issue even after the pandemic. The pollutants
discussed in this review pose a widespread health threat, causing chronic and acute respiratory complications.
This is particularly true in developing countries where biomass fuels and coal are commonly used for home
heating and cooking [64]. It is crucial for all levels of government, industry, and the private sector to work
together to reduce the burden of air pollution and provide better respiratory health protection for everyone.

Although comprehensive recent findings related to the relationship between pollutants and
respiratory diseases, such as COVID-19, are constantly being developed, we acknowledge the existing
literature has limitations. The mechanism of contaminants affecting the respiratory system is generally
described; however, no single study focuses on specific pollutants. It should be noted that while all reviewed
studies assumed the use of reliable air quality data from official monitoring stations, it is challenging to
generalize the validation of data sources across different countries. This is because some countries may have
a reliable reporting system, while others may not. As a result, the robustness of the association between air
pollutants and COVID-19 may be confounded by uncontrolled bias due to the data sources. Nevertheless, this
study examines recent peer-reviewed investigations to ensure accurate conclusions from professionally
executed studies. In addition, all the studies suggest a similar decision: areas with high levels of pollutants
have a higher transmission rate of COVID-19 cases. These findings could have implications for the
prevention of respiratory systems-based diseases. Further extensive study to understand the specific
mechanism of pollutants and human defense may lead to broad knowledge. It will be necessary to conduct
more longitudinal or cohort studies to obtain better respiratory function measurements in infants and
biomarkers of impact. This will facilitate tracking the link between exposure to air pollution and the
development of respiratory diseases.

4. CONCLUSION

This study found a link between air pollutants, including particulate matter, NOx, SOx, and NO, and
respiratory diseases, mainly focusing on COVID-19 cases. Fine particles that have an aerodynamic
dimension of fewer than 2.5 um (PMgs) or 10 um (PMyo) from vehicles, the energy industry, and dust have
the most prominent possible effect on the prevalence of human respiratory disease, according to pollutant
levels analyzed for their association with COVID-19. This situation implies that air pollutants raise the risk
of respiratory illnesses via increasing ACE-2 expression.

The plausible pathway of air pollutants and the respiratory system ... (Hari Rudijanto Indro Wardono)



1430 O ISSN: 2252-8806

ACKNOWLEDGEMENTS

The authors acknowledge the contribution of the Director of the Health Polytechnic, Ministry of
Health, Semarang, who has provided study permit status and assistance in the form of particular
remuneration performance indicators (No: KP.03.01/4/17778/2022).

REFERENCES

[1] P. Habibzadeh and E. K. Stoneman, “The novel coronavirus: a bird’s eye view,” The International Journal of Occupational and
Environmental Medicine, vol. 11, no. 2, pp. 65-71, Feb. 2020, doi: 10.15171/ijoem.2020.1921.

[2] M. A. Shereen, S. Khan, A. Kazmi, N. Bashir, and R. Siddique, “COVID-19 infection: Emergence, transmission, and
characteristics of human coronaviruses,” Journal of Advanced Research, vol. 24, pp. 91-98, Jul. 2020, doi:
10.1016/j.jare.2020.03.005.

[3] O. Sharma, A. A. Sultan, H. Ding, and C. R. Triggle, “A review of the progress and challenges of developing a vaccine for
COVID-19,” Frontiers in Immunology, vol. 11, Oct. 2020, doi: 10.3389/fimmu.2020.585354.

[4] J. H. Rubens, P. C. Karakousis, and S. K. Jain, “Stability and viability of SARS-CoV-2,” New England Journal of Medicine,
vol. 382, no. 20, pp. 1962-1966, May 2020, doi: 10.1056/NEJMc2007942.

[5] L. Setti et al., “Potential role of particulate matter in the spreading of COVID-19 in Northern Italy: first observational study based
on initial epidemic diffusion,” BMJ Open, vol. 10, no. 9, p. 039338, Sep. 2020, doi: 10.1136/bmjopen-2020-039338.

