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A B S T R A C T   

Smoke from bushfires (also known as wildfires or forest fires) has blanketed large regions of Australia during the 
southern hemisphere summer of 2019/2020, potentially endangering residents who breathe the polluted air. 
While such air pollution is known to cause respiratory irritation and damage, its effect on the brain is not well 
described. In this review, we aim to outline the potentially damaging effects of bushfire smoke on brain health. 
We also describe the composition of air pollution, including ambient particulate matter (PM) and bushfire PM, 
before covering the general health effects of each. The investigated entry routes for ambient PM and postulated 
entry routes for bushfire PM are discussed, along with epidemiological and experimental evidence of the effect of 
both PMs in the brain. It appears that bushfire PM may be more toxic than ambient PM, and that it may enter the 
brain through extrapulmonary or olfactory routes to cause inflammation and oxidative stress. Ultimately, this 
review highlights the desperate requirement of greater research into the effects of bushfire PM on brain health.   

1. Introduction 

Australia has experienced what is arguably its most destructive 
bushfire (wildfire or forest fire) season in history (southern hemisphere 
summer of 2019/2020). Fire-fighting teams, residents and the native 
wildlife have all been negatively impacted. Importantly, general popu
lation health is at risk, as the recent bushfires/wildfires have covered 
much of Eastern Australia and even New Zealand in thick smoke (Nolan 
et al., 2020) dramatically decreasing the air quality. In fact, the air has 
been reported to be, for a time, of equal quality to some of the most 
highly populated and polluted cities in the world (Nogrady, 2019). 
Unfortunately, due to the rising threat of climate change, it is expected 
that the bushfire season will increase in frequency and severity (Steffin, 
2013). It is now more important than ever to understand the population 
health effects of prolonged exposure to bushfire-derived pollution. 

The negative effect of air pollution, primarily ambient air pollution 
from vehicles or industrial coal burning, in the respiratory system has 
been well established and informs air quality regulations in Australia 
(Spickett et al., 2011). The respiratory effect of bushfire smoke has also 
been investigated, and bushfire smoke has been postulated to be equally, 
if not more damaging to respiratory cells than ambient air pollution 
(Franzi et al., 2011). Studies have also demonstrated that ambient air 
pollution can enter the brain and cause oxidative stress and inflamma
tion, though there has been little focus on the effects of bushfire smoke 
in brain health. As fires are predicted to become an increasingly frequent 

event in Australia and worldwide due to climate change, it is important 
to understand the possible effects of bushfire smoke on the brain. This 
review summarises the general health effects, brain routes of entry and 
neurological effects of ambient air pollution and bushfire smoke and 
concludes that bushfire smoke is a potential threat to brain health. 

2. Air pollution composition 

Air pollution is a heterogenous mixture of gases, metals and partic
ulate matter (PM; Fig. 1) (Vallero, 2014). PM is regarded as a biologi
cally important component of air pollution (Moller et al., 2010; 
Morakinyo et al., 2016), and sources can include vehicle emissions, 
brake-pad dust, industry pollution, solid fuel combustion in domestic 
heating, or bushfire smoke. The PM level and impact can depend on 
altitude, location and climate events. This review will refer to ambient 
PM, meaning pollution found in the urban air, the majority of which is 
comprised of vehicle emissions and industry pollution, and bushfire PM, 
meaning PM sourced mostly from bushfire smoke. 

The chemical components of PM differ depending on its source. 
Ambient PM primarily consists of sulphate, nitrate, organic carbon (OC), 
elemental carbon (EC), ammonium, salt, and mineral dust (Kundu and 
Stone, 2014; P€oschl, 2005). This heterogeneous mixture is similar to that 
of bushfire smoke, though bushfire PM primarily consists of organic 
carbon (OC), elemental carbon (EC) and polycyclic aromatic hydrocar
bons (PAH). Liu and Peng (2019) showed that wildfire smoke increased 
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the OC and EC components of PM as compared to ambient PM (Liu and 
Peng, 2019). Moreover, Zhang and Tao (2009) demonstrated that 
bushfire smoke is a major contributor to global PAH emissions (Zhang 
and Tao, 2009). Reyes et al. (2018) found a significantly higher con
centration of PAH in close proximity as compared to further distances 
from a North Carolina, USA wildfire (Reyes et al., 2018), and Wentworth 
et al. (2018) reported a daily increase in PAH during a 2016 fire 
(Wentworth et al., 2018). The proportion of these elements and the 
concentration of PM depends largely on the bushfire burn efficiency. 
Smouldering fire, characterised by incomplete combustion, yields a 
higher proportion of OC (Huang et al., 2015) and PAH (Robinson et al., 
2008), and a higher concentration of PM as compared to a flaming fire 
which is characterised by complete combustion (De Vos et al., 2009). 
Flaming fire does, however, yield more EC than smouldering fire (Huang 
et al., 2015). Bushfires have flaming and smouldering phases, with the 
flaming phase occurring immediately and lasting only minutes, and the 
smouldering phase following for hours or days. In some cases, such as 
the Indonesian peat fires, the smouldering phase can last for weeks (Page 
and Hooijer, 2016). Hence, bushfire PM will contain elements of both 
flaming and smouldering fire emissions, though will have a higher 
proportion of those seen in smouldering fire, such as a high proportion of 
PAH and OC and a high concentration of PM. Overall, bushfire PM 
differs from ambient PM in its higher proportion of EC, OC and PAH, and 
a high concentration of PM given a long smouldering phase. 

The size of PM is another important consideration for bushfire and 
ambient PM alike. While PM with an aerodynamic diameter less than 10 
μm (PM10) is believed to cause respiratory irritation (Hoek et al., 2012), 
PM less than 2.5 μm in diameter (PM2.5) has been shown to lodge deep in 
the lungs, enter circulation and reach other organs to cause effect 
(reviewed in (Schraufnagel et al., 2019)). Ultrafine particles (UFP) of 
less than 100 nm in diameter have also been reported and could have 
further damaging effects (reviewed in (Frampton and Rich, 2016)). 
However, due to their small size, they have been difficult to study. 
Overall, it is generally accepted that PM2.5 and especially UFP are a 
threat to population health. Both bushfire and ambient PM consist of a 
heterogeneous mixture of each particle size. 

3. Health effects of air pollution 

3.1. Ambient PM 

It has been repeatedly reported that poor air quality impacts human 
health. Multiple studies have confirmed associations between non- 
accidental hospitalisation and periods of increased ambient air pollu
tion (Ab Manan et al., 2018). The majority of studies have investigated 

respiratory effects, with a meta-analysis finding vehicle emissions to 
significantly increase the risk of developing asthma in childhood (Khreis 
et al., 2017), and researchers reporting that PM is particularly hazardous 
to Chronic Obstructive Pulmonary Disease patients (Choi et al., 2018). 
Moreover, Zanobetti et al. (2009) found a 2.07% increase in hospital
isation for respiratory diseases with a 10 μg/m3 increase in ambient 
PM2.5 concentration (Zanobetti et al., 2009). Concordantly, the Amer
ican Cancer Society and Pope et al. (2002) found exposure to a 10 μg/m3 

increase in ambient PM concentration to be associated with a 4%, 6% 
and 8% increase in all-cause, cardiopulmonary or lung cancer mortality, 
respectively (Pope et al., 2002). This has led some researchers to 
conclude that there may be no safe level of air pollution (Zhao et al., 
2020). 

The mechanism of this respiratory toxicity has been extensively 
investigated in vitro and in vivo (see reviews (Cho et al., 2018; Losacco 
and Perillo, 2018)). Jalava et al. (2007) cultured alveolar macrophages 
with ambient air pollution from six European cities and consistently 
found significant decreases in cell viability and increases in tumour 
necrosis factor alpha (TNF-α) production compared to controls (Jalava 
et al., 2007). In corroboration, Huang et al. (2008) found TNF-α pro
duction to increase in the bronchioalveolar lavage of rats exposed to 
ambient PM2.5 from Beijing, China, and also indicated that phagocytic 
function is impaired in collected macrophages (Huang et al., 2008). 
Impaired phagocytosis was also demonstrated by Sigaud et al. (2007) in 
murine macrophages and neutrophils exposed to concentrated air 
pollution particles, however, the researchers reported that this required 
lung priming with interferon-gamma (Sigaud et al., 2007). Moreover, 
PM2.5 has been shown to induce reactive oxygen species (ROS) pro
duction (Weichenthal et al., 2013), which has been implicated in 
mitochondrial dysfunction and hence respiratory damage in human 
bronchial epithelial cells (Jin et al., 2018). Ultimately, the loss of 
function of homeostatic immune cells, along with toxicity to resident 
pulmonary cells suggests that air pollution is damaging to the respira
tory system. Hence, epidemiological, in vitro and in vivo studies have 
established the effects of air pollution on general health and the respi
ratory system. 

3.2. Bushfire PM 

Interestingly, the epidemiological association of air pollution and 
hospitalisation is not well established in Australia, with two studies 
failing to find a strong association (Meszaros et al., 2015; Salimi et al., 
2018). However, bushfire PM exposure appears to correlate with hos
pitalisation. A study completed in Darwin, Australia, found an associa
tion between bushfire PM exposure and admissions to hospital for 
respiratory impairment (Crabbe, 2012). Additionally, a study completed 
in Sydney, Australia, found respiratory hospital admissions to increase 
by 1.24% with each 10 μg/m3 increase in bushfire PM concentration 
(Morgan et al., 2010). This could suggest that bushfire smoke is the 
prominent air pollution component that poses as a health threat in 
Australia. 

Studies on bushfire PM have found it to be toxic, pro-inflammatory 
and suppress macrophage phagocytic function (Franzi et al., 2011; 
Hamon et al., 2018) (Table 1). Franzi et al. (2011) found bushfire smoke 
collected during a California, USA bushfire (wildfire) to be toxic to RAW 
264.7 macrophages, and concluded that the majority of the cytotoxic 
effect was as a result of oxidative stress (Franzi et al., 2011; Williams 
et al., 2013). This aligns with findings from Hamon et al. (2018), who 
found bushfire smoke to be pro-inflammatory and inhibit phagocytic 
function in macrophages in vitro (Hamon et al., 2018). In a respiratory 
context, Pavagadhi et al. (2013), found increased apoptosis in a human 
lung epithelial cell line upon bushfire PM2.5 exposure (Pavagadhi et al., 
2013), and Williams et al. (2013), found rapid cytotoxicity in alveolar 
macrophages exposed to wildfire PM (Williams et al., 2013). 

Relative to ambient PM, bushfire PM has been found to be more toxic 
to pulmonary cells, and to induce a greater oxidative stress response. In 

Fig. 1. Composition of Bushfire Smoke. UFP: Ultrafine particles; PM2.5: par
ticulate matter less than 2.5 μm in diameter; PM10: particulate matter less than 
10 μm in diameter. Image created using BioRender.com. 
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fact, Franzi et al. (2011) indicated that bushfire PM was approximately 
five times more toxic to RAW 264.7 macrophages than ambient PM 
(Franzi et al., 2011). Kim Yong et al. (2018) investigated the toxicity of 
woodfire smoke on mouse bronchioalveolar lavage extracts and 
compared it to published toxicity of different PM sources. They found 
the woodfire smoke to be more toxic to lung cells than ambient PM from 
vehicle emissions and even plastic burning (Kim Yong et al., 2018). 
Additionally, Nakayama-Wong et al. (2011) compared the bronchial 
epithelial cell toxicity of ambient PM and bushfire PM, and found 
bushfire PM to elicit greater free radical generation than ambient PM 
(Nakayama-Wong et al., 2011). This free radical generation is supported 
by Karthikeyan et al. (2006) who investigated the chemical composition 
of bushfire smoke, and found a higher proportion of hydroxyl radicals 
compared to ambient air, and concluded that these could cause oxida
tive stress (Karthikeyan et al., 2006). Hence, it appears that bushfire PM 
induces toxicity and a greater oxidative stress response in lung cells than 
ambient PM. 

The greater oxidative stress response due to bushfire PM as compared 
to ambient PM (Franzi et al., 2011; Karthikeyan et al., 2006; Nakaya
ma-Wong et al., 2011) may be due to the higher proportion of PAH in 
bushfire smoke (Reyes et al., 2018; Wentworth et al., 2018). PAH and 
PAH-derived quinones have been linked to oxidative stress in bronchi
olar cells (Gurbani et al., 2013), bronchioalveolar cells (Tacka and 
Penning, 2006), and murine lungs (Rouse et al., 2008). Hence, as PAH is 
associated with oxidative stress and bushfire PM has a greater level of 
PAH than ambient PM, it seems that PAH contributes to the unique 
toxicity of bushfire PM. Of course, other elements not discussed here 
may have compounding effects, such as organic carbon content 
(Ntziachristos et al., 2007) or elemental carbon concentration (Ales
sandrini et al., 2009). Overall, bushfire smoke is toxic to the respiratory 
system, causing greater oxidative stress than ambient PM, and is asso
ciated with hospitalisation for respiratory impairments. Ultimately, the 
effect of ambient and bushfire PM on general health and specifically 
respiration is reasonably well known. However, other systems may be 
impacted by PM, as ambient PM has been demonstrated to enter the 
brain. 

4. Pollutants in the brain 

4.1. Extrapulmonary entry route 

While bushfire smoke has not currently been demonstrated to enter 
the brain, multiple brain entry routes for ambient PM, particularly for 
PM2.5 and UFP, have been described. It has been reported that UFP can 
undergo extrapulmonary travel after inhalation and alveolar deposition 
(Kreyling et al., 2002; Nemmar et al., 2002; Oberdorster et al., 2002), 

and that pulmonary inflammation caused by PM2.5 may increase the 
permeability of vascular endothelium in the lungs, leading to systemic 
circulation of PM2.5 (Dai et al., 2016; Yue et al., 2019). However, the 
ability to cross the gas-blood barrier has been contested by Br€auner et al. 
(2009), who found no change in permeability with inhaled PM2.5 
(Br€auner et al., 2009). This may be due to the low, 24-h exposure to high 
levels of PM2.5, leading to lower inflammation and hence less altered 
permeability. However, further research is required to clarify this 
process. 

If PM2.5 and UFP do enter the bloodstream as suggested, they may 
initiate systemic inflammation, increasing the permeability of the blood- 
brain barrier (BBB). Systemic inflammation was observed in rats 
exposed to diesel emission pollution, with high levels of blood IL-6 and 
TNF-α 24 h post exposure (Robertson et al., 2012). In humans, Li et al. 
(2017) found that those exposed to air pollution in Boston, USA had 
increased systemic IL-6 compared to those less exposed (Li et al., 2017), 
and Delfino et al. (2010) found prolonged exposure to PM2.5 to be 
associated with increased IL-6 plasma concentrations (Delfino et al., 
2010). Additionally, blood C reactive protein (CRP) has been shown to 
be higher in humans exposed to greater air pollution (Lanki et al., 2015). 
Systemic inflammation, and CRP specifically, has been shown to in
crease the permeability of the BBB (Elwood et al., 2017; Hsuchou et al., 
2012), possibly allowing circulating air pollution to enter the brain. 
Importantly, it is possible that the increased circulating CRP and IL-6 is 
instead a by-product of neuroinflammation, and not a precursor to air 
pollution entering the brain. However, rat studies suggest that the 
administration may increase systemic inflammation under controlled 
settings (Robertson et al., 2012). Hence, it is likely that air pollution can 
cross both the gas-blood barrier and the blood-brain barrier to enter the 
brain, though continuing research is required to validate this route of 
entry. 

4.2. Olfactory entry route 

Interestingly, air pollution is postulated to traverse olfactory neurons 
by entering at the afferent olfactory pathway to reach the brain. 
Oberd€orster et al. (2004) demonstrated that rats exposed to inhaled UFP 
had increased PM deposits in multiple brain areas, most significantly the 
olfactory bulb (Oberdorster et al., 2004). This was later supported by 
Elder et al. (2006), who found rodents exposed to UFP for 12-days to 
have greater accumulation of PM in the olfactory bulb than the lungs 
(Elder et al., 2006). The authors suggested that this could indicate that 
the olfactory neurons are utilised to translocate particles to the brain. 
Further investigation by Calder�on-Garcidue~nas et al. (2010) revealed 
that PM can be found in olfactory bulb neurons in humans from the 
heavily polluted Mexico City (Calder�on-Garcidue~nas et al., 2010). 
Calder�on-Garcidue~nas et al. (2008) also identified UFP in the autopsied 
frontal cortex of a seemingly healthy 27 year old man that lived in the 
polluted Mexico City (Calder�on-Garcidue~nas et al., 2008). Concor
dantly, Maher et al. (2016) have demonstrated the presence of magne
tite particles, small magnetic particles thought to be an air pollution 
constituent, in brain tissue of autopsied humans (Maher et al., 2016). 
Taken together, it is likely that ambient PM can traverse the olfactory 
neurons or undertake extrapulmonary travel to reach the brain. 

4.3. Bushfire PM entry into brain? 

While no evidence has yet emerged for bushfire smoke entry to the 
brain (most likely due to the lack of studies), it is clear that PM2.5 and 
UFP may enter the brain (Fig. 2). As much of the bushfire PM fits within 
these size restrictions, it could be postulated that bushfire PM can enter 
the brain in a similar manner to ambient PM. For example, the majority 
of PAH was found to be associated with particles of 0.43–2.1 μm in 
diameter in a study of air pollution in China (Wu et al., 2006), suggesting 
that PAH could enter the brain. However, further research will be 
required to confirm this postulation. 

Table 1 
Toxicity of bushfire PM.  

Study Bushfire PM Effect Reference 

RAW 264.7 
macrophages 

California 
bushfire 

Toxicity, oxidative 
stress, pro- 
inflammatory activity 

Franzi et al. 
(2011) 

Monocyte-derived 
and THP-1 
macrophages 

Burning of 
mixed biomass 

Pro-inflammatory 
activity, suppression 
of macrophage 
phagocytic activity 

Hamon et al. 
(2018) 

A549 human 
epithelial 
respiratory cell line 

Singaporean 
smoke haze 
episodes 

Decreased cell 
viability 

Pavagadhi 
et al. (2013) 

Mouse alveolar 
macrophages 

California 
bushfire 

Cytotoxicity, oxidative 
stress 

Williams 
et al. (2013) 

Mouse 
bronchioalveolar 
lavage fluid 

Burning of 
multiple tree 
species 

Lung toxicity and 
mutagenicity 

Kim Yong 
et al. (2018) 

Mouse lung slices California peat 
fires 

Pro-inflammatory 
cytokine production 

Kim et al. 
(2014)  
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5. Neurotoxicity of air pollutants 

5.1. Ambient PM: in vitro and in vivo studies 

Once in the brain, PM is postulated to cause oxidative toxicity and 
inflammation by interacting with neurons and supporting cells 
(Table 2). PM2.5 was shown to cause oxidative toxicity in rats when up to 
10 μg/mL of PM2.5 was incubated on homogenised olfactory bulb, ce
rebral cortex, striatum, hippocampus and cerebellum (Fagundes et al., 
2015). All studied concentrations led to severe oxidative stress and lipid 
peroxidation in the cerebellum and hippocampus, whilst other brain 
regions appeared unaffected (Fagundes et al., 2015). Additionally, rats 
intrathecally administered with PM2.5 showed a 

concentration-dependent increase in neural oxidative damage (Zhang 
et al., 2018). The same study found severe cortical damage in rats 
exposed to PM2.5, characterised by necrotic neurons, gliosis, vasodila
tion and caspase 3 and 9 activation (Zhang et al., 2018). This damage 
often leads to inflammation, which Campbell et al. (2005) demonstrated 
with an increase in TNF-α and IL-1 in the cortex of mice exposed to 
ambient PM from a Los Angeles highway (Campbell et al., 2005). 
Woodward et al. (2017) then postulated the inflammation to be medi
ated by toll-like receptor 4 (TLR-4) on the glial immune cell, microglia. 
The authors demonstrated that knocking out TLR-4 led to decreased 
microglial release of TNF-α and other pro-inflammatory cytokines with 
PM2.5 administration (Woodward et al., 2017). Interestingly, Gerlofs-
Nijland et al. (2010) demonstrated that the inflammatory response de
pends greatly on the brain region studied, finding that TNF-α and IL-1α 
were increased in the striatum of the rat brain after inhalation exposure 
to diesel PM, but not in the cerebellum, frontal cortex, hippocampus, 
olfactory bulb or tubercles (Gerlofs-Nijland et al., 2010). This is 
consistent with the findings that oxidative stress extent depends on brain 
region, presented by Fagundes et al. (2015) previously, and suggests that 
the effect on the brain is dependent on location. This could be due to the 
route of entry, the presence or absence of immune cells, or other factors. 
Despite the differences, air pollution can cause damage to brain sections, 
which may explain its association with a myriad of neurological 
disorders. 

5.2. Ambient PM: epidemiological studies 

Studies have noted that periods of elevated ambient air pollution can 
increase the likelihood of migraines (Lee et al., 2018), stroke (Fu et al., 
2019) and dementia (Fu et al., 2019; Kioumourtzoglou et al., 2016). The 
reports of an association between neurodegenerative diseases like de
mentia and ambient PM are many. A systemic review of 13 papers found 
an association between ambient PM2.5 exposure and dementia incidence 
across five countries (Peters et al., 2019), and Calder�on-Garcidue~nas 
et al. (2003) demonstrated increased neuroinflammation, a hallmark 
sign of neurodegeneration, in canines exposed to Mexico City pollution 
compared to those from rural villages (Calderon-Garciduenas et al., 
2003). Calder�on-Garcidue~nas et al. (2012) also investigated autopsy 
samples from pollution-exposed children, and found 51% to have diffuse 

Fig. 2. Postulated entry of bushfire particulate matter into the brain. PM: particulate matter. Image created using BioRender.com.  

Table 2 
Neurotoxic effects of air pollution.  

Study Pollution Effect Reference 

Rat brain regions Ambient PM2.5 

from Brazil 
Oxidative stress, 
lipid peroxidation 

Fagundes et al. 
(2015) 

Rat neurons Ambient PM2.5 

from China 
Oxidative damage, 
necrotic neurons, 
gliosis 

Zhang et al. 
(2018) 

Mouse cortex Los Angeles 
highway PM2.5 

Increased pro- 
inflammatory 
cytokines 

Campbell et al. 
(2005) 

Rat brain regions Diesel PM Increased pro- 
inflammatory 
cytokines 

Gerlofs-Nijland 
et al. (2010) 

Rat mesencephalic 
neuron-glia 
cultures 

Diesel PM Neurotoxicity, 
reactive oxygen 
species generation, 
microglial 
activation 

Block et al. 
(2004) 

Rat brain Rickshaw engine 
PM 

Neuronal loss Ejaz et al. (2014) 

Primary cortical 
neuron culture 
and a 
neuroblastoma 
line 

Micropollutant 
benzo[a]pyrene 

Neuronal death by 
microglial 
activation 

Dutta et al. 
(2010) 

Mouse neural 
slices 

Los Angeles 
freeway PM 

Reduction of 
synaptic function 

Davis et al. 
(2013)  
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amyloid plaques in the frontal cortex, compared to 0% for lesser exposed 
controls (Calderon-Garciduenas et al., 2012). This early AD pathology, 
usually only present in old age, suggests that air pollution could play a 
key role in neurodegenerative diseases. 

Moreover, a meta-analysis found a strong correlation between PM2.5 
exposure and depression and suicide (Gładka et al., 2018), and a study of 
54 000 Danes found a correlation between exposure and brain cancer 
risk (Raaschou-Nielsen et al., 2011). It is important to emphasise that 
epidemiological associations do not indicate causation. In fact, when the 
Danish study was followed up by the same research group, a correlation 
was not found between exposure and brain tumours, though this is likely 
due to the smaller sample size in this study (Poulsen et al., 2016). 
Conversely, a meta-analysis concluded that there may be mounting ev
idence of a causal relationship between air pollution exposure and 
autism (Weisskopf et al., 2015). Taken together, these associations 
indicate that exposure to air pollution may increase the risk of many 
neurological disorders, especially when reports of elevated oxidative 
stress and neuroinflammation are considered. 

5.3. Bushfire PM: postulated effect 

Studies investigating the effect of bushfire smoke on brain health are 
limited and the authors are unaware of any studies exposing neural cells 
to bushfire smoke in vitro, or studies investigating the effect of bushfire 
smoke on the brain in vivo. However, it is possible to postulate that 
bushfire PM can have an effect on brain health. Firstly, it appears clear 
that air pollution can, and has, entered the brain, so it is likely that 
bushfire PM less than 2.5 μm may enter through an extrapulmonary 
route, or via the olfactory neurons. Secondly, ambient PM has been re
ported to be toxic to both respiratory and neural cells. Whilst bushfire 
smoke has only been investigated in respiratory cells, it induced similar, 
if not greater toxicity and oxidative stress responses than ambient PM. 
Hence, it is reasonable to postulate that bushfire smoke may be toxic to 
neural cells in the same way. Finally, bushfire smoke has been demon
strated to impair immune cells and be pro-inflammatory (Hamon et al., 
2018; Williams et al., 2013). The brain tissue resident macrophage, 
microglia, play a key role in homeostasis of the brain, preventing un
controlled inflammation, and responding to insults (Gogoleva et al., 
2019). If bushfire PM entered the brain and modulated the resident 
immune cells, the effect could be unregulated brain inflammation 
(Fig. 3). This has been associated with multiple neurodegenerative dis
eases (Guzman-Martinez et al., 2019). Hence, it is possible that bushfire 
smoke may enter the brain, cause damage to cells and modulate brain 
immunology. However, no in vitro or in vivo experiments have been 
published for these effects, so much greater research is required. 
Epidemiological evidence, however, does support this argument, by 

showing that there may be an association between fire-derived smoke 
and neurological disorders. 

5.4. Bushfire PM: epidemiological evidence 

Epidemiological studies provide correlational evidence of an asso
ciation between fire-derived PM exposure and some neurological dis
orders. These studies primarily focus on residential wood burning, such 
as that in fireplaces, wood heaters, or open-fire cooking. This is a major 
source of air pollution, even in industrial countries (Szidat et al., 2007), 
and may serve as a proxy for bushfire PM, though does not completely 
capitulate the components of bushfire smoke. Oudin et al. (2018) 
investigated dementia incidence and exposure to air pollution from 
residential wood burning in Northern Sweden, and found an association 
between the two (Oudin et al., 2018). Additionally, Munroe and Gau
vain et al. (2012) found a correlation between exposure to open-fire 
cooking and decreased cognitive ability in children (Munroe and Gau
vain, 2012), and Banjeree et al. (2012) found Indian women exposed to 
woodfire smoke from indoor biomass burning to have increased 
depression (Banerjee et al., 2012). Interestingly, Greenop et al. (2015) 
investigated parental exposure to indoor woodfire heating, and found 
that paternal exposure led to increased incidence of brain tumours in 
offspring in Australia (Greenop et al., 2015), possibly suggesting that 
woodfire can genetically mutate neural components. Hence, there ap
pears to be a correlation between smoke exposure and neurological 
disorders. 

Taken together, this line of evidence suggests that bushfire PM may 
be toxic to neural cells as seen with ambient PM, and that epidemio
logically, bushfire PM may be associated with neural disease. Hence, it is 
important to further this research, and understand the effect of bushfire 
PM on the brain, before bushfire PM is observed more often. 

5.5. Australia at risk and what this means for worldwide wildfire health 
impacts 

No studies to date have investigated the effect of bushfire smoke on 
brain health in Australia. This is of key importance, as the type of 
biomass burnt may drastically alter the impact on the brain. Some 
studies suggest that smoke from bushfires, especially that involving the 
Australian native, eucalyptus, is more toxic to mouse pulmonary cells 
than air pollution from vehicles (Kim Yong et al., 2018). The study found 
smoke from eucalyptus to have the highest lung toxicity compared to 
pine, pine needles, peat and red oak (Kim Yong et al., 2018). This could 
indicate that Australian bushfire smoke has unique toxicity, that re
quires further investigation especially in the context of brain health. 

Critically, the effect of long-term exposure to bushfire smoke, as seen 

Fig. 3. Postulated impact of bushfire particulate matter in the brain. Glia includes microglia and astrocytes. PM: particulate matter. Image created using BioR 
ender.com. 
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in Australia in recent months, is unknown. Recent studies have inves
tigated the long term effects of ambient air pollution, with a longitudinal 
study of 998 females finding prolonged exposure to PM to lead to 
accelerated cognitive decline (Younan et al., 2019), and a cohort study 
of 117 575 Chinese participants finding an increased likelihood of stroke 
with prolonged PM2.5 exposure (Huang et al., 2019). Moreover, a pilot 
study in mice revealed that 9-month PM2.5 exposure led to increased 
Alzheimer’s Disease-like pathology in the brain compared to control 
mice (Bhatt et al., 2015). Given that ambient PM and bushfire PM likely 
have similar pathological effects, as seen in lung epithelia and macro
phages, it could be postulated that exposure to bushfire smoke may be 
equally as damaging to the brain in the long term. This could have 
immense consequences on the brain health of Australians, as bushfire 
smoke is predicted to become a more common occurrence. 

Additionally, bushfire smoke often undergoes long-range transport 
from the frontline and settles on nearby cities (Nogrady, 2019). Whilst 
studies have shown this time in the air to chemically transform the 
organic fraction of smoke and decrease toxicity, it appears that the 
general increase in PM concentration in these cities is most damaging 
(Jalava et al., 2006). Overall, the complexity of long-range transport of 
smoke remains unsolved and could be of importance when investigating 
the effects of bushfires on the general population. 

Moreover, the full effect on developing children is unknown, and as 
the bushfire smoke covers more Australian cities, more children may be 
affected. In rats, the exposure to traffic-associated PM from birth meant 
that at 5 months of age, the exposed rats had 70% less newly generated 
neurons in the hippocampus compared to controls, and had activated 
microglia and a more permeable blood-brain barrier (Woodward et al., 
2018). This suggests the developmental impairment of brain structures 
which could impair normal brain function. An epidemiological study of 
children from the Netherlands found reduced cerebral cortex in the 
brains of those more exposed to ambient PM, and suggested the asso
ciated cognitive impairment could have drastic long-term effects (Gux
ens et al., 2018). Moreover, Calder�on-Garcidue~nas et al. (2011) found 
children exposed to air pollutants due to residing in a highly polluted 
city had increased risk for auditory and vestibular impairment compared 
to controls (Calderon-Garciduenas et al., 2011). If bushfire PM has 
similar effects to ambient PM, the high levels of bushfire smoke may 
alter the development of many Australian children. 

The danger of bushfire PM is not only limited to Australia. Many 
cities worldwide experience yearly bushfires (wildfires or forest fires) or 
grass fires, and many of their surrounding cities are exposed to bushfire 
PM at those times. In the US, tens of thousands of bushfires rage yearly, 
with Western bushfires, like those observed in California, being the 
largest (Congressional Research Service, 2019). Concerningly, the inci
dence of California wildfires has been predicted to increase with the rise 
of climate change (Westerling et al., 2011). Moreover, hundreds to tens 
of thousands of bushfires have been reported to burn in each European 
country in 2018 (European Forest Fire Information System, 2018), 
exposing much of the continent to bushfire PM. Asia is also at risk, with 
fires like those often seen in Indonesia being found to impact neigh
bouring Singapore (Sheldon and Sankaran, 2017), and fire damaging 
over half of Southern Asia from 2003 to 2017 (Reddy et al., 2020). Using 
Australia as an example, it is clear that bushfire PM may be extremely 
damaging to brain health in the bushfire season. Considerably more 
research is required to understand these effects, as climate change pre
dictions become increasingly threatening and the incidence of bushfire 
PM exposure is set to increase. 

Taking action 

Bushfire smoke is postulated to have significant effects on brain 
health, and if this problem is not promptly addressed, we may see the 
long-term effects of bushfire smoke earlier than we imagined. Hence, 
further research into the effects of bushfire smoke on brain health and 
disease will be instrumental in preventing population-wide health 

effects. Importantly, increasing the understanding of these effects will 
allow the translation to legislative changes and public health campaigns. 
For now, people should be made aware of the possible dangers of 
bushfire smoke, both in a respiratory and brain health context, and 
urged to limit their exposure to bushfire PM. This can be achieved by 
remaining indoors with air-conditioning to filter the air, and, if they 
choose to wear a mask, ensuring it is a properly fitted P2. Future in
vestigations must prioritise the understanding of the effects of bushfire 
smoke on brain health, as the bushfire season seems to be here to stay. 
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