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ABSTRACT ARTICLE HISTORY
Exposure to biomass-burning particulate matter (PM) is associated with various adverse Received 10 January 2024
health effects, including respiratory and cardiovascular conditions, cancer, and systemic Accepted 3 July 2024
effects. Multiple mechanisms underlying PM toxicity components derived from biomass burn-
ing elicit harmful effects, such as reactive oxygen species (ROS) generation, inflammation,
genotoxicity, and tissue-specific damage. Specific compounds or families of compounds pre-
sent in biomass-burning PM, such as polyaromatic hydrocarbons (PAHs) and their derivatives,
have been identified as key contributors to the observed health effects. Their roles in oxida-
tive stress, DNA damage, and cell death have been elucidated in various organs, such as the
lungs, liver, kidneys, and brain, providing valuable insights into the systemic biological influ-
ence of biomass-burning-related diseases. Current knowledge of the impact of biomass burn-
ing highlights the imperative need for further research to understand the health implications
of this environmental challenge and the importance of mitigating the adverse effects of
increased exposure to biomass-burning pollution to protect the well-being of exposed popu-
lations worldwide. This review focuses on the crucial roles of oxidative stress and inflamma-
tion in mediating health effects, triggered by exposure to biomass-burning aerosols. It
examines various aspects of the health-related impacts of biomass-burning emissions, particu-
larly those from PM components. The review highlights the health consequences on exposed
populations, emphasizing specific biochemical responses, contributions to toxicity mecha-
nisms, tissue-specific effects, and the families of compounds responsible for these effects.
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GRAPHICAL ABSTRACT
Health effects of biomass burning
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1. Introduction

The health impacts of biomass burning have recently
become a subject of increasing concern because of its
significant influence on the environment and human
well-being (Aguilera et al. 2021). Biomass burning
involves a wide range of activities, including acciden-
tal wildfires (forest fires and peatland smoldering),
agricultural fires due to land-use change, residential
wood and solid-fuel combustion, and power gener-
ation, which collectively affect climate and human
health (Chen et al. 2017; Fuller et al. 2022; Karanasiou
et al. 2021; Lelieveld et al. 2015; Olsen et al. 2020;
Woo et al. 2020). Biomass burning substantially influ-
ences global air quality, particularly in regions such as
South America, Africa, North America, the Amazon
region, Siberia, the Indo-Gangetic Plain (IGP) of
India, and Australia, where it is the primary source of
air pollution (Aguilera et al. 2021; Burke et al. 2023;
Lelieveld et al. 2015; Ojha et al. 2020; Patel, Satish,
and Rastogi 2021). Biomass burning is widespread in
Southeast Asia and Europe for various purposes,
including agriculture, cooking, residential energy pro-
duction, and waste disposal (Chen et al. 2017; Fuller
et al. 2022; Lelieveld et al. 2015; Olsen et al. 2020).
The global anthropogenic emission of primary par-
ticulate matter smaller than 2.5pum (PM,;) is about
50,000 Gg per year (Klimont et al. 2017; Sigsgaard
et al. 2015), with a large fraction of these emissions
originated by biomass combustion (~16,000 Gg/year)
i.e,, either by residential combustion or agricultural
fires. In 2010, the contribution of wildfires added
about 33,000 Gg of primary PM, s emission (Klimont
et al. 2017). These wildfire emissions are enhanced by
climate change, arson and forestry, which are indir-
ectly influenced by mankind. Biomass burning expos-
ure can be categorized into two primary groups:
short-term exposure, which involves occasional and
seasonal exposure often encountered in communities
near forest fires or intentional agricultural burning
(Aguilera et al. 2021; Burke et al. 2023; Drventic¢ et al.
2023; Karanasiou et al. 2021), and long-term exposure,
characterized by chronic exposure resulting from the
continuous use of biomass materials for cooking or
heating (Arslan, Aykan Tizlin, and Arslan 2020;
Kamal et al. 2022; Rahman, Niemann, and Munson-
McGee 2022; Wen et al. 2023).

The direct health implications of biomass burning
are significant, as millions of people worldwide are
exposed to mixtures of airborne particles and irritant
gases from burning biomass emissions (Chen et al.
2017; Karanasiou et al. 2021; Lelieveld et al. 2015;
Ojha et al. 2020; Oliveira et al. 2019; Patel, Satish, and

Rastogi 2021). These residential emissions release sul-
fur dioxide (SO,), nitrogen oxides (NOx), volatile
organic compounds (VOCs), and ammonia (NHj),
which are critical precursors for secondary aerosols
and tropospheric ozone (O;) formation (Andreae
2019; Lim et al. 2019). Biomass combustion results in
substantial greenhouse gas emissions, including
methane (CH,) and carbon dioxide (CO,), compar-
able to fossil fuel combustion (Yoro and Daramola
2020). PM emissions from biomass burning, within
the PM, s fraction, comprise a mixture of black car-
bon (BC), brown carbon (BrC), organic carbon (OC),
inorganic materials, and potentially heavy metals (Li,
Misovich, et al. 2021; Matamba et al. 2021; Reid et al.
2005). In addition, wildfires represent a global phe-
nomenon that releases substantial amounts of smoke
pollution, affecting air quality and public health, car-
rying pollutants like PM, VOCs, polyaromatic hydro-
carbons (PAHs), phenols, carbonyls, alcohols, and
benzene across vast distances (Aguilera et al. 2021;
Burke et al. 2023; Matamba et al. 2021; Reid et al.
2016), with PM being the most prevalent and con-
cerning pollutant (Adachi et al. 2019; Li, Misovich,
et al. 2021; Oliveira et al. 2019). The composition,
transport, and toxicity of wildfire smoke are influ-
enced by various factors, including fuel type, combus-
tion phase, landscape characteristics, aging by
atmospheric chemical reactions, weather conditions,
and climate change (Chen et al. 2017; Karanasiou
et al. 2021; Lelieveld et al. 2015; Oliveira et al. 2019;
Reid et al. 2016). Recent trends, such as the increased
frequency and intensity of wildfires in regions such as
the western USA and Australia, underscore the
increasing importance of understanding the health
implications of biomass burning (Chen et al. 2017;
Karanasiou et al. 2021; Lelieveld et al. 2015; Oliveira
et al. 2019). Particularly, in developed areas where
pollution is controlled and biomass burning events are
challenging, health effects increase owing to the aging
population, which is more sensitive to exposure
(Andersen et al. 2007; Sigsgaard et al. 2015).