[6] S. A. Meo, S. Ahmed Algahtani, F. Saad binmeather, R. Abdulrhman AlRasheed, G. Mohammed Aljedaie, and R. Mohammed
Albarrak, “Effect of environmental pollutants PM2.5, CO, O3 and NO2, on the incidence and mortality of SARS-COV-2 in largest
metropolitan cities, Delhi, Mumbai and Kolkata, India,” Journal of King Saud University - Science, vol. 34, no. 1, p. 101687, Jan.
2022, doi: 10.1016/j.jksus.2021.101687.

[7] L. Martelletti and P. Martelletti, “Air Pollution and the Novel Covid-19 Disease: a Putative Disease Risk Factor,” SN
Comprehensive Clinical Medicine, vol. 2, no. 4, pp. 383-387, Apr. 2020, doi: 10.1007/s42399-020-00274-4.

[8] B. Woodby, M. M. Arnold, and G. Valacchi, “SARS-CoV-2 infection, COVID-19 pathogenesis, and exposure to air pollution:
What is the connection?,” Ann N Y Acad Sci, vol. 1486, no. 1, pp. 15-38, Feb. 2021, doi: 10.1111/nyas.14512.

[9]1 S. Dominguez-Amarillo, J. Fernandez-Agliera, S. Cesteros-Garcia, and R. A. Gonzéalez-Lezcano, “Bad Air Can Also Kill:
Residential Indoor Air Quality and Pollutant Exposure Risk during the COVID-19 Crisis,” International Journal of Environmental
Research and Public Health, vol. 17, no. 19, p. 7183, Sep. 2020, doi: 10.3390/ijerph17197183.

[10] B. Paital and P. K. Agrawal, “Air pollution by NO2 and PM2.5 explains COVID-19 infection severity by overexpression of
angiotensin-converting enzyme 2 in respiratory cells: a review,” Environmental Chemistry Letters, vol. 19, no. 1, pp. 25-42, Feb.
2021, doi: 10.1007/s10311-020-01091-w.

[11] F. Zhou et al., “Clinical course and risk factors for mortality of adult inpatients with COVID-19 in Wuhan, China: a retrospective
cohort study,” The Lancet, vol. 395, no. 10229, pp. 1054-1062, Mar. 2020, doi: 10.1016/S0140-6736(20)30566-3.

[12] H. Li, X.-L. Xu, D.-W. Dai, Z.-Y. Huang, Z. Ma, and Y.-J. Guan, “Air pollution and temperature are associated with increased
COVID-19 incidence: A time series study,” International Journal of Infectious Diseases, vol. 97, pp. 278-282, Aug. 2020, doi:
10.1016/}.ijid.2020.05.076.

[13] H. N. du Preez, C. Aldous, M. R. Hayden, H. G. Kruger, and J. Lin, “Pathogenesis of COVID-19 described through the lens of an
undersulfated and degraded epithelial and endothelial glycocalyx,” The FASEB Journal, vol. 36, no. 1, Jan. 2022, doi:
10.1096/fj.202101100RR.

[14] A. Frontera, L. Cianfanelli, K. Vlachos, G. Landoni, and G. Cremona, “Severe air pollution links to higher mortality in COVID-19
patients: The ‘double-hit’ hypothesis.,” Journal of Infection, vol. 81, no. 2, pp. 255-259, Aug. 2020, doi:
10.1016/j.jinf.2020.05.031.

[15] N. Ali and F. Islam, “The Effects of Air Pollution on COVID-19 Infection and Mortality—A Review on Recent Evidence,”
Frontiers in Public Health, vol. 8, Nov. 2020, doi: 10.3389/fpubh.2020.580057.

[16] S. Comunian, D. Dongo, C. Milani, and P. Palestini, “Air Pollution and COVID-19: The Role of Particulate Matter in the Spread
and Increase of COVID-19’s Morbidity and Mortality,” International Journal of Environmental Research and Public Health, vol.
17, no. 12, p. 4487, Jun. 2020, doi: 10.3390/ijerph17124487.

[17] S. Mukherjee, S. Boral, H. Siddiqi, A. Mishra, and B. C. Meikap, “Present cum future of SARS-CoV-2 virus and its associated
control of virus-laden air pollutants leading to potential environmental threat — A global review,” Journal of Environmental
Chemical Engineering, vol. 9, no. 2, p. 104973, Apr. 2021, doi: 10.1016/j.jece.2020.104973.

