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A B S T R A C T

Exposure to air pollutants is associated with an increased risk of developing Alzheimer's disease (AD). AD pa-
thological hallmarks and cognitive deficits are documented in children and young adults in polluted cities (e.g.
Metropolitan Mexico City, MMC). Iron-rich combustion- and friction-derived nanoparticles (CFDNPs) that are
abundantly present in airborne particulate matter pollution have been detected in abundance in the brains of
young urbanites. Epigenetic gene regulation has emerged as a candidate mechanism linking exposure to air
pollution and brain diseases. A global decrease of the repressive histone post-translational modifications
(HPTMs) H3K9me2 and H3K9me3 (H3K9me2/me3) has been described both in AD patients and animal models.
Here, we evaluated nuclear levels of H3K9me2/me3 and the DNA double-strand-break marker γ-H2AX by im-
munostaining in post-mortem prefrontal white matter samples from 23 young adults (age 29 ± 6 years) who
resided in MMC (n = 13) versus low-pollution areas (n = 10). Lower H3K9me2/me3 and higher γ-H2A.X
staining were present in MMC urbanites, who also displayed the presence of hyperphosphorylated tau and
amyloid-β (Aβ) plaques. Transmission electron microscopy revealed abundant CFDNPs in neuronal, glial and
endothelial nuclei in MMC residents' frontal samples. In addition, mice exposed to particulate air pollution (for 7
months) in urban Santiago (Chile) displayed similar brain impacts; reduced H3K9me2/me3 and increased γ-
H2A.X staining, together with increased levels of AD-related tau phosphorylation. Together, these findings
suggest that particulate air pollution, including metal-rich CFDNPs, impairs brain chromatin silencing and re-
duces DNA integrity, increasing the risk of developing AD in young individuals exposed to high levels of par-
ticulate air pollution.

1. Introduction

Urban air pollution is a worldwide environmental health problem
affecting millions of people. Epidemiological studies in developed and
developing nations have linked exposure to air pollutants, particularly
ultrafine (PM0.1) and fine particulate matter (PM2.5), to increased
morbidity and mortality (Cohen et al., 2017) and to diverse

neuropathological and neurological abnormalities, including brain
cancer (Weichenthal et al., 2019) and impaired cognitive abilities
(Calderón-Garcidueñas et al., 2008a, 2019; Chen et al., 2017a; Forns
et al., 2017; Harris et al., 2015; Perera et al., 2006; Suglia et al., 2008;
Zhang et al., 2018). Moreover, traffic-derived air pollutants, residency
close to heavily trafficked roads and exposure to high concentrations of
PM2.5 have been associated with increased risk of dementia and
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Alzheimer's disease (AD) (Calderón-Garcidueñas et al., 2004; Chen
et al., 2017b; Jung et al., 2015; Zhang et al., 2018). Children and young
adults from Metropolitan Mexico City (MMC) exposed to moderate
PM2.5 levels exhibit neuropathological hallmarks of AD, including hy-
perphosphorylated tau and amyloid-β (Aβ) plaques (Calderón-
Garcidueñas et al., 2008b, 2012, 2018). Abundant magnetite and other
co-associated metal-rich combustion- and friction-derived nanoparticles
(CFDNPs) have been detected in brains of children and young adult
MMC residents (Maher et al., 2016), showing that air pollution particles
can translocate to the human brain.

Recently, epigenetic gene regulation has emerged as a potential
mechanism linking pollution and disease outcomes including heart
disease, cancer and asthma (Li et al., 2018; Vecoli et al., 2016; Yang
et al., 2017). Epigenetic mechanisms organize chromatin structure to
regulate changes in gene activity. Epigenetic gene regulation can be
mediated through DNA methylation, histone post-translational mod-
ifications (HPTMs), exchange of histone variants, and nucleosome re-
modeling. HPTMs are key components for defining chromatin status as
they can either promote or inhibit transcription, depending on the
modification and on the modified histone residue. It is notable that
deregulation of epigenetic control is a common feature of a number of
diseases, including brain disorders (Berson et al., 2018; Frost et al.,
2014; Graff and Tsai, 2013; Klein et al., 2019). Specifically, recent
analysis of tissue derived from AD patients and tau animal models in-
dicate that a widespread loss of the repressive HPTMs, H3K9me2 and
H3K9me3 (H3K9me2/me3) may underlie DNA damage and altered
gene expression in AD (Frost et al., 2014; Mansuroglu et al., 2016).