The health effects of biomass-burning emissions
are strongly driven by oxidative stress and inflamma-
tion (Bayo Jimenez et al. 2022; Danielsen et al. 2010;
Hahad et al. 2020; Mondal et al. 2018; Pardo, Qiu,
et al. 2020) (Figure 1). Key molecular pathways
include the NF-E2-related factor 2 (Nrf2) pathway,
which regulates the cellular antioxidant response to
counteract the oxidative damage caused by reactive
oxygen species (ROS), and the aryl hydrocarbon
receptor (AhR) pathway, which triggers inflammation
and helps metabolize toxins when exposed to biomass
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Figure 1. Biomass burning exerts its influence through inflammation and oxidative stress. Exposure to biomass-burning materials
generates reactive oxygen species (ROS) and plays a central role in various aspects of inflammation. ROS can oxidize and harm
essential molecules within the body, including lipids, proteins, and DNA, potentially leading to cell death and, subsequently, the
development of diseases. Disruption of redox balance also influences the activation of redox-sensitive signaling pathways, such as
Nrf2 and aryl hydrocarbon receptor (AhR). Furthermore, PAHs and other aromatic pollutant from biomass burning activate the AhR
pathway, further contributing to the physio-pathological inflammatory effects. Gas phase: sulfur dioxide (SO,), nitrogen oxides
(NO,), ammonia (NHs), ozone (0s), methane (CH,4), and carbon dioxide (CO,). Particulate matter (PM), polycyclic aromatic hydrocar-
bons (PAH), black carbon (BC), brown carbon (BrC), and organic carbon (OC).

smoke components Understanding these mechanisms
in specific tissues and organs is essential for develop-
ing strategies to mitigate the health consequences of
air pollution caused by biomass burning (Croft et al.
2017; Danielsen et al. 2010; Efriza et al. 2023; Li et al.
2015; Milani et al. 2020; Pardo, Qiu, et al. 2020; Patel
et al. 2020).

2. Oxidative potential (OP) of biomass-burning
aerosols and its impact on human health

2.1. Biomass-burning fractions and OP

Biomass-burning emissions change the atmospheric
composition and aerosol properties (de Miranda et al.
2016; Ponczek et al. 2022). The complex interplay
between aerosol composition (Hartikainen et al.
2020), organic and inorganic components (Miersch
et al. 2019), and their impact on human health and
air quality reciprocally influences the oxidative poten-
tial (OP) of particles. OP refers to the ability of cer-
tain components in atmospheric particles to generate
ROS and reduce the levels of antioxidants (Farahani
et al. 2022; Li et al. 2023; Li, Li, et al. 2022; Tuet et al.
2019; Wong et al. 2019). Oxidizing compounds that
induce OP include quinones, organoperoxides,

peroxyacyl nitrates, electron-deficient alkenes, and
transition metals. Such pollutants can be enriched in
fresh and atmospherically processed biomass-burning
emissions, consequently contributing to urban PM, s
OP (Chowdhury et al. 2022; Ojha et al. 2020; Patel,
Satish, and Rastogi 2021). Antioxidants, such as phe-
nols, polyphenols (Kjallstrand and Petersson 2001; Li
et al. 2023), or compounds which can be further
metabolized to oxidants or redox-cycling active com-
pounds (e.g., PAH, and PAH-polyols) are also present
in biomass burning aerosols. The balance of oxidative
and antioxidative compounds, determines the OP bur-
den of biomass-burning PM. For example, in Milan,
Italy, during the winter season, enhanced biomass-
burning activities resulted in a substantial increase in
OP, which was identified as the primary contributor
to the OP of PM, 5 (Farahani et al. 2022; Hakimzadeh
et al. 2020). In another study, the OP of water-soluble
biomass-burning aerosols in the Brazilian Amazon
induced higher levels of intracellular ROS and reactive
nitrogen species (RNS) than ambient samples collected
in Atlanta and laboratory-generated biomass-burning
SOA aerosols (Tuet et al. 2019). A notable correlation
has been established between ROS/RNS and the pres-
ence of levoglucosan, a tracer for biomass burning,
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suggesting that levoglucosan could serve as a predictor
of oxidative stress during biomass burning exposure
(Tuet et al. 2019).

2.2. Impact of atmospheric aging on OP

The OP in PM,; is influenced by atmospheric chem-
ical transformations, including aging processes and
environmental conditions, which create intricate spa-
tiotemporal variations and affect toxicity. Artificial
aging in the laboratory exposes aerosols to high oxi-
dant concentrations, simulating rapid oxidation but
potentially oversimplifying real-world conditions. In
contrast, natural aging occurs over time through grad-
ual exposure to sunlight and natural oxidants, leading
to complex changes in aerosol chemistry. This distinc-
tion is crucial for assessing aerosol toxicity accurately
and understanding the broader environmental and
health implications. Both types of aging processes are
discussed in this section: During the fire season in
Greece (July to October 2016 and 2017), OP increased
owing to atmospheric aging (Li, Li, et al. 2021; Wong
et al. 2019). Laboratory aging processes, such as
photochemical aging (induced by UVB and UVA pho-
tolysis), ozone exposure, and OH oxidation, can trans-
form the OP of the water-soluble fraction of wood
smoke within 2days (Wong et al. 2019). Humic-like
substances (HULIS) constitute a significant redox-
active fraction of biomass-burning organic aerosols.
Alkaline neutralization increases the HULIS OP and
peroxide contents. Dark aging subsequently results in
pH-dependent toxicity and chemical changes. This
process implies that a lung fluid-neutral environment
can modify the OP and peroxide content of inhaled
biomass-burning HULIS (Li et al. 2023; Li, Li, et al.
2022). The biomass-burning-derived fractions (pri-
mary BrC fractions, HULIS, and SOA) have strong
OP. They generate ROS with varying intensities
among the biomass types (Fan et al. 2018), and the
OP values of the biomass burning fractions are higher
than those of SOA or most secondary urban aerosols
(Figure 2).

2.3. OP and cells toxicity

Studies have demonstrated a consistent relationship
between OP measurements of aerosols and cellular
toxicity. For example, phenol and guaiacol from bio-
mass-burning smoke, which exhibits high OP, can
form SOA that damages lung cells (Fang et al. 2024).
In contrast, tar materials collected from wood pyroly-
sis showed reduced OP and were associated with no

detectable lung cell death at environmentally relevant
doses (Fang et al. 2021). Atmospheric aging has also
been shown to alter OP, correlating with changes in
cytotoxicity. This effect was observed with HULIS,
where aging modified their cytotoxic impact on lung
epithelial cells in a manner that paralleled changes in
their OP (Li et al. 2023). The OP from biomass burn-
ing leads to the production of ROS, which can cause
oxidative stress and various cytotoxic effects (Li, Li,
et al. 2021; Tuet et al. 2019). This indicates that both
the nature of the pollutants and their interactions
with environmental factors influence their cytotoxic
effects.

Therefore, understanding the OP of biomass-
burning aerosols is essential to understanding their
implications for human health and air quality. OP
is a reliable measure of the oxidative toxicity of
PM, s exposure. Future research should focus on
OP and not just the mass concentration of PM, s
when addressing air pollution control. The effects of
biomass-burning emissions, their transformation dur-
ing aging, and their role in oxidative stress highlight
the need for further research and development of
effective air quality control and public health
policies.