[18] T. Benmarhnia, “Linkages Between Air Pollution and the Health Burden From COVID-19: Methodological Challenges and
Opportunities,” American Journal of Epidemiology, vol. 189, no. 11, pp. 1238-1243, Nov. 2020, doi: 10.1093/aje/kwaal48.

[19] E. Bontempi, “First data analysis about possible COVID-19 virus airborne diffusion due to air particulate matter (PM): The case of
Lombardy (Italy),” Environmental Research, vol. 186, p. 109639, Jul. 2020, doi: 10.1016/j.envres.2020.109639.

[20] P. Giani, S. Castruccio, A. Anav, D. Howard, W. Hu, and P. Crippa, “Short-term and long-term health impacts of air pollution
reductions from COVID-19 lockdowns in China and Europe: a modelling study,” Lancet Planet Health, vol. 4, no. 10, pp. e474—
e482, Oct. 2020, doi: 10.1016/S2542-5196(20)30224-2.

[21] J. P. Higgins and S. Green, Eds., Cochrane Handbook for Systematic Reviews of Interventions. Cochrane Training, 2019. [Online].
Auvailable: https://training.cochrane.org/handbook/archive/vé

[22] J. P. Higgins, J. Savovi¢, M. J. Page, R. G. Elbers, and J. A. Sterne, Eds., “Assessing risk of bias in a randomized trial,” in
Cochrane Handbook for Systematic Reviews of Interventions, vol. 6, Cochrane Training, 2019. [Online]. Available:
https://training.cochrane.org/handbook/archive/vé/chapter-08

[23] L. Xu, J. E. Taylor, and J. Kaiser, “Short-term air pollution exposure and COVID-19 infection in the United States,”
Environmental Pollution, vol. 292, p. 118369, Jan. 2022, doi: 10.1016/j.envpol.2021.118369.

[24] C. Sheridan, J. Klompmaker, S. Cummins, P. James, D. Fecht, and C. Roscoe, “Associations of air pollution with COVID-19
positivity, hospitalisations, and mortality: Observational evidence from UK Biobank,” Environmental Pollution, vol. 308, p.
119686, Sep. 2022, doi: 10.1016/j.envpol.2022.119686.

[25] M. Travaglio, Y. Yu, R. Popovic, L. Selley, N. S. Leal, and L. M. Martins, “Links between air pollution and COVID-19 in
England,” Environmental Pollution, vol. 268, p. 115859, Jan. 2021, doi: 10.1016/j.envpol.2020.115859.

[26] X. Zhang et al., “Associations between air pollution and COVID-19 epidemic during quarantine period in China,” Environmental
Pollution, vol. 268, p. 115897, Jan. 2021, doi: 10.1016/j.envpol.2020.115897.

Int J Public Health Sci, Vol. 13, No. 3, September 2024: 1422-1432



Int J Public Health Sci ISSN: 2252-8806 O 1431

[27] D. Ferndndez et al., “Are environmental pollution and biodiversity levels associated to the spread and mortality of COVID-19? A
four-month global analysis,” Environmental Pollution, vol. 271, p. 116326, Feb. 2021, doi: 10.1016/j.envpol.2020.116326.

[28] K. Chennakesavulu and G. R. Reddy, “The effect of latitude and PM2.5 on spreading of SARS-CoV-2 in tropical and temperate
zone countries,” Environmental Pollution, vol. 266, p. 115176, Nov. 2020, doi: 10.1016/j.envpol.2020.115176.

[29] V. Pegoraro, F. Heiman, A. Levante, D. Urbinati, and 1. Peduto, “An Italian individual-level data study investigating on the
association between air pollution exposure and Covid-19 severity in primary-care setting,” BMC Public Health, vol. 21, no. 1, p.
902, Dec. 2021, doi: 10.1186/s12889-021-10949-9.

[30] Y. O. Khaniabadi et al., “COVID-19 Outbreak Related to PM10, PM2.5, Air Temperature and Relative Humidity in Ahvaz, Iran,”
Dr. Sulaiman Al Habib Medical Journal, vol. 4, no. 4, pp. 182-195, Dec. 2022, doi: 10.1007/s44229-022-00020-z.

[31] C. Sanchez-Piedra, C. Cruz-Cruz, A.-E. Gamifio-Arroyo, and F.-J. Prado-Galbarro, “Effects of air pollution and climatology on
COVID-19 mortality in Spain,” Air Qual Atmos Health, vol. 14, no. 11, pp. 1869-1875, Nov. 2021, doi: 10.1007/s11869-021-
01062-2.

[32] H. Cao, B. Li, T. Gu, X. Liu, K. Meng, and L. Zhang, “Associations of ambient air pollutants and meteorological factors with
COVID-19 transmission in 31 Chinese Provinces: a time series study,” INQUIRY: The Journal of Health Care Organization,
Provision, and Financing, vol. 58, p. 004695802110602, Jan. 2021, doi: 10.1177/00469580211060259.

[33] A. R. Hakami and G. Dobie, “Studying the effect of particulate matter as SARS-CoV-2 transmitters,” Journal of Public Health
Research, vol. 11, no. 1, p. jphr.2021.2521, Jan. 2022, doi: 10.4081/jphr.2021.2521.

[34] H. Walton, D. Evangelopoulos, M.-l. Kasdagli, L. Selley, D. Dajnak, and K. Katsouyanni, Investigating links between air
pollution, COVID-19 and lower respiratory infectious diseases — A review, vol. 2022. Imperial College London, 2022. [Online].
Auvailable: https://www.imperial.ac.uk/media/imperial-college/medicine/sph/environmental-research-
group/Reportfinal APCOVID19_v10.pdf

[35] World Health Organization, “Ambient (outdoor) air pollution,” World Health Organization. [Online]. Available:
https://www.who.int/news-room/fact-sheets/detail/ambient-(outdoor)-air-quality-and-health

[36] N. T. Tung et al., “Particulate matter and SARS-CoV-2: A possible model of COVID-19 transmission,” Science of The Total
Environment, vol. 750, p. 141532, Jan. 2021, doi: 10.1016/j.scitotenv.2020.141532.

[37] P. Mishraet al., “Possible activation of NRF2 by Vitamin E/Curcumin against altered thyroid hormone induced oxidative stress via
NFxB/AKT/mTOR/KEAPI signalling in rat heart,” Scientific Reports, vol. 9, no. 1, p. 7408, May 2019, doi: 10.1038/s41598-019-
43320-5.

[38] X. Zhang et al., “Associations between air pollution and COVID-19 epidemic during quarantine period in China,” Environmental
Pollution, vol. 268, p. 115897, Jan. 2021, doi: 10.1016/j.envpol.2020.115897.

[39] G. Qu, X. Li, L. Hu, and G. Jiang, “An Imperative Need for Research on the Role of Environmental Factors in Transmission of
Novel Coronavirus (COVID-19),” Environmental Science & Technology, vol. 54, no. 7, pp. 3730-3732, Apr. 2020, doi:
10.1021/acs.est.0c01102.

[40] B. Hu, S. Huang, and L. Yin, “The cytokine storm and COVID-19,” Journal of Medical Virology, vol. 93, no. 1, pp. 250-256, Jan.
2021, doi: 10.1002/jmv.26232.

[41] D. Jarczak and A. Nierhaus, “Cytokine storm—definition, causes, and implications,” International Journal of Molecular Sciences,
vol. 23, no. 19, p. 11740, Oct. 2022, doi: 10.3390/ijms231911740.

[42] M. Hoffmann et al., “SARS-CoV-2 Cell Entry Depends on ACE2 and TMPRSS2 and Is Blocked by a Clinically Proven Protease
Inhibitor,” Cell, vol. 181, no. 2, pp. 271-280.e8, Apr. 2020, doi: 10.1016/j.cell.2020.02.052.

[43] T. Hirano and M. Murakami, “COVID-19: A New Virus, but a Familiar Receptor and Cytokine Release Syndrome,” Immunity,
vol. 52, no. 5, pp. 731-733, May 2020, doi: 10.1016/j.immuni.2020.04.003.

[44] Z. Varga et al., “Endothelial cell infection and endotheliitis in COVID-19,” The Lancet, vol. 395, no. 10234, pp. 1417-1418, May
2020, doi: 10.1016/S0140-6736(20)30937-5.

[45] F. Calabrese et al., “Pulmonary pathology and COVID-19: lessons from autopsy. The experience of European Pulmonary
Pathologists,” Virchows Archiv, vol. 477, no. 3, pp. 359-372, Sep. 2020, doi: 10.1007/s00428-020-02886-6.

[46] W. O. Vasquez-Bonilla et al., “A review of the main histopathological findings in coronavirus disease 2019,” Human Pathology,
vol. 105, pp. 74-83, Nov. 2020, doi: 10.1016/j.humpath.2020.07.023.

[47] T. Bourdrel, I. Annesi-Maesano, B. Alahmad, C. N. Maesano, and M.-A. Bind, “The impact of outdoor air pollution on COVID-
19: a review of evidence from in vitro, animal, and human studies,” European Respiratory Review, vol. 30, no. 159, p. 200242,
Mar. 2021, doi: 10.1183/16000617.0242-2020.

[48] M. Kogevinas et al., “Ambient air pollution in relation to SARS-CoV-2 infection, antibody response, and COVID-19 disease: A
Cohort Study in Catalonia, Spain (COVICAT Study),” Environmental Health Perspectives, vol. 129, no. 11, Nov. 2021, doi:
10.1289/EHP9726.

[49] V. Tanwar, J. M. Adelstein, and L. E. Wold, “Double trouble: combined cardiovascular effects of particulate matter exposure and
coronavirus disease 2019,” Cardiovascular Research, vol. 117, no. 1, pp. 85-95, Jan. 2021, doi: 10.1093/cvr/cvaa293.

[50] D. Wichmann et al., “Autopsy findings and venous thromboembolism in patients with COVID-19,” Annals of Internal Medicine,
vol. 173, no. 4, pp. 268-277, Aug. 2020, doi: 10.7326/M20-2003.

[51] E. Senatore, R. Iannucci, F. Chiuso, R. Delle Donne, L. Rinaldi, and A. Feliciello, “Pathophysiology of primary cilia: signaling and
proteostasis regulation,” Frontiers in Cell and Developmental Biology, vol. 10, May 2022, doi: 10.3389/fcell.2022.833086.

[52] L E. Isphording and N. Pestel, “Pandemic meets pollution: Poor air quality increases deaths by COVID-19,” Frontiers in Cell and
Developmental Biology, vol. 108, p. 102448, Jul. 2021, doi: 10.1016/j.jeem.2021.102448.

[53] L. Morawska and D. K. Milton, “It Is Time to Address Airborne Transmission of Coronavirus Disease 2019 (COVID-19),”
Clinical Infectious Diseases, vol. 71, no. 9, pp. 23112313, Jul. 2020, doi: 10.1093/cid/ciaa939.

[54] Y.-Y. Zheng, Y.-T. Ma, J.-Y. Zhang, and X. Xie, “COVID-19 and the cardiovascular system,” Nature Reviews Cardiology,
vol. 17, no. 5, pp. 259-260, May 2020, doi: 10.1038/s41569-020-0360-5.

[55] M. Alifano, P. Alifano, P. Forgez, and A. lannelli, “Renin-angiotensin system at the heart of COVID-19 pandemic,” Biochimie,
vol. 174, pp. 30-33, Jul. 2020, doi: 10.1016/j.biochi.2020.04.008.

[56] S. Y. Kyung and S. H. Jeong, “Particulate-matter related respiratory diseases,” Tuberculosis and Respiratory Diseases, vol. 83,
no. 2, p. 116, 2020, doi: 10.4046/trd.2019.0025.

[57] Y.-F. Xing, Y.-H. Xu, M.-H. Shi, and Y.-X. Lian, “The impact of PM2.5 on the human respiratory system,” Journal of Thoracic
Disease, vol. 8, no. 1, pp. E69-E74, 2016.

[58] U. Gehring et al., “Air pollution exposure and lung function in children: The ESCAPE Project,” Environmental Health
Perspectives, vol. 121, no. 11-12, pp. 1357-1364, Nov. 2013, doi: 10.1289/ehp.1306770.

[59] A. Dondi et al., “Outdoor air pollution and childhood respiratory disease: the role of oxidative stress,” International Journal of
Molecular Sciences, vol. 24, no. 5, p. 4345, Feb. 2023, doi: 10.3390/ijms24054345.

The plausible pathway of air pollutants and the respiratory system ... (Hari Rudijanto Indro Wardono)



1432 O3 ISSN: 2252-8806

[60] L. G. V. Buonfiglio and A. P. Comellas, “Mechanism of ambient particulate matter and respiratory infections,” Journal of
Thoracic Disease, vol. 12, no. 3, pp. 134-136, Mar. 2020, doi: 10.21037/jtd.2019.12.33.

[61] I.-P. Wu, S.-L. Liao, S.-H. Lai, and K.-S. Wong, “The respiratory impacts of air pollution in children: Global and domestic
(Taiwan) situation,” Biomedical Journal, vol. 45, no. 1, pp. 88-94, Feb. 2022, doi: 10.1016/j.bj.2021.12.004.

[62] U. de P. Santos et al., “Environmental air pollution: respiratory effects,” Jornal Brasileiro de Pneumologia, vol. 47, no. 1, p.
€20200267, Feb. 2021, doi: 10.36416/1806-3756/e20200267.

[63] O. K. Kurt, J. Zhang, and K. E. Pinkerton, “Pulmonary health effects of air pollution,” Current Opinion in Pulmonary Medicine,
vol. 22, no. 2, pp. 138-143, Mar. 2016, doi: 10.1097/MCP.0000000000000248.

[64] J. R. Balmes, “Household air pollution from domestic combustion of solid fuels and health,” Journal of Allergy and Clinical
Immunology, vol. 143, no. 6, pp. 1979-1987, Jun. 2019, doi: 10.1016/j.jaci.2019.04.016.

BIOGRAPHIES OF AUTHORS

Hari Rudijanto Indro Wardono g 2 is a full lecturer at the Department of
Environmental Health, Polytechnic of the Health Ministry of Semarang. He is continuing
his doctoral studies in the Public Health Program at Semarang State University. His
research focused on water and wastewater treatment, air pollution issues, and environmental
health. He can be contacted at email: harirudijantoiw@students.unnes.ac.id.

R Susanti @ Ed 2 is a lecturer at Semarang State University. Her current research
interests are metagenomics and metabolomics in poultry (especially domestic duck) and
their interaction with pathogenic agents and the environment. Methods and techniques we
use are next-generation sequencing (NGS), LCMS, GCMS, HPLC, and
immunohistochemistry. Her recent works discussed metagenomics and metabolomics
analysis at microbiota intestinal poultry and their correlation with immune activity. She can
be contacted at email: basanatha8@mail.unnes.ac.id.

Yuni Wijayanti © B BS © s also a full lecturer at Semarang State University. Her
studies mostly discussed communicable diseases and environment-related topics as her
expertise is in environmental health. She <can be contacted at email:
yuniwija@mail.unnes.ac.id.

Widya Hary Cahyati BIBd © is a lecturer at Semarang State University. She works on
multiple research projects regarding various public health issues. Her recently published
study discussed mental health during the COVID-19 pandemic in Indonesia. can be
contacted at email: widyahary27@mail.unnes.ac.id.

Int J Public Health Sci, Vol. 13, No. 3, September 2024: 1422-1432


mailto:harirudijantoiw@students.unnes.ac.id
mailto:yuniwija@mail.unnes.ac.id
mailto:widyahary27@mail.unnes.ac.id
https://orcid.org/0000-0002-7344-8469
https://scholar.google.com/citations?user=HFbyzHIAAAAJ
https://www.scopus.com/authid/detail.uri?authorId=57208223405
https://orcid.org/0000-0001-6267-2126
https://scholar.google.com/citations?user=FXHdUVUAAAAJ&hl=en
https://www.scopus.com/authid/detail.uri?authorId=57216299222
https://orcid.org/0000-0003-4321-5223
https://scholar.google.com/citations?user=7ZNt9wIAAAAJ&hl=en
https://orcid.org/0000-0003-2277-6566
https://scholar.google.co.id/citations?user=c9x2r30AAAAJ&hl=en
https://www.scopus.com/authid/detail.uri?authorId=57210120142