Whether from fission yeast to humans, H3K9me2/me3 deposits are
required to transcriptionally silence tissue-specific and developmental
stage-specific coding genes in euchromatic and facultative heterochro-
matic (fHC) regions, typically to ensure lineage specificity (Allis and
Jenuwein, 2016; Bannister and Kouzarides, 2011; Bustos et al., 2017;
Saksouk et al., 2015; Trojer and Reinberg, 2007; Zeller and Gasser,
2017). Additionally, H3K9me3 is enriched at constitutive HC (cHC)
regions which comprise diverse repeat element classes, including
tandem repeats and transposable elements (Dumbovic et al., 2017; Harr
et al., 2016; Zeller and Gasser, 2017). H3K9me2 is also found at cHC
regions; however, this mark is particularly enriched at minor satellites
of centromeric regions (Allis and Jenuwein, 2016; Peters et al., 2001;
Saksouk et al., 2015; Trojer and Reinberg, 2007; Zheng et al., 2019).

Here we analyzed the repressive H3K9me2/me3 marks in post-
mortem frontal white matter samples of young adults from MMC that
exhibit AD hallmarks and abundant CFDNPs in the brain. Frontal white
matter samples from low-pollution areas were used as controls. In ad-
dition, frontal cortex samples of mice chronically exposed to urban air
pollution or HEPA-filtered air were also examined.

2. Materials and methods

2.1. Human brain samples

The autopsy frontal samples were obtained from forensic cases from
23 individuals (Table 1) with no identifiable personal data, not meeting
the regulatory definition of human subject research. The cohorts were
selected from the MMC area (high pollution-exposure area, above USA
EPA and WHO PM10/PM2.5 standards), and from control locations
consisting of small cities in Mexico that have less than 75,000 in-
habitants and levels for criteria air pollutants (ozone, particulate
matter, sulfur dioxide, nitrogen oxides and carbon monoxide) below the
current USA EPA standards (Calderón-Garcidueñas et al., 2016). The
age range of all individuals was from 20 to 40 years old. The mean age
of the 10 control individuals was 29.3 years old, and for the 13 MMC
individuals, 29.8 years. Detection of Htau Stage and Aβ Phase was
carried out as previously described (Calderón-Garcidueñas et al., 2018).

2.2. Light microscopy and transmission electron microscopy (TEM)

TEM and 1 μm toluidine blue sections were performed in 14 frontal
samples: control n = 5, age 29.4 ± 6.5 years and MMC n = 9, age
30.3 ± 7.43 years (Table 1). One-micron toluidine blue sections and
ultrastructural features in frontal samples were assessed by experienced
pathologists and electron microscopists, blind to the study group. Sec-
tions were stained with uranyl acetate and lead citrate and examined
with a JEOL JEM-1011 TEM microscope. EM evaluations were made
from photomicrographs with final magnifications at 1,300x, 3,000x,
25,000x, 50,000x and 80,000x. Nanoparticle (NP) numbers were
counted in the nuclei of neurons in both control and exposed cohorts.
NP numbers were counted in 20 neuronal (frontal) nuclei from each
subject, at a magnification of 83,300x, with an area of 34.37 μm in each
image. We counted NPs which were ≥10 nm in diameter.

2.3. Measurements of magnetic remanence

Magnetic measurements were made at the Centre for Environmental
Magnetism and Paleomagnetism, Lancaster University. To quantify the
ferrimagnetic content of the frontal cortex sample, we freeze-dried the
sample for 24 h, applied a direct current field of 1 T and measured the
saturation magnetic remanence (SIRM) with a cryogenic magnetometer
(GM400, mean background noise level 5.9 × 10−11 Am2; Cryogenic
Consultants Ltd.) at room and low temperature (77 K). To estimate the
ferrimagnetic concentration per 1 g of dry tissue weight, we divided the
measured SIRM77 K by an empirically-derived value for SIRMSP/SD

magnetite of 13.8 Am2·kg−1. This value is appropriate for the interacting,
mixed single domain (SD) and superparamagnetic (SP) magnetite par-
ticles observed in human brain tissue, of mean particle size ~31 nm
(Maher, 1988; Maher et al., 2016), rather than the ‘conventional’
SIRMmagnetite value of 46 Am2·kg−1, which is applicable only to pure,
non-interacting, single domain (50 nm) magnetite particles. The
number of magnetite particles/g dry tissue was then estimated by di-
viding the mass of magnetite (again, per 1g dry tissue weight), by the
mass of 1 magnetite particle (8.07224−11 μg).

2.4. Animals

Two-month-old C57BL/6J female mice purchased from the Jackson
laboratory (Maine, USA) were used. All protocols involving mice were
carried out according to NIH guidelines as well as ARRIVE guidelines,
and were approved by the Ethical and Bio-security Committees of
Universidad Andrés Bello.

2.5. Model of real-world exposure to urban air pollution

Our experimental design consisted of two closed, isolated, tem-
perature-regulated chambers, each containing three shelves, located
outdoors on the University Andres Bello Campus República in down-
town Santiago (Chile). Four female wild-type C57BL/6J mice were
housed per cage (N = 4 per experimental group) in a 12-h light/dark
cycle. The ‘‘Pollution group’’ received direct air from the outdoor en-
vironment, while the ‘‘Filtered Air group’’ had a BioMAX™ HEPA filter
(model FH12126) located before the air entry. Air quality was mon-
itored using a DustTrak II Aerosol monitor for PM2.5 and a P-TRAK
ultrafine particle counter for UFP (model 8532 and 8525, respectively,
TSI incorporated, Shoreview, MN). PM2.5 measurements were com-
pared, and adjusted, with the closest monitoring station of “Parque
O'Higgins” (http://sinca.mma.gob.cl), as previously described (Suarez
et al., 2014). Animals were purchased from Jackson Laboratory (Maine,
USA) and arrived in Chile when they were 2 months old; they were
immediately and randomly separated into two groups, and maintained
in their respective chambers from May to November, the winter months
when pollution is highest in Santiago (Fig. S1).
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2.6. Immunostaining

For human samples, paraffin embedded tissue blocks were sectioned
at a thickness of 8 μm. Tissue sections were deparaffinized and rehy-
drated in a graded alcohol series (100%, 96%, 70% and 50%) for
10 min in each bath and rinsed in running tap water before pre-treat-
ment with sodium citrate buffer 0.01M, pH 6 for 20 min for antigen
retrieval. For mouse samples, after trans-cardiac perfusion with saline
solution, the brain was removed, hemispheres were immersed in 4%
paraformaldehyde overnight, cryoprotected in 10–30% sucrose gra-
dient over 3 days, embedded in optimal cutting temperature medium
(OCT), and sagittal slices cut at 40 μm on a cryostat. For the im-
munohistochemistry protocol, samples were washed 3 times for 5 min
each, in a solution of 0.01M PBS 0.15% Triton X-100 and incubated
with 0.3% H2O2 at room temperature for 30 min, then incubated for 1h
with blocking solution containing 5% BSA in 0.01M PBS 0.15% Triton
X-100, and incubated overnight at 4 °C with the primary antibodies
diluted in blocking solution. Primary antibodies used were: mouse anti-
H3K9me2 (1:500, Abcam, ab1220), rabbit anti-H3K9me3 (1:400,
Abcam, ab8898), rabbit anti-H3K4me3 (1:500, Abcam, ab8580), rabbit
anti-H3K36me3 (1:500, Abcam, ab9050), mouse anti- γ-H2A.X
(1:1,000, Abcam, ab22551), mouse anti-NeuN (1:600, Merck Millipore,
mab377). After being rinsed 3 times with 0.01M PBS 0.15% Triton X-
100, sections were incubated for 1 h with biotinylated secondary an-
tibodies (mouse biotinylated antibody BA-9200 1:250, and rabbit bio-
tinylated antibody 1:250, Vectastain, ABC Elite kit PK-6101, Vector
Laboratories) diluted in blocking solution, followed by 1 h incubation
with avidin–biotin–peroxidase complex (1:125, Vectastain, ABC Elite
kit PK-6101, Vector Laboratories). Finally, a 30% H2O2 solution was
added in the presence of 3,3′-diaminobenzidine (DAB, 1 mg/ml) to
visualize the antigen–antibody complex. Staining for hematoxylin and

eosin was performed in tissue slices sectioned at a thickness of 3 μm
according to a routine protocol in one set of all individuals’ biopsies, in
order to identify the different regions of interest in this study.

For the immunofluorescence protocol, mouse tissue sections were
permeabilized with 0.5% Tritón-X100 and incubated for 4 h with
blocking solution containing 3% BSA plus 3% donkey serum in 0.01M
PBS 0.5% Triton X-100, and incubated overnight at 4 °C with the pri-
mary antibodies diluted in blocking solution. Primary antibodies used
were: mouse anti-H3K9me2 (1:1,000, Abcam, ab1220), rabbit anti-
H3K9me3 (1:1,000, Abcam, ab8898), mouse anti-NeuN (1:300,
Millipore, mab377), and rabbit anti-NeuN (1:300, Millipore, ABN78).
After being rinsed 3 times with 0.01M PBS 0.5% Triton X-100, sections
were incubated for 2 h at room temperature with secondary donkey
Alexa-conjugated antibodies (1:500, Molecular Probes). TO-PRO-3
(1:1,000, Life Technologies, T3605) was used as a nuclear dye. