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Recent climate change-induced wildfires and nuclear energy 
phasing-out policies have fostered atmospheric emissions of 
polycyclic aromatic hydrocarbons (PAHs). PAHs are pol-
lutants produced by natural and anthropic processes under 
thermal treatment of organic matter, e.g. in fires and sedi-
mentary rocks (Henner et al. 1997, Lichtfouse et al. 1997). 
They occur widely in the environment from trace levels, e.g. 
in polar ice, to high concentrations in oil spills. They have 
been found in aerosols, soils, sediments, waters, meterorites, 
coal, petroleum, bitumen and living organisms. Surprisingly, 
out of the 16 polycyclic aromatic hydrocarbons defined as 
‘priority’ polluants for toxicity evaluation, ten light homo-
logues have been poorly investigated because they did not 
show obvious carcinogenic effects.

Here, we argue that the toxicity of light PAHs has been 
overlooked (Fig. 1).

Fossil fuels are still major fuels globally

There is renewed interest in the study of PAHs in the con-
text of the global pollution, energy crisis, wars and climate 
change. PAHs are environmental pollutants produced mainly 
by aromatization of various organic materials during thermal 

treatment, e.g. during incomplete combustion of wood, and 
during the formation of petroleum and coal during geologi-
cal periods of time. In 2004, the worldwide emissions of 
the 16 US Environmental Protection Agency-listed PAHs 
amounted to 530,000 tons, including 114,000 tons in China, 
90,000 tons in India and 32,000 tons in the USA (Zhang 
and Tao 2009). PAH research has been intensive from the 
1970’s, then declined after 2000. Now PAH studies are gain-
ing renewed interest since about 2010 in the context of sharp 
policy changes by some countries, such as nuclear energy 
phasing-out, and rising PAH emissions (Shen et al. 2011). In 
2022, fossil fuels are still the major contributor to electricity 
production worldwide with coal, gas and oil accounting for 
35.6%, 22.5% and 3.2% of the total production, respectively, 
with only 38% produced from nuclear and renewable energy 
(Ritchie and Rosado 2020). This led the recent 28th confer-
ence of the parties (COP 28) in 2023 to mark the start of 
fossil fuel use decline in order to improve air quality and 
lower greenhouse gas emissions. However, while the use of 
fossil fuels should decline, another PAH source, wildfires, is 
now rising in the context of the global warming.
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The rising contribution of wildfires

PAH emissions have recently accelerated by the rising 
contribution of wildfires worldwide in the context of 
global warming (Ghetu et al. 2022; Li and Banerjee 2021). 
For instance, New York was the fifth most polluted city 
worldwide during the East Canadian wild fires of 2023, 
and wildfire smoke is now considered as a major pollution 
source, even in remote areas from the fires (Ceamanos 
et  al. 2023). Due to their low vapour pressure, some 
PAHs are rapidly emitted into the air or adsorbed onto 
particles, then transported into the atmosphere, where 
they can enter the food chain (Menzie et al. 1992). PAH 
pollution dominates in residential sectors, and eating food 
PAHs is considered as the major source of exposure in the 
average population, compared to inhalation and dermal 
absorption that are main routes of exposure for workers in 
cockery, steel plant electrometallurgy, low-pressure gas 
cementing, and asphalt and bituminous road surfacing 
work (Boffetta et  al. 2003, Nikolova-Pavageau 2018). 
Depite their ubiquitous presence in ecosystems, only a 
minority of ‘priority’ PAHs have been in depth studied 
for their toxicity.

Numerous but understudied

Historically, studies on PAH toxicity have focused mainly 
on the carcinogenic effects of heavy PAHs such as the 
carcinogenic 5-ring benzo[a]pyrene (EFSA 2008). For 

instance, we found that publications on benzo[a]pyrene 
toxicity accounted for about 50–80% of publications on 
PAH toxicity during 1980–2000 (Fig.  2). After 2000, 
investigations on benzo[a]pyrene toxicity decreased, but 
still represent 30% of published reports in 2023. Since 
there is no evidence for the carcinogenicity of light PAHs, 
there has been few studies on their toxicological prop-
erties. In particular, the neurotoxicity of light PAHs has 
been underestimated. This is surprising because ten out of 
the 16 priority PAHs are considered as light compounds, 
namely naphthalene, acenaphthylene, acenaphthene, flu-
orene, phenanthrene, anthracene, fluoranthene, pyrene, 
benzo[a]anthracene and chrysene. Nonetheless, recent 
studies show that light PAHs with four rings or less may 
induce more neurotoxicity than heavier PAHs (Abid et al. 
2014; Cho et al. 2020, 2023; Kim et al. 2022; Nie et al. 
2019; Wallace et al. 2022; Zhang et al. 2021). Moreover, 
light PAHs are widespread in the environment and occur 
mainly in gaseous form in the atmosphere, so they can 
be easily inhaled. For instance, fluoranthene is the most 
widely emitted PAH in France and Europe for all emission 
sectors, including the heavy industry, transport, the resi-
dential and tertiary sector, and agriculture (Citepa 2023). 
Overall, research has overloooked light PAHs despite sev-
eral insights for their possible toxicity, as detailed below.

Fig. 1   The neurotoxicity of light polycyclic aromatic hydrocarbons 
(PAHs) has been overlooked. Clockwise from left: acenaphthene, 
anthracene, flurorene, phenanthrene, fluoranthene, and pyrene

Fig. 2   The number of reports on PAH the toxicity of polycyclic aro-
matic hydrocarbons is dominated by investigations on the five-ring 
benzo[a]pyrene from 1980 to 2000. Data were obtained by searching 
PubMed for ‘polycyclic aromatic hydrocarbons’ or ‘benzo[a]pyrene’ 
associated with ‘toxicity’
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Crossing barriers to the brain

Several facts should have alerted scientists on the toxicity 
of light PAHs because they are more bioavailable than 
heavy PAHs due to their higher water solubility. Indeed, 
a phytotoxicity study showed that only light 1–2 rings 
PAHs induced reduced plant germination, compared to 
3–5 rings PAHs (Henner et al. 1999). Light PAHs are also 
able to cross the pulmonary and intestinal barriers to be 
ultimately either metabolised in the liver or to accumulate 
in fat tissues (Cavret et al. 2005; Luo et al. 2021; Moon 
et al. 2012; Wang et al. 2022). The transfer of a light PAH 
to the brain was firstly suggested by the exposure of rats 
to high levels of 2–15 mg of 14C-pyrene and pyrene per kg 
of body weight (Withey et al. 1991). Exposure of rodents 
to a mixture of the 16 priority PAHs at 0.01–1 mg/kg 
each during one week further showed that acenaphthylene 
and anthracene accumulated in the brain (Grova et al. 
2011). The results also showed the accumulation of the 
metabolites of six light PAHs. On the contrary, for the 
six heavy PAHs, only two metabolites were detected. 
Fluorene and its metabolites were observed in rat brains 
after nose inhalation or oral ingestion (Peiffer et al. 2013). 
Phenanthrene and pyrene were also detected in the brain 
of the atherosclerosis mice model ApoE-KO fed with a 
high fat diet (Jin et al. 2021). Overall, the transfer of light 
PAHs into the brain of model animals suggests toxicity 
for the human brain, which is supported by epidemilogical 
studies below.

Neuropsychological symptoms

Few human investigations have studied the effects of PAH 
exposure on the brain during development, adulthood 
and ageing. The Taiyuan mother and child cohort study 
showed a dose–response relationship between the levels of 
2-OH-fluorene and 2-OH-phenanthrene in maternal urine, 
telomere length in cord blood and decrease in infant's 
behavioural test scores at 3 days old (Nie et al. 2019). 
Similarly, another cohort work suggested a relationship 
between 1-OH-pyrene urinary concentrations and 
neurological development (Wallace et al. 2022). In older 
children, a report suggested a link between hydroxylated 
flurorene urinary concentrations, learning disability and 
attention deficit hyperactivity disorder; with a possible 
gender-specific effect, boys being more widely affected 
than girls (Abid et al. 2014).

In the adult population, a correlation between 
depressive symptoms and urinary concentrations 
of hydroxynaphthalenes was found in women, thus 

strenghthening the gender effect (Zhang et  al. 2021). 
Alteration of brain regions was correlated with levels of 
1-OH-phenanthrene and 2-OH-fluorene in urine of male 
firefighters (Kim et al. 2022), while no relationship was 
drawn between 1-OH-phenanthrene and brain atrophy in 
the general population (Cho et al. 2020). In the healthy 
elderly adult population, a study showed correlations 
between urinary concentrations of 2-OH-naphthol 
and 1-OH-pyrene and specific thinning of the cortex 
in men and women (Cho et  al. 2020). Concerning 
neuropsychological tests, increased 1-OH-pyrene levels 
are associated with decreased memory and verbal 
learning scores, regardless of gender (Cho et al. 2020). 
1-OH-pyrene and 2-OH-fluorene in urine were also linked 
to a marker of the Alzheimer’s disease (Cho et al. 2023).

Neurodevelopmental studies of rockfish embryo and 
pufferfish larvae suggest that pyrene induces behavioural 
and neurodevelopmental toxicity (He et al. 2012; Sugahara 
et al. 2014). In adults, strong behavioural disturbances linked 
to a reduced acetylacholine esterase activity were observed 
in Hyallela azteca, an aquatic amphipod, exposed to a 
sublethal dose of phenanthrene (Gauthier et al. 2016). In 
mammals, the neurotoxicity of fluoranthene was observed 
in adult rats orally exposed to single doses ranging from 
100 to 500 mg per kg of body weight, displaying locomotor 
deficits associated with muscle weakness and stereotypies 
(Saunders et al. 2003). Male rats exposed to fluorene by 
inhalation, or intraperitoneal or per os showed anxiety 
disorders compared to controls (Peiffer et al. 2013, 2016). 
Nonetheless, experimental studies carried out so far have 
used doses that are much higher than average exposure levels 
of the population.

DNA adducts

The mechanisms ruling PAH neurotoxicity are still debated, 
but a consensus suggest the interaction of PAHs with the 
aryl hydrocarbon receptor (AhR) (Chepelev et al. 2015; 
Tartaglione et al. 2023). However, this process is mainly 
activated by heavy PAHs such as benzo[a]pyrene, and 
expressed in the liver and brain (Kuban and Daniel 2021). 
For light PAHs, the mode of action and the pathways leading 
to neurotoxicity remain unclear. There are some insights 
such as the different effects of benzo[a]pyrene versus 
PAHs mixture on neuronal progenitors in cell cultures 
and differentiation profiles, suggesting another mode of 
action for the mixture (Slotkin et al. 2017). The role of the 
constitutive androstane receptor (CAR), another xenobiotic 
receptor expressed in the brain, is particularly questioned 
(Goedtke et al. 2021; Kajta et al. 2019; Oliviero et al. 2020). 
Indeed, this receptor was recently found to be expressed in 
endothelial cells of the blood–brain barrier and in cortical, 
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cerebellar and hippocampal cells, as reviewed by Torres-
Vergara et al. (2020).

Another insight is the fact that some light and heavy 
PAHs can  form DNA adducts that  may interfere with 
normal cellular functions, and thus  potentially lead to 
adverse effects, including neurotoxicity (Grova et al. 2017). 
For instance, PAHs have been shown to be chemically 
bound to DNA to form adducts in umbilical cord blood in 
a birth cohort in China, and adducts levels were positively 
correlated with neurodevelopmental disorders at the age of 
36 months (Liu et al. 2019). PAH exposure may also induce 
methylation changes that are observed in neurodevelopmetal 
disorders, neural stem cell differentiation, brain 
development, and cognitive function (Grova et al. 2019). 
Overall, there is growing evidence for the neurotoxicity of 
light PAHs, and more investigations are needed to better 
understand underlying mechanisms.

Funding  This research was funded by ADEME 1972C0031 
(2022–2024). We also acknowledge the support of the “Ministère 
de l’Enseignement supérieur et de la Recherche” in France for the 
continue support.

Declarations 

Conflict of interest  N. G. and E.L. declare that they are Editors of En-
vironmental Chemistry Letters.

References

Abid Z, Roy A, Herbstman JB, Ettinger AS (2014) Urinary polycyclic 
aromatic hydrocarbon metabolites and attention/deficit hyperac-
tivity disorder, learning disability, and special education in U.S. 
children aged 6 to 15. J Environ Public Health 2014:628508. 
https://​doi.​org/​10.​1155/​2014/​628508

Boffetta P, Burstyn I, Partanen T, Kromhout H, Svane O, Langard S, 
Jarvholm B, Frentzel-Beyme R, Kauppinen T, Stucker I, Shaham 
J, Heederik D, Ahrens W, Bergdahl IA, Cenee S, Ferro G, Heik-
kila P, Hooiveld M, Johansen C, Randem BG, Schill W (2003) 
Cancer mortality among European asphalt workers: an interna-
tional epidemiological study. II. Exposure to bitumen fume and 
other agents. Am J Ind Med 43:28–39. https://​doi.​org/​10.​1002/​
ajim.​10182

Cavret S, Feidt C, Laurent F (2005) Differential transfer of organic 
micropollutants through intestinal barrier using Caco-2 cell line. 
J Agric Food Chem 53:2773–2777. https://​doi.​org/​10.​1021/​jf035​
163w

Ceamanos X, Coopman Q, George M, Riedi J, Parrington M, Clerbaux 
C (2023) Remote sensing and model analysis of biomass burning 
smoke transported across the Atlantic during the 2020 Western 
US wildfire season. Sci Rep 13:16014. https://​doi.​org/​10.​1038/​
s41598-​023-​39312-1

Chepelev NL, Moffat ID, Bowers WJ, Yauk CL (2015) Neurotoxicity 
may be an overlooked consequence of benzo[a]pyrene exposure 
that is relevant to human health risk assessment. Mutat Res Rev 
Mutat Res 764:64–89. https://​doi.​org/​10.​1016/j.​mrrev.​2015.​03.​
001

Cho J, Sohn J, Noh J, Jang H, Kim W, Cho S-K, Seo H, Seo G, Lee 
S-K, Noh Y, Seo S, Koh S-B, Oh SS, Kim HJ, Seo SW, Shin D-S, 
Kim N, Kim HH, Lee JI, Kim SY, Kim C (2020) Association 
between exposure to polycyclic aromatic hydrocarbons and brain 
cortical thinning: The Environmental Pollution-Induced Neuro-
logical EFfects (EPINEF) study. Sci Total Environ 737:140097. 
https://​doi.​org/​10.​1016/j.​scito​tenv.​2020.​140097

Cho J, Sohn J, Yang SH, Lee S-K, Noh Y, Oh SS, Koh S-B, Kim C 
(2023) Polycyclic aromatic hydrocarbons and changes in brain 
cortical thickness and an Alzheimer’s disease-specific marker for 
cortical atrophy in adults: a longitudinal neuroimaging study of 
the EPINEF cohort. Chemosphere 338:139596. https://​doi.​org/​10.​
1016/j.​chemo​sphere.​2023.​139596

Citepa (2023) Gaz à effet de serre et polluants atmosphériques. Bilan 
des émissions en France de 1990 à 2022. Rapport Secten, éd. 
2023. https://​www.​citepa.​org/​wpcon​tent/​uploa​ds/​publi​catio​ns/​
secten/​2023/​Citepa_​Secten_​ed2023_​v1.​pdf

EFSA (2008) Polycyclic aromatic hydrocarbons in food. Scientific 
opinion of the panel on contaminants in the food chain (Question 
N° EFSA-Q-2007-136). EFSA J 724:1–114. https://​doi.​org/​10.​
2903/j.​efsa.​2008.​724

Gauthier PT, Norwood WP, Prepas EE, Pyle GG (2016) Behavioural 
alterations from exposure to Cu, phenanthrene, and Cu-phenan-
threne mixtures: linking behaviour to acute toxic mechanisms in 
the aquatic amphipod, Hyalella azteca. Aquat Toxicol 170:377–
383. https://​doi.​org/​10.​1016/j.​aquat​ox.​2015.​10.​019

Ghetu CC, Rohlman D, Smith BW, Scott RP, Adams KA, Hoffman PD, 
Anderson KA (2022) Wildfire impact on indoor and outdoor PAH 
air quality. Environ Sci Technol 56:10042–10052. https://​doi.​org/​
10.​1021/​acs.​est.​2c006​19

Goedtke L, Sprenger H, Hofmann U, Schmidt FF, Hammer HS, Zanger 
UM, Poetz O, Seidel A, Braeuning A, Hessel-Pras S (2021) Poly-
cyclic aromatic hydrocarbons activate the aryl hydrocarbon recep-
tor and the constitutive androstane receptor to regulate xenobiotic 
metabolism in human liver cells. Int J Mol Sci 22:372. https://​doi.​
org/​10.​3390/​ijms2​20103​72

Grova N, Salquebre G, Schroeder H, Appenzeller BM (2011) Determi-
nation of PAHs and OH-PAHs in rat brain by gas chromatography 
tandem (triple quadrupole) mass spectrometry. Chem Res Toxicol 
24:1653–1667. https://​doi.​org/​10.​1021/​tx200​3596

Grova N, Antignac JP, Hardy E, Monteau F, Pouponneau K, Le Bizec 
B, Appenzeller BMR (2017) Identification of new tetrahydroxy-
lated metabolites of Polycyclic Aromatic Hydrocarbons in hair as 
biomarkers of exposure and signature of DNA adduct levels. Anal 
Chim Acta 1:65–76. https://​doi.​org/​10.​1016/j.​aca.​2017.​10.​002

Grova N, Schroeder H, Olivier JL, Turner JD (2019) Epigenetic and 
neurological impairments associated with early life exposure 
to persistent organic pollutants. Int J Genomics 2019:2085496. 
https://​doi.​org/​10.​1155/​2019/​20854​96

He C, Wang C, Li B, Wu M, Geng H, Chen Y, Zuo Z (2012) Exposure 
of Sebastiscus marmoratus embryos to pyrene results in neurode-
velopmental defects and disturbs related mechanisms. Aquat Toxi-
col 116–117:109–115. https://​doi.​org/​10.​1016/j.​aquat​ox.​2012.​03.​
009

Henner P, Schiavon M, Morel JL, Lichtfouse E (1997) Polycyclic 
aromatic hydrocarbon (PAH) occurrence and remediation meth-
ods. Analusis 25:M56-M59, 1997. https://​hal.​scien​ce/​hal-​00193​
277

Henner P, Schiavon M, Druelle V, Lichtfouse E (1999) Phytotoxicity of 
ancient gaswork soils. Effect of polycyclic aromatic hydrocarbons 
(PAHs) on plant germination. Org Geochem 30:963–969. https://​
doi.​org/​10.​1016/​S0146-​6380(99)​00080-7

Jin X, Hua Q, Liu Y, Wu Z, Xu D, Ren Q, Zhao W, Guo X (2021) 
Organ and tissue-specific distribution of selected polycyclic aro-
matic hydrocarbons (PAHs) in ApoE-KO mouse. Environ Pollut 
286:117219. https://​doi.​org/​10.​1016/j.​envpol.​2021.​117219

https://doi.org/10.1155/2014/628508
https://doi.org/10.1002/ajim.10182
https://doi.org/10.1002/ajim.10182
https://doi.org/10.1021/jf035163w
https://doi.org/10.1021/jf035163w
https://doi.org/10.1038/s41598-023-39312-1
https://doi.org/10.1038/s41598-023-39312-1
https://doi.org/10.1016/j.mrrev.2015.03.001
https://doi.org/10.1016/j.mrrev.2015.03.001
https://doi.org/10.1016/j.scitotenv.2020.140097
https://doi.org/10.1016/j.chemosphere.2023.139596
https://doi.org/10.1016/j.chemosphere.2023.139596
https://www.citepa.org/wpcontent/uploads/publications/secten/2023/Citepa_Secten_ed2023_v1.pdf
https://www.citepa.org/wpcontent/uploads/publications/secten/2023/Citepa_Secten_ed2023_v1.pdf
https://doi.org/10.2903/j.efsa.2008.724
https://doi.org/10.2903/j.efsa.2008.724
https://doi.org/10.1016/j.aquatox.2015.10.019
https://doi.org/10.1021/acs.est.2c00619
https://doi.org/10.1021/acs.est.2c00619
https://doi.org/10.3390/ijms22010372
https://doi.org/10.3390/ijms22010372
https://doi.org/10.1021/tx2003596
https://doi.org/10.1016/j.aca.2017.10.002
https://doi.org/10.1155/2019/2085496
https://doi.org/10.1016/j.aquatox.2012.03.009
https://doi.org/10.1016/j.aquatox.2012.03.009
https://hal.science/hal-00193277
https://hal.science/hal-00193277
https://doi.org/10.1016/S0146-6380(99)00080-7
https://doi.org/10.1016/S0146-6380(99)00080-7
https://doi.org/10.1016/j.envpol.2021.117219


Environmental Chemistry Letters	

Kajta M, Wnuk A, Rzemieniec J, Lason W, Mackowiak M, Chwastek 
E, Staniszewska M, Nehring I, Wojtowicz AK (2019) Triclocar-
ban disrupts the epigenetic status of neuronal cells and induces 
AHR/CAR-mediated apoptosis. Mol Neurobiol 56:3113–3131. 
https://​doi.​org/​10.​1007/​s12035-​018-​1285-4

Kim YT, Kim W, Bae M-j, Choi JE, Kim M-J, Oh SS, Park KS, Park 
S, Lee S-K, Koh S-B, Kim C (2022) The effect of polycyclic 
aromatic hydrocarbons on changes in the brain structure of fire-
fighters: an analysis using data from the Firefighters Research 
on Enhancement of Safety & Health study. Sci Total Environ 
816:151655. https://​doi.​org/​10.​1016/j.​scito​tenv.​2021.​151655

Kuban W, Daniel WA (2021) Cytochrome P450 expression and regu-
lation in the brain. Drug Metab Rev 53:1–29. https://​doi.​org/​10.​
1080/​03602​532.​2020.​18588​56

Li S, Banerjee T (2021) Spatial and temporal pattern of wildfires in 
California from 2000 to 2019. Sci Rep 11:8779. https://​doi.​org/​
10.​1038/​s41598-​021-​88131-9

Lichtfouse E, Budzinski H, Garrigues P, Eglinton TI (1997) Ancient 
polycyclic aromatic hydrocarbons in modern soils: 13C 14C and 
biomarker evidence Organic Geochemistry 26(5-6):353–359. 
https://​doi.​org/​10.​1016/​S0146-​6380(97)​00009-0

Liu XY, Wang BL, Yi MJ, Zhang FH (2019) Association of exposure to 
polycyclic aromatic hydrocarbons during pregnancy with autism 
spectrum disorder-related behaviors in toddlers: a birth cohort 
study. Zhongguo Dang Dai Er Ke Za Zhi 21:332–336. https://​doi.​
org/​10.​7499/j.​issn.​1008-​8830.​2019.​04.​006

Luo K, Zeng Y, Li M, Man Y, Zeng L, Zhang Q, Luo J, Kang Y (2021) 
Inhalation bioacessibility and absorption of polycyclic aromatic 
hydrocarbons (PAHs) in indoor PM2.5 and its implication in risk 
assessment. Sci Total Environ 774:145770. https://​doi.​org/​10.​
1016/j.​scito​tenv.​2021.​145770

Menzie CA, Potocki BB, Santodonato J (1992) Exposure to carcino-
genic PAHs in the environment. Environ Sci Technol 26:1278–
1284. https://​doi.​org/​10.​1021/​es000​31a002

Moon H-B, Lee D-H, Lee YS, Kannan K (2012) Occurrence and 
accumulation patterns of polycyclic aromatic hydrocarbons and 
synthetic musk compounds in adipose tissues of Korean females. 
Chemosphere 86:485–490. https://​doi.​org/​10.​1016/j.​chemo​sphere.​
2011.​10.​008

Nie J, Li J, Cheng L, Deng Y, Li Y, Yan Z, Duan L, Niu Q, Tang D 
(2019) Prenatal polycyclic aromatic hydrocarbons metabolites, 
cord blood telomere length, and neonatal neurobehavioral devel-
opment. Environ Res 174:105–113. https://​doi.​org/​10.​1016/j.​
envres.​2019.​04.​024

Nikolova-Pavageau NPF (2018) Cartographie des expositions aux 
hydrocarbures aromatiques polycycliques (HAP) par secteur 
d’activité : focus sur la surveillance biologique des expositions 
professionnelles. Grand Angle 154:23

Oliviero F, Lukowicz C, Boussadia B, Forner-Piquer I, Pascussi J-M, 
Marchi N, Mselli-Lakhal L (2020) Constitutive androstane recep-
tor: a peripheral and a neurovascular stress or environmental sen-
sor. Cells 9:2426. https://​doi.​org/​10.​3390/​cells​91124​26

Peiffer J, Cosnier F, Grova N, Nunge H, Salquebre G, Decret MJ, 
Cossec B, Rychen G, Appenzeller BM, Schroeder H (2013) Neu-
robehavioral toxicity of a repeated exposure (14 days) to the air-
borne polycyclic aromatic hydrocarbon fluorene in adult Wistar 
male rats. PLoS ONE 8:e71413. https://​doi.​org/​10.​1371/​journ​al.​
pone.​00714​13

Peiffer J, Grova N, Hidalgo S, Salquèbre G, Rychen G, Bisson JF, 
Appenzeller BMR, Schroeder H (2016) Behavioral toxicity and 
physiological changes from repeated exposure to fluorene admin-
istered orally or intraperitoneally to adult male Wistar rats: a 

dose-response study. Neurotoxicology 53:321–333. https://​doi.​
org/​10.​1016/j.​neuro.​2015.​11.​006

Ritchie H, Rosado P (2020) “Electricity Mix” Published online at Our-
WorldInData.org. Retrieved from: https://​ourwo​rldin​data.​org/​elect​
ricity-​mix [Online Resource]

Saunders CR, Shockley DC, Knuckles ME (2003) Fluoranthene-
induced neurobehavioral toxicity in F-344 rats. Int J Toxicol 
22:263–276. https://​doi.​org/​10.​1080/​10915​81030​5114

Shen H, Tao S, Wang R, Wang B, Shen G, Li W, Su S, Huang Y, 
Wang X, Liu W, Li B, Sun K (2011) Global time trends in PAH 
emissions from motor vehicles. Atmos Environ (oxford, England: 
1994). https://​doi.​org/​10.​1016/j.​atmos​env.​2011.​1001.​1054

Slotkin TA, Skavicus S, Card J, Giulio RTD, Seidler FJ (2017) In vitro 
models reveal differences in the developmental neurotoxicity of an 
environmental polycylic aromatic hydrocarbon mixture compared 
to benzo[a]pyrene: neuronotypic PC12 Cells and embryonic neu-
ral stem cells. Toxicology 377:49–56. https://​doi.​org/​10.​1016/j.​
tox.​2016.​12.​008

Sugahara Y, Kawaguchi M, Itoyama T, Kurokawa D, Tosa Y, Kitamura 
S-I, Handoh IC, Nakayama K, Murakami Y (2014) Pyrene induces 
a reduction in midbrain size and abnormal swimming behavior 
in early-hatched pufferfish larvae. Mar Pollut Bull 85:479–486. 
https://​doi.​org/​10.​1016/j.​marpo​lbul.​2014.​04.​022

Tartaglione AM, Racca A, Ricceri L (2023) Developmental exposure 
to polycyclic aromatic hydrocarbons (PAHs): focus on benzo[a]
pyrene neurotoxicity. Reprod Toxicol 119:108394. https://​doi.​org/​
10.​1016/j.​repro​tox.​2023.​108394

Torres-Vergara P, Ho YS, Espinoza F, Nualart F, Escudero C, Penny 
J (2020) The constitutive androstane receptor and pregnane X 
receptor in the brain. Br J Pharmacol 177:2666–2682. https://​doi.​
org/​10.​1111/​bph.​15055

Wallace ER, Ni Y, Loftus CT, Sullivan A, Masterson E, Szpiro AA, 
Day DB, Robinson M, Kannan K, Tylavsky FA, Sathyanarayana S, 
Bush NR, LeWinn KZ, Karr CJ (2022) Prenatal urinary metabo-
lites of polycyclic aromatic hydrocarbons and toddler cognition, 
language, and behavior. Environ Int 159:107039. https://​doi.​org/​
10.​1016/j.​envint.​2021.​107039

Wang Y, Zhu L, James-Todd T, Sun Q (2022) Urinary polycyclic aro-
matic hydrocarbon excretion and regional body fat distribution: 
evidence from the U.S. National Health and Nutrition Examina-
tion Survey 2001–2016. Environ Health 21:75. https://​doi.​org/​10.​
1186/​s12940-​022-​00890-8

Withey JR, Law FC, Endrenyi L (1991) Pharmacokinetics and bioavail-
ability of pyrene in the rat. J Toxicol Environ Health 32:429–447. 
https://​doi.​org/​10.​1080/​15287​39910​95314​94

Zhang Y, Tao S (2009) Global atmospheric emission inventory of poly-
cyclic aromatic hydrocarbons (PAHs) for 2004. Atmos Environ 
43:812–819. https://​doi.​org/​10.​1016/j.​atmos​env.​2008.​10.​050

Zhang L, Sun J, Zhang D (2021) The relationship between urine poly-
cyclic aromatic hydrocarbons and depressive symptoms in Ameri-
can adults. J Affect Disord 292:227–233. https://​doi.​org/​10.​1016/j.​
jad.​2021.​05.​097

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1007/s12035-018-1285-4
https://doi.org/10.1016/j.scitotenv.2021.151655
https://doi.org/10.1080/03602532.2020.1858856
https://doi.org/10.1080/03602532.2020.1858856
https://doi.org/10.1038/s41598-021-88131-9
https://doi.org/10.1038/s41598-021-88131-9
https://doi.org/10.1016/S0146-6380(97)00009-0
https://doi.org/10.7499/j.issn.1008-8830.2019.04.006
https://doi.org/10.7499/j.issn.1008-8830.2019.04.006
https://doi.org/10.1016/j.scitotenv.2021.145770
https://doi.org/10.1016/j.scitotenv.2021.145770
https://doi.org/10.1021/es00031a002
https://doi.org/10.1016/j.chemosphere.2011.10.008
https://doi.org/10.1016/j.chemosphere.2011.10.008
https://doi.org/10.1016/j.envres.2019.04.024
https://doi.org/10.1016/j.envres.2019.04.024
https://doi.org/10.3390/cells9112426
https://doi.org/10.1371/journal.pone.0071413
https://doi.org/10.1371/journal.pone.0071413
https://doi.org/10.1016/j.neuro.2015.11.006
https://doi.org/10.1016/j.neuro.2015.11.006
https://ourworldindata.org/electricity-mix
https://ourworldindata.org/electricity-mix
https://doi.org/10.1080/10915810305114
https://doi.org/10.1016/j.atmosenv.2011.1001.1054
https://doi.org/10.1016/j.tox.2016.12.008
https://doi.org/10.1016/j.tox.2016.12.008
https://doi.org/10.1016/j.marpolbul.2014.04.022
https://doi.org/10.1016/j.reprotox.2023.108394
https://doi.org/10.1016/j.reprotox.2023.108394
https://doi.org/10.1111/bph.15055
https://doi.org/10.1111/bph.15055
https://doi.org/10.1016/j.envint.2021.107039
https://doi.org/10.1016/j.envint.2021.107039
https://doi.org/10.1186/s12940-022-00890-8
https://doi.org/10.1186/s12940-022-00890-8
https://doi.org/10.1080/15287399109531494
https://doi.org/10.1016/j.atmosenv.2008.10.050
https://doi.org/10.1016/j.jad.2021.05.097
https://doi.org/10.1016/j.jad.2021.05.097

	The overlooked toxicity of non-carcinogenic polycyclic aromatic hydrocarbons
	Fossil fuels are still major fuels globally
	The rising contribution of wildfires
	Numerous but understudied
	Crossing barriers to the brain
	Neuropsychological symptoms
	DNA adducts
	References