3. Health effects

Evaluating the adverse health effects of biomass burn-
ing requires a combination of epidemiological investi-
gations and laboratory-based experimental studies.
Epidemiological studies are crucial to connect air pol-
lution exposure to its impact on human health. These
studies utilize advanced techniques such as biomoni-
toring, which directly measures exposure biomarkers
in human subjects, and geographic information sys-
tems (GIS) alongside statistical models to analyze spa-
tial and temporal pollution exposure, confounding
factors, and health outcomes. However, such studies
can be very long, expensive, and time-consuming, and
the results of mathematical statistics are sometimes
biased and cannot prove causation or elucidate bio-
logical mechanisms (Adetona et al. 2017; Aguilera
et al. 2021; Arslan, Aykan Tiiziin, and Arslan 2020;
Bessa et al. 2023; Cherry et al. 2022; Christensen et al.
2022; Kamal et al. 2022; Oliveira et al. 2019;
Ranathunga et al. 2022). In vivo and in vitro studies
are frequently performed to assess PM toxicity
through controlled experimental conditions. In vivo,
studies utilize live animal models to explore broader
physiological effects and the mechanisms of disease
development due to PM exposure. In vitro studies are
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Figure 2. Oxidative potential of various organic aerosol subtypes, including secondary organic aerosols from diverse VOCs, primary
aerosols from incomplete combustion of biomass and fossil fuels, and ambient PM,s. Phenolic secondary organic aerosol (SOA) is
marked in a light blue dash line; aromatic hydrocarbon SOA is marked in a dark blue dash line; biogenic SOA is marked in a pur-
ple dash line. The box plot on the right compares the statistical average oxidative potential of biomass burning organic aerosol
and urban PM, 5 (Bates et al. 2015; Brehmer et al. 2019; Fang et al. 2022; Jiang et al. 2016; Jin et al. 2016; Kramer et al. 2016; Li
et al. 2023; Li, Misovich, et al. 2022; Liu et al. 2014; McWhinney, Zhou, and Abbatt 2013; Patel, Satish, and Rastogi 2021; Tuet
et al. 2017; Verma et al. 2015; Yang, Liu, and Qian 2021; Zhu et al. 2020).

pivotal as they enable researchers to observe the direct
cellular effects of PM. These studies typically employ
cultured cells and advanced techniques like high-
throughput screening to assess the impacts of various
pollutants. These diverse research methodologies—epi-
demiological, in vivo, and in vitro—can establish a
robust framework for understanding the complex
interactions between biomass burning emissions and
human health. The following sections will delve into
the specific findings from these research methodolo-
gies, highlighting how exposure to biomass burning
emissions impacts human health.

3.1. Respiratory and cardiovascular systems

3.1.1. Epidemiology studies influencing the respira-
tory and cardiovascular systems

Extensive studies have been conducted on the health

implications of indoor air pollution resulting from

biomass burning in developing (Kamal et al. 2022;

Oliveira et al. 2019; Pathak, Gupta, and Suri 2020;

Ranathunga et al. 2022) and developed countries

(Andersen et al. 2007; Olsen et al. 2020; Roomaney
et al. 2022; Sigsgaard et al. 2015). This discussion
focuses on epidemiological findings from regions
where communities utilize wood for heating and/or
cooking in their homes. We also discuss smaller-scale
studies on occupational health risks in populations
exposed to biomass and burning smoke.

Women from Ghana (Van Vliet et al. 2019) and
Honduras (Walker et al. 2020) exposed to household
air pollution reported frequent coughing, wheezing,
phlegm, and clinic visits for respiratory infections
(Van Vliet et al. 2019; Walker et al. 2020). In a large
study of household air pollution across 11 low- and
middle-income countries, lower levels of lung function
with increased hospitalization and all-cause mortality
in cross-sectional analyses were observed among indi-
viduals who used solid fuels for cooking in compari-
son with those who used clean fuels (Wang et al
2023). Toxicological measurements showed that
chronic exposure to household biomass fuel increased
leukocyte and airway inflammation, elevated ROS lev-
els, activated Nrf2, and reduced antioxidant enzyme
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activity in the airways of women. These changes rep-
resent adaptive responses to the oxidative stress and
inflammation caused by exposure to biomass fuels
(Mondal et al. 2018).

The use of biomass as cooking fuel is associated
with chronic bronchitis and obstructive airway disease
(COPD). Women exposed to biomass and solid fuels
have a higher prevalence of COPD, with clinical diag-
nosis indicating a more significant risk than spirom-
eter-based diagnosis alone (Kamal et al. 2022). A
systematic review and meta-analysis revealed that
exposure to indoor air pollution due to biomass (fuel
exposure compared to other fuels) in adults signifi-
cantly causes COPD and chronic bronchitis (Pathak,
Gupta, and Suri 2020), providing information on how
air pollution affects lung function and respiratory
disease.

A notable link has been demonstrated between
increased instances of common respiratory symptoms
and the level of smoke exposure experienced by fire-
fighters (Cherry et al. 2022; Greven et al. 2011). A
positive correlation was identified between the fre-
quency of firefighting in the past year and the occur-
rence of respiratory symptoms (cough, throat, and
nose) (Cherry et al. 2022). Notably, firefighters exhibit
a higher prevalence of asthma than the general popu-
lation in the Netherlands, especially among individuals
with atopic conditions (Greven et al. 2011).

Specific subpopulations with preexisting health
conditions (Croft et al. 2017; Greven et al. 2011;
Karanasiou et al. 2021) and older adults (DeFlorio-
Barker et al. 2019; Johnston et al. 2019; Karanasiou
et al. 2021; Liu et al. 2015) are more susceptible to
biomass-burning pollutants than the general popula-
tion. In a study involving patients with cardiac dis-
ease, adverse changes in fibrinogen levels were
associated with increased concentrations of wood
smoke markers. Elevated concentrations of PM, s, BC,
and ultrafine particles (UFP, within 100 nm) over the
preceding 96 h correlated with unfavorable alterations
in markers of systemic inflammation and coagulation
but not with markers of endothelial cell dysfunction
or platelet activation (Croft et al. 2017) and arterial
stiffness (Unosson et al. 2013). Other factors, such as
ethnicity or socioeconomic status (Karanasiou et al.
2021; Woo et al. 2020), can influence health-related
issues. Therefore, the impact of biomass-burning pol-
lution and smoke extends to household air pollution,
firefighters, and specific subpopulations, with a dem-
onstrated correlation between the level of exposure
and increased incidence of respiratory and cardiovas-
cular symptoms.

3.1.2. In vivo toxicity of the respiratory and cardio-
vascular systems by biomass burning

As demonstrated in various studies, the toxicology
and underlying mechanisms of biomass-burning emis-
sions severely impact the respiratory and cardiovascu-
lar systems of mice (Chen et al. 2021). For example,
exposure of mice to PM from peat fires or biomass
burning smoke has been linked to lung inflammation,
including increases in bronchoalveolar lavage fluid
proteins, cytokines (such as interleukin (IL)6, tumor
necrosis factor (TNF)a, and macrophages inflamma-
tory protein (MIP)-2), neutrophils, and ROS as key
contributors. A significant decrease in cardiac func-
tion and an increase in post-ischemic cardiac death in
an experimentally induced ischemia model (Kim et al.
2019; Kim et al. 2014). Furthermore, acute exposure
to PM collected from biomass cooking in rural Indian
homes led to pro-inflammatory cytokine production,
neutrophilic inflammation, airway resistance, and
hyperresponsiveness in the lungs of mice lungs. ILIR,
Toll-like receptor (TLR)4, and TLR2 are the primary
receptors responsible for eliciting inflammatory
responses through myeloid differentiation primary
response protein (MyD)88 (Sussan et al. 2014).
Transcriptional responses resulting from exposure to
wildfire smoke in mouse lungs elicit responses related
to cellular immune responses, cytokine signaling, cel-
lular growth, proliferation, cellular stress injury, and
cancer. These groupings are aligned with pulmonary
toxicity markers (Koval et al. 2022), leading to alveo-
lar damage, such as emphysema of the lung tissue
(Wardoyo 2019).

Other materials, such as aerosols from water-soluble
wood tar extracts, have demonstrated increased oxida-
tive stress responses in mice and bronchial epithelial
cells (Pardo, Li, et al. 2020). Notably, oxidative stress-
related changes, such as altered levels of ROS and
reduced expression of antioxidant genes, were observed,
as evidenced by elevated levels of the lipid peroxidation
adduct malondialdehyde (MDA). Exposure to smoke
elevated plasma carboxyhemoglobin (COHD) levels and
damages the tracheal surface, resulting in epithelial loss.
Furthermore, plasma extracellular vesicles (EVs) carry
miRNAs associated with cardiovascular disease, show-
ing exposure-induced alterations in mice. Lung and
heart gene expression patterns indicated responses
related to the Nrf2-mediated oxidative stress response,
hypoxia signaling, and hypoxia-inducible factor
(HIF)1A signaling during exposure to biomass-burning
PM, 5, suggesting intercellular and system-level com-
munication between tissues in response to wildfire
exposure (Carberry et al. 2022).



The studies discussed here revealed that exposure
to biomass-burning pollution, whether from peat fires,
pinewood, grain straw, or wood tar aerosols, triggers a
wide range of adverse effects. These effects include
elevated lung inflammation, oxidative stress, pro-
inflammatory cytokine production, airway resistance,
alveolar damage, and damage to the tracheal surface.
Notably, the type of fuel and combustion conditions
influenced the outcomes, with smoke from flaming
combustion showing greater toxicity, even though it
contains a lower mass of PM. However, it is essential
to consider that health risks due to exposure are a
function of both toxicity and the mass of PM.
Therefore, exposure to high concentrations of smoke
from smoldering combustion could pose a more sig-
nificant hazard than exposure to more toxic but much
lower mass concentration flaming smoke. This high-
lights that both the toxicity and concentration of PM
must be considered when assessing health effects.

3.1.3. In vitro toxicity of the respiratory and cardio-
vascular systems by biomass burning

Cell culture experiments allow the evaluation of spe-
cific components of biomass burning and their bio-
logical effects. Studies on A549, MRC5 human lung
cells, and cardiomyocytes exposed to PM;q, PM, s, or
PAHs during biomass burning have revealed multiple
adverse effects, including elevated ROS levels, inflam-
matory cytokines, autophagy, DNA damage, apoptosis,
and necrosis (Bae et al. 2022; de Oliveira Alves et al.
2017; do Nascimento et al. 2023; Kanashova et al
2018; Lima de Albuquerque et al. 2021; Marchetti
et al. 2019; Marchetti et al. 2021; Pardo et al. 2021; Qi
et al. 2019). Mitochondrial damage emerged as an
early event in this process (Atwi et al. 2022; Bayo
Jimenez et al. 2022; Bessa et al. 2023; Dubick et al.
2002; Pardo et al. 2021; Pardo, Li, et al. 2020; Pardo,
Qiu, et al. 2020). In vitro exposure of human lung epi-
thelial cells to PM from burning oak, pine, and hick-
ory resulted in lower metabolic activity (Atwi et al.
2022; Lima de Albuquerque et al. 2021; Marchetti
et al. 2019; Marchetti et al. 2021), whereas aged PM
induced more cell death by apoptosis, probably due to
changes in OP (Atwi et al. 2022; Li et al. 2023; Li, Lj,
et al. 2021). Nitroaromatics are important markers
from primary and secondary biomass-burning emis-
sions and are major pro-inflammatory components in
urban PM, s (Zhang et al. 2023). Specifically, nitro-
phenols from biomass and fuel combustion induce
cytotoxic effects, membrane disintegration, and
phospholipid rearrangements in lung cell lines (BEAS-
2B and A549) (Majewska et al. 2021).
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Several studies have examined the influence of bio-
mass-burning materials on phase I and phase II antioxi-
dant systems, including Nrf2 and AhR (Kanashova
et al. 2018; Marchetti et al. 2019; Marchetti et al. 2021).
Long-term exposure to PM,s from biomass combus-
tion induced an anti-oxidative response through Nrf2
activation and increased intracellular glutathione levels,
which was facilitated by the c-Jun N-terminal kinase
JNK1/2 in BEAS-2B cells (Merk et al. 2020). The expos-
ure of women in rural villages in China to biomass
burning-influenced PM, s samples resulted in changes
in AhR-related and Nrf2-related genes (hol, sodl/2,
nad(p)h quinone dehydrogenase (nqo)l1, and catalase) in
human lung epithelial cells (Lai et al. 2021). Exposure
to combustion-derived particles from wood and pellets
leads to alterations in cell migration and inflammation
by NF-«B, inducing pro-carcinogenic effects in AhR-
deficient A549 cells (Marchetti et al. 2019; Marchetti
et al. 2021; Vazquez-Gomez et al. 2022). These studies
highlight the complex interactions between biomass-
burning materials and cellular responses, including
those of the Nrf2 and AhR systems, and their potential
health implications.

Activation of transient receptor potential ankyrin
(TRPA)1 and epidermal growth factor receptor
(EGFR), along with changes in p38, mitogen-activated
protein kinase (MAPK), and glycogen synthase kinase
(GSK)3p activity, played a role in the overproduction
of gel-forming glycoprotein MUC5AC in bronchial
epithelial cells exposed to biomass-burning PM
(Memon et al. 2020). In studies examining gene and
pathway responses to PM,s toxicity from biomass
burning, various genes (jun, cxcl8, mx2, illa, and
ptgs2) involved in inflammation, differentiation, apop-
tosis, cell migration, and wound healing were identi-
fied (Li et al. 2015; Yuan and Zhang 2023).

The exposure of human lung cells discussed here,
shows elevated levels of ROS, inflammatory cytokines,
autophagy, DNA damage, apoptosis, necrosis, and cell
death. Moreover, specific signaling pathways, includ-
ing EGFR, p38 MAPK, and GSK3f, have been impli-
cated in bronchial epithelial cells exposed to biomass
smoke PM. These findings collectively highlight the
intricate signaling mechanisms involved in the cellular
responses to biomass-burning PM and offer a deeper
understanding of its impact on respiratory health.

In this section, we explore the impact of biomass
burning aerosols on respiratory and cardiovascular
diseases. Epidemiological studies from developing and
developed regions have demonstrated that exposure to
pollutants, mainly PM and PAHs, is associated with
various respiratory and cardiovascular conditions.
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Notably, exposure to PAH-rich smoke from house-
hold biomass use has been correlated with increased
cases of chronic bronchitis and COPD. This correl-
ation is supported by in vivo research showing that
PM from biomass burning triggers lung inflammation,
elevated ROS levels, and significant cardiovascular
effects in mice models, indicating a direct physio-
logical response to these pollutants. In vitro experi-
ments further these findings by demonstrating that
biomass-derived PM and PAHs induce oxidative stress
and inflammatory cytokine production in human lung
cells, leading to cellular damage and apoptosis. These
detailed mechanistic insights highlight the crucial role
of specific pollutants, such as PAHs and PM, in driv-
ing systemic health effects.

3.2. Impacts on liver function

As a central organ in metabolic processing and detoxifi-
cation, the liver plays a crucial role in managing the sys-
temic impacts of particles from biomass burning (Arslan,
Aykan Tiziin, and Arslan 2020; Milani et al. 2020;
Zundel et al. 2022). The extrapulmonary distribution of
these particles, particularly from the lungs to other vital
organs, is pivotal in understanding the systemic effects of
PM on human health (U.S. Epa 2019). The translocation
of these particles or components primarily involves two
key pathways: direct penetration and immune response
facilitation. Ultrafine particles (UFPs), those less than 100
nanometers, can bypass the defenses of the alveolar
region due to their small size (U.S. Epa 2019). These par-
ticles are capable of penetrating the air-blood barrier,
entering the bloodstream, and then circulating to deposit
in various tissues, including critical organs such as the
heart, brain, liver, and kidneys (Arslan, Aykan Tuziin,
and Arslan 2020; Milani et al. 2020; Wang et al. 2022;
Zundel et al. 2022). The smaller the particles, the deeper
their penetration into the body, heightening their poten-
tial for causing systemic health impacts. Soluble species
of particles can more easily penetrate organs than insol-
uble ones, yet it is often the insoluble particles that can
cause damage to the DNA (Pardo et al. 2021).
Additionally, PM can be phagocytized by alveolar macro-
phages—immune cells responsible for engulfing patho-
gens and debris. Once internalized, these particles may
be transported out of the lungs via the lymphatic system,
further distributing them throughout the body (Kreyling
et al. 2018; Wang et al. 2022). Thus, organs like the kid-
neys and liver are particularly vulnerable to these circu-
lating particulates, given their roles in filtering and
detoxifying the blood, making them potential sites for
particle deposition (Kreyling et al. 2018).

Moreover, the accumulation of biomass burning
components, notably PAHs, can significantly impact
the liver due to their lipophilic, toxic, and carcino-
genic properties. PAHs and their derivatives, markers
of exposure to wildfire smoke (Adetona et al. 2017),
are metabolized and detoxified by the liver. Liver
enzymes may transform certain PAHs into highly
reactive and toxic metabolites that can damage DNA
and other cellular components (Patel et al. 2020;
Vondracek and Machala 2021). Hence, understanding
how biomass burning might affect the liver is vital for
public health.

3.2.1. Epidemiology studies following exposure to
biomass burning influencing the liver

No meaningful associations were found between the
use of household fuels and the risk of pancreatic or
liver cancers. Similarly, lifetime exclusive use of burn-
ing fuels does not reveal significant cancer associa-
tions (Sheikh et al. 2020). Participants who developed
pancreatic and hepatobiliary cancers reported burning
kerosene, and very few recently reported burning gas
and biomass as the predominant household fuels.
However, liver damage and chronic diseases are corre-
lated with exposure to biomass-burning emissions.
The long-term self-reported use of solid cooking fuels
is associated with a higher risk of chronic digestive
diseases. Women, especially those with a body mass
index (BMI) >28, exhibited positive correlations
between the use of solid cooking fuels and conditions
such as chronic digestive diseases, hepatic fibrosis/cir-
rhosis, nonalcoholic fatty liver disease (NAFLD), and
cholecystitis (Wen et al. 2023). However, another
extensive prospective study showed that the extended
use of solid fuels for cooking and smoking was inde-
pendently linked to an elevated risk of mortality from
chronic liver disease. Higher risks were observed
among those with solid fuel use durations of longer
than 20years and higher levels of exposure (Chan
et al. 2020). Other studies have shown a significant
association between liver function and exposure to
PAH, a major component of biomass-burning emis-
sions (Efriza et al. 2023; Xu et al. 2021). Specifically,
urinary PAH metabolites correlated with serum
gamma-glutamyltransferase (GGT) levels, indicating
liver damage. Additionally, exposure to PAH-albumin
and benzo[a]pyrene (BaP)-DNA adducts in the blood
increases the risk of hepatocellular
Furthermore, higher levels of urinary PAH metabolites
were linked to an increased risk of abnormal levels of
liver enzymes, such as alanine transaminase (ALT),
aspartate transaminase (AST), and GGT, indicating

carcinoma.



impaired liver function (Efriza et al. 2023; Hu et al.
2021; Xu et al. 2021). The association between PAHs
and the risk of developing NAFLD in the US popula-
tion indicates that specific PAHs, such as 2-OHN, 2-
OHPhe, and 9-OHF, are positively correlated with
NAFLD risk. This association is mediated by changes
in serum lipid levels, specifically high-density lipopro-
teins and triglycerides (Hu et al. 2021).

3.2.2. In vivo liver toxicity by biomass burning
Several studies have explored the influence of bio-
mass-burning components on animal liver (Jiang et al.
2021). A study on seasonal and chemical variations in
urban PM, ;5 particles from Beijing, China, highlighted
higher pollution levels during the heating season,
characterized by the presence of significant PAH in
organic extracts. Exposure to these extracts led to
increased lung and liver inflammation and activated
Nrf2 and related genes associated with antioxidant
responses in the liver. Elevated levels of lipid peroxi-
dation adducts in the liver indicate oxidative and toxic
damage, and genes related to PAH detoxification are
expressed (Pardo et al. 2018; Wardoyo 2019). These
findings underscore the effects of biomass-burning
components on the liver and the role of Nrf2-medi-
ated antioxidant responses in alleviating the associated
inflammation and oxidative stress responses. Liver
oxidative damage was also observed in a rat model
examining inhalation injuries experienced by fire-
fighters and burn victims. Exposure to fir and pine
smoke increases TBARS levels, indicating oxidative
damage to the liver (Dubick et al. 2002). Furthermore,
in a study involving rats exposed to wood smoke PM
and ambient PM collected from areas with operating
wood stoves, rats orally exposed to PM from the
wood stove area exhibited increased levels of edG
(mutagenic exocyclic DNA adducts), elevated expres-
sion of pro-inflammatory cytokines and HOI, and
DNA damage in the liver. These findings suggest that
wood smoke PM and carbon black (CB) significantly
affect the oxidative stress response, inflammation, and
genotoxicity in organs other than at the point of entry
(Danielsen et al. 2010; Johnston et al. 2019).

These findings collectively demonstrate that expos-
ure to PAH aerosols may damage the liver and induce
oxidative stress, inflammation, and genotoxicity,
emphasizing the adverse impact of biomass burning
on this organ. These findings underscore the need to
consider the potential liver-related health risks associ-
ated with biomass burning and the importance of
antioxidant responses in mitigating inflammation and
oxidative stress (Figure 3).
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3.2.3. In vitro hepatocyte toxicity by biomass
burning
The effects of biomass burning, and PAHs in vitro are
explored. Retene, an alkylated PAH primarily emitted
by biomass combustion, and its potential health impli-
cations were examined in human HepG2 liver cells.
Although retene had minimal impact on cell viability,
it induced DNA strand breaks, micronuclei formation,
and ROS production in a dose- and time-dependent
manner. Genotoxic effects are associated with the acti-
vation of checkpoint kinase 1 (Chkl), a replication
stress marker. Oxidative stress has emerged as a key
mechanism underlying reten toxicity (Scaramboni
et al. 2023). PAHs have been implicated in various
molecular and toxicological mechanisms (Andrysik
et al. 2007; Patel et al. 2020; Vondracek and Machala
2021), including their role in tumor migration and
invasion of liver cells. PAHs induce ROS generation
and activate the p38 MAPK signaling pathway, a piv-
otal factor in the migration of human HepG2 cells
(Song et al. 2011) and rat liver epithelial WB-F344
‘stem-like’ cells (Andrysik et al. 2007). PAH exposure
upregulates the expression of genes associated with
cell migration, a response inhibited by ROS scavengers
(Song et al. 2011). Chrysene, another PAH produced
by the incomplete burning of organic materials,
reduces cell viability, increases cellular ROS levels, and
affects the expression of detoxification enzymes in
phases I and II of xenobiotic metabolism. It upregu-
lates cytochrome P450 isoforms and downregulates
GSH. Increased inflammatory markers and decreased
antioxidant factors, including Nrf2 and its related
genes, have been observed (Zhu et al. 2023), suggest-
ing a key role of inflammation and oxidative stress in
liver toxicity. Furthermore, exposure of liver cells to
wood tar aerosols in an NAFLD model resulted in
increased cell death and oxidative stress, including ele-
vated levels of ROS, lipid peroxidation adducts, and a
higher degree of DNA damage in cells exposed to
wood tar aerosols. Exposure to wood tar aerosols can
exacerbate the effects on liver cells, particularly under
hepatic steatosis conditions (Pardo et al. 2023).
Biomass burning releases many pollutants, includ-
ing PM, PAHs, and other VOCs, which can cause sig-
nificant liver damage. This has been shown by
epidemiological, in vivo, and in vitro studies. Long-
term exposure to biomass smoke, especially from
household fuels, is linked to an increased risk of
chronic liver diseases, such as NAFLD and other
digestive diseases. In vivo studies on animals exposed
to biomass smoke have demonstrated elevated liver
inflammation, oxidative stress, and disruptions in
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Figure 3. Exposure to biomass-burning particulate matter (PM) or polycyclic aromatic hydrocarbons (PAHSs) initiates a complex
molecular signaling cascade in the liver. Reactive oxygen species (ROS) are generated following exposure to biomass burning and
trigger oxidative stress, inflammation, and genotoxicity through different mechanisms. PAHs can activate aryl hydrocarbon recep-
tors (AhR) mediated by ROS or directly in the liver cells as they traverse through the bloodstream. AhR induces the expression of
phase | protective genes (involved in xenobiotic metabolism). Nuclear factor erythroid 2-related factor 2 (Nrf2), a key regulator
against oxidative stress, is activated by ROS and upregulates antioxidant genes (heme oxygenase, HO1; superoxide dismutase,
SOD1,2; glutathione peroxidase, Gpx1; and NAD(P)H Quinone Dehydrogenase, NQOT1). Prolonged or acute exposure disrupts the
oxidative stress status, leading to oxidative stress. PAHs or ROS activate nuclear factor-kappa B (NF«B) and generate an inflamma-
tory environment [cytokine secretion can traverse through the bloodstream (tumor necrosis factor, TNFa, interleukin, IL1J3, and
IL8)]. PAHs can also activate toll-like receptors (TLRs), which are membrane-bound receptors, and further activate the cells’ mito-
gen-activated protein kinase (MAPK) pathway. The MAPK pathway is involved in many cellular responses, including immune
responses, which enhance the inflammatory response. Biomass burning PM or PAHs induce oxidative stress inflammation directly
or indirectly, contributing to genotoxicity and cumulative damage to the liver cells. Black arrows indicate mechanisms that start
outside and influence inside the cells; red arrows indicate inner cell mechanisms.

metabolic detoxification pathways, with a notable acti-  functions. Impaired or compromised kidney function is
vation of Nrf2 and related antioxidant responses. In
vitro studies have further shown that PAHs from bio-
mass burning can cause genotoxic effects, oxidative
stress, and cell death in hepatocyte cultures (Figure 3).
These studies reveal a complex interplay between
environmental pollutants and biological responses at
the molecular level, ultimately leading to significant

liver dysfunction and disease.

a risk factor for non-communicable diseases, such as
diabetes, hypertension, and cardiovascular disease (Afsar
et al. 2019; Paoin et al. 2022).

3.3.1. Epidemiology studies following exposure to
biomass burning influencing the kidneys

Few studies have explored the association between

exposure to PAHs and kidney disease or damage in

humans. In the Mexican Huasteca Potosina community,

where traditional cooking practices involve burning bio-

3.3. Impacts on kidneys function mass, 100% of the population was exposed to hydroxy-

The kidneys are essential for maintaining the body’s
internal environment, eliminating waste, regulating fluid
and electrolyte balance, and supporting various bodily

lated PAHs (OH-PAHs) and exhibited kidney damage
biomarkers (Flores-Ramirez et al. 2021). Another study,
utilizing data from the 2015-2016 National Health and



Nutrition Examination Survey (NHANES), examined
seven different urinary PAH concentrations in relation
to chronic kidney disease, defined by the estimated
glomerular filtration rate (eGFR) and albumin to creatin-
ine ratio (ACR). The results indicated that only urinary
2-hydroxynaphthalene levels were significantly associated
with an increased risk of chronic kidney disease.
Consequently, urinary 2-hydroxynaphthalene levels may
be linked to chronic kidney disease in this population
(Rahman, Niemann, and Munson-McGee 2022).
Furthermore, urinary levoglucosan has been studied as a
potential biomarker of wood smoke exposure in wildland
firefighters for kidney damage. This study found an over-
all increase in urinary levoglucosan concentrations from
pre- to post-shift among firefighters. However, the
changes in these concentrations were inconsistent. As
such, urinary levoglucosan might not be an effective bio-
marker of woodsmoke exposure in occupational settings
(Naeher et al. 2013) but has proven effective in mice
(Migliaccio et al. 2009). However, an analysis of fire-
fighters in South Carolina who were exposed to wildland
fire smoke during prescribed burns revealed elevated
PAH exposure during the burn season, with significantly
higher post-shift OH-PAH levels. Specifically, 4-hydroxy-
phenanthrene (4PHE) was associated with PM, 5 and lev-
oglucosan exposure, suggesting its potential as a valuable
biomarker for assessing wildland fire smoke exposure
(Adetona et al. 2017). Additionally, analysis of travelers
from Germany to China exposed to high levels of PAHs
showed higher levels of 8-hydroxy-2’'-deoxyguanosine,
MDA, F2a-isoprostanes and hydroxylated PAH in urine
samples, indicating that exposure to PAH from PM pol-
lution leads to oxidative stress and damage metabolites in
the urine (Wu et al. 2017).

Collectively, these studies illustrate that exposure to
PAHs and wood smoke can have significant health
implications. They provide evidence that PAH expos-
ure is linked to kidney damage and chronic kidney
disease, emphasizing the need to consider the health
impacts of PAH exposure in affected populations.
Additionally, studies have suggested that while some
biomarkers, such as urinary 2-hydroxynaphthalene
and hydroxylated PAH metabolites, may be useful for
assessing exposure to wood smoke and PAHs, their
effectiveness as biomarkers can vary and may be influ-
enced by factors other than exposure.

3.3.2. In vivo kidney toxicity by biomass burning

A novel label-free mass spectrometry imaging method
was developed to monitor the behavior of carbon-
aceous aerosol (CA) particles within the human body.
A previous study found evidence of CA translocation
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to extrapulmonary organs, including the kidneys, liver,
spleen, and brain (Jiang et al. 2021). The exposure of
mice to biomass burning or PAHs significantly affects
the kidneys, inducing potential health-related bio-
logical mechanisms (Migliaccio et al. 2009; Ruan et al.
2021). Chronic exposure of male mice to phenan-
threne, a PAH formed during the incomplete combus-
tion of organic matter, results in kidney hypertrophy,
injury, and fibrosis. This exposure also triggers an
adaptive immune response, particularly the release of
cytokines associated with T helper cells (Ruan et al.
2021). Additionally, PM, s, which contains potentially
carcinogenic compounds, induces kidney inflamma-
tion, oxidative stress, and alterations in the renin-
angiotensin system in mice (Yuan et al. 2022). The
exposed mice exhibit downregulation of Nrf2 and
HO1 and upregulation of inflammatory cytokines in
the kidneys. These findings suggest that oxidative
stress and inflammatory reactions influence the regu-
lation of the renin-angiotensin system (Yuan et al.
2022). These examples reveal that various biomass-
burning components can lead to kidney hypertrophy,
injury, inflammation, oxidative stress, alterations in
the renin-angiotensin system, and fibrosis in mice.
This further highlights the intricate mechanisms
underlying kidney damage caused by environmental
pollutants.

3.3.3. In vitro kidney toxicity by biomass burning

In cellular experiments, exposure to PM, 5 containing
highly toxic PAHs induced inflammation and apop-
tosis in mouse renal tubular epithelial cells (mRTECs)
through the NLRP3/IL-1B pathway. Vitamin D and
Vitamin D receptors play crucial roles in detoxifying
PM,s by degrading harmful PAHs and exhibiting
anti-inflammatory properties (Huang et al. 2022).
Nitrated PAHs (NPAHs), such as 1-nitropyrene, 9-
nitroanthracene, and 6-nitrochrysene, derived from
incomplete combustion in Ljubljana, Slovenia, were
toxic to human kidney cells (HEK293T) (Drventic
et al. 2023). In addition, a study that analyzed three
common hardwoods (mesquite, cherry, and oak)
under three combustion scenarios (flaming, smolder-
ing, and incomplete) showed that during flaming
combustion, all hardwoods notably enhanced the pro-
moter activity of the sterile alpha motif pointed
domain-containing E-twenty-six transcription factor
in HEK293T cells. This transcription factor is a bio-
marker linked to mucin gene expression and is associ-
ated with mucus production in pulmonary diseases.
(Singh et al. 2023). Notably, exposure to PAHs from
PM, s exposure significantly decreased cell viability,
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increased LDH release, and increased expression of
kidney injury marker 1 in human kidney cells (HK-2
cells). This exposure activates both the antioxidant
pathway, with increased Nrf2, HOI1, and NQOI, and
the apoptotic pathway, characterized by elevated levels
of pro-apoptotic proteins (caspase-3, caspase-8, and
Bax) (Huang et al. 2020).

Research spanning epidemiological, in vivo, and
in vitro studies consistently shows that exposure to bio-
mass burning and its constituents, particularly PAHs,
has significant adverse effects on kidney health.
Epidemiological data reveal strong associations between
biomarkers like hydroxylated PAHs and urinary 2-
hydroxy naphthalene with kidney damage and chronic
kidney disease. Supporting these findings, in vivo stud-
ies in mice demonstrate that exposure to phenanthrene
and PM,s from biomass burning induces kidney
hypertrophy, inflammation, oxidative stress, and dis-
ruptions in the renin-angiotensin system, suggesting
severe physiological impacts. Further, in vitro experi-
ments illuminate the cellular mechanisms behind these
effects, showing that PAHs trigger inflammation and
apoptosis in renal cells via pathways such as NLRP3/
IL-1P and adversely affect cell viability while promoting
mucus production—markers indicative of cellular stress
and damage. Collectively, these studies highlight the
susceptibility of kidney cells to the detrimental effects
of environmental pollutants and require further
research to support these biological responses.

3.4. Brain and neuropsychological functions

Several studies have shown associations between air
pollutants and a wide range of outcomes throughout
an individual’s lifetime, including their impact on
mental health, neurodevelopment, and cognitive aging.
Several experimental studies have elucidated the bio-
logical effects of air pollutants on the brain, as par-
ticles pass through the blood-brain barrier (BBB),
which acts as a protective shield against toxins and
pathogens. A deeper understanding of how these
effects affect brain biology can provide valuable
insights into the complex relationship between air pol-
lution and neurotoxicity, ultimately enhancing the
design of epidemiological studies that investigate these
connections.

3.4.1. Epidemiology studies influencing neuro-
psychological function

A study investigating the link between exposure to

biomass-burning emissions and their effects on head-

aches and brain damage in young women used blood

samples for biochemical analysis and brain magnetic
resonance imaging (MRI) scans to assess brain dam-
age. Individuals with a history of biomass smoke
exposure had an approximately eight-fold higher
prevalence of gliotic foci than those without such
exposure. This suggests that indoor air pollution
resulting from the use of solid biomass fuel increases
the risk of headaches and brain damage (Arslan,
Aykan Tizlin, and Arslan 2020). Another study
explored the impact of indoor air pollution from
biomass combustion on the neurodevelopment of chil-
dren under five years of age in Sri Lanka. A correl-
ation was found between CO and PM,; from
households using biomass burning as their primary
cooking fuel and children exhibiting ‘suspected’ scores
in developmental assessments related to language,
social behavior, play, and gross motor skills
(Ranathunga et al. 2022). Studies exploring neurode-
velopment during pregnancy have shown a link
between prenatal exposure to household air pollutants
and developmental issues in children aged two years,
impacting cognitive, language, and adaptive abilities
(Christensen et al. 2022; Morgan et al. 2023).

Additionally, during an extensive wildfire season,
research identified a correlation between smoke
exposure and an increase in emergency department
visits for cardiovascular and cerebrovascular issues
among adults, particularly those over the age of 65
(Wettstein et al. 2018).

3.4.2. Neuropsychological function toxicity in vivo
and in vitro

Toxicological studies examining the impact of air pol-
lution on neuropsychological functions in animals and
neuronal cells have revealed several concerning effects
of air pollution on the brain. These effects include
impaired neurotransmitter signaling, elevated levels of
cerebral cytokines, activation of neuronal immune
cells, disruption of the BBB, and elevated oxidative
stress levels, as indicated by oxidized low-density lipo-
protein (Hahad et al. 2020). In a previous study, male
mice were exposed to UFPs from biomass burning via
intratracheal instillation. Various brain regions have
been examined as markers of oxidative stress, inflam-
mation, and Alzheimer’s disease. This exposure leads
to inflammatory responses in the mouse brain, caus-
ing significant oxidative stress and changes in the
amyloid precursor protein (APP) and beta-secretase
(BACE)1 protein levels, indicative of neurodegenera-
tion (Milani et al. 2020). Another study involving
mice exposed to wood smoke observed notable
changes in the brain endothelial cells. This analysis



revealed two distinct populations of endothelial cells
with varying levels of CD31 expression. Exposure to
wood smoke increased the proportion of CD31Hi cells
linked to an anti-inflammatory response, whereas
CD31Med cells were associated with a pro-inflamma-
tory response. Metabolomic analysis has shown dis-
ruptions in neurotransmitters and signaling molecules
in the hippocampus, along with decreased hippocam-
pal NAD +levels, suggesting a dynamic and pro-
longed neuroinflammatory response with potential
long-term behavioral and health implications (Scieszka
et al. 2023). Moreover, the influence of paternal
exposure to biomass smoke on offspring behavior and
cognitive abilities has been studied in male rats
(Sosedova et al. 2020; Vokina et al. 2022). The off-
spring of these exposed males showed reduced
exploratory behavior, locomotor activity, and spatial
navigation and increased anxiety levels when born
immediately after exposure. However, those born after
long-term exposure did not significantly differ from
the control group in terms of locomotor and explora-
tory activities. However, females showed elevated anx-
iety levels and impaired cognitive function (Sosedova
et al. 2020).

Studies on PAH neurotoxicity revealed that expos-
ure to BaP impaired neurodifferentiation by increasing
cell numbers and decreasing cell enlargement and
neurite outgrowth during differentiation. BaP also
reduced the expression of neurotransmitter markers,
particularly those related to the acetylcholine pheno-
type, suggesting that even at low, nontoxic levels, BaP
directly impairs neurodifferentiation (Olasehinde and
Olaniran  2022; Slotkin and  Seidler  2009).
Additionally, exposure to BaP reduced the density of
axons in the hippocampal CA1 and CA3 areas and
upregulated pro-inflammatory genes (tnfx, II-1f, II-18,
and NIrp3), indicating a role in neurodegeneration
(Abd El Naby et al. 2023). PAH from PM mediated
oxidative stress responses by Nrf2 activation, espe-
cially in the cerebellum, suggesting that Nrf2-mediated
oxidative stress responses may contribute to the dam-
age caused by PAHs (Bayo Jimenez et al. 2022;
Haghani et al. 2020).

Research conducted across epidemiological, in vivo,
and in vitro studies consistently demonstrates that
biomass-burning emissions have profound effects on
brain and neuropsychological functions. Epidemio-
logical evidence links exposure to biomass smoke with
significant neurological damage, evident from the
increased prevalence of gliotic foci in young women
and developmental delays in children who are exposed
to household air pollution from biomass fuels. In vivo

AEROSOL SCIENCE AND TECHNOLOGY 13

studies reveal that UFPs from biomass smoke not
only induce oxidative stress and inflammation in the
brain but also disrupt the BBB and alter key proteins
associated with neurodegenerative diseases like
Alzheimer’s. These biological impacts are mirrored in
in vitro experiments which show that exposure to PM
containing PAHs impairs neurotransmitter signaling,
enhances pro-inflammatory responses, and disrupts
neurodifferentiation processes cells.
Together, these studies highlight the severe neurotoxic
potential of biomass-burning pollutants and empha-
size the urgent need for a comprehensive understand-
ing and targeted interventions to mitigate these
neurological risks.

in neuronal

4, Conclusions

Biomass burning has become a critical issue with
wide-ranging implications for the environment and
human health. It encompasses various activities,
including wildfires, agricultural fires, residential wood
and solid fuel combustion, and power generation, all
of which collectively affect air quality and contribute
to climate change. Furthermore, wildfires are pro-
jected to increase under most global warming scen-
arios, posing the risk of exposing large populations.
Biomass-burning emissions contain various pollutants,
including VOC, PM, all of which are linked to oxida-
tive stress and inflammation. Changes in atmospheric
composition and aerosol properties resulting from
biomass burning emphasize the complex interplay
between these factors. While biomass burning releases
a diverse array of pollutants, PM and PAHs are a sig-
nificant focus of this paper. Other significant emis-
sions like VOCs, CO, NOx, SO,, and CH, also
contribute to the complex health impacts associated
with biomass burning. The shared emission profile of
these compounds across different burning contexts
highlights the challenges in evaluating the overall
health effects of such emissions.

The inhalation of respirable particles emitted from
biomass-burning sources poses a significant burden to
human health, with the lungs acting as the primary
entry point. These particles can induce immediate pul-
monary damage, and their impact extends beyond the
respiratory system, traversing the bloodstream, reach-
ing vital organs throughout the body, and even pass-
ing through the protective BBB. The intricate
interplay between respiratory and circulatory systems
highlights the far-reaching threat of respirable particle
toxicity. Biomass-burning components, such as PAHs,
can significantly influence the liver owing to their
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toxic and carcinogenic properties. Toxicological stud-
ies have demonstrated that exposure to PAHs can
cause liver damage via oxidative stress, inflammation,
and genotoxicity. PAHs may also cause kidney
damage, injury,
inflammation, oxidative stress, and alterations in the
renin-angiotensin system. Studies emphasizing the
diverse neurological consequences of exposure to air
pollutants have underscored the importance of under-
standing how these effects interact with brain biology
and contribute to neuropsychological dysfunction.
Less discussed but equally critical are the effects of
co-emitted CO, NOx, SO,, and NH;. These com-
pounds interfere with blood oxygenation and exacer-
bate respiratory conditions, while heavy metals such
as lead, mercury, and cadmium can pose long-term
neurological and renal risks. Furthermore, secondary

including hypertrophy, fibrosis,

pollutants such as ozone and SOA, formed from pri-
mary emissions, can exacerbate the impact on respira-
tory and cardiovascular health.

These findings emphasize the need to consider
the potential health risks associated with exposure
Further
essential to gain a deeper understanding of the

to environmental pollutants. research is
influence of biomass burning on susceptible popula-
tions, including the identification of vulnerable sub-
groups, synergistic effects between several health risk
factors, and the development of targeted interven-
tions to mitigate health risks. Factors such as high
or poor dietary nutrition, levels of physical activity,
and habits such as smoking and alcohol consump-
tion, combined with exposure to biomass-burning
emissions, may enhance their detrimental health
effects. Exploring the interactions among these risk
factors will lead to a more comprehensive under-
standing of their collective influence on health out-
comes. Additionally,
biomass-burning components on remote tissues in
the body is crucial to uncover potential systemic
impacts and provide a comprehensive assessment of
the health consequences of exposure to biomass-
burning emissions. Another aspect would be to

investigating the impact of

investigate the chemical complexity of biomass-burn-
ing particles, including atmospheric transformation.
In summary, a comprehensive evaluation of the
health effects of biomass burning through both epi-
demiological and laboratory-based studies under-
scores the importance of addressing this global issue
to protect the well-being of affected populations and
develop strategies for reducing its impact on public
health.

Although biomass burning is a significant contribu-
tor to global warming and has various implications
for human health, the effects of exposure to biomass-
burning emissions are not uniform because they are
shaped by multiple factors. These factors include
emission variability, fuel type, combustion conditions,
aerosol properties, exposure duration, complex aging
processes that occur in the atmosphere, and uncer-
tainties associated with measurements. To comprehen-
sively understand the influence of biomass burning on
air quality, atmospheric composition, and health, it is
essential to account for variables such as particle size,
distribution, and trajectories of air masses. Such con-
siderations are crucial for distinguishing the contribu-
tions of local and remote sources to the complex
effects of biomass burning on the environment and
global population. Implementing measures to reduce
emissions, promoting sustainable practices, and
enhancing global cooperation are essential compo-
nents toward mitigating the impact of biomass burn-
ing on air quality and public health.
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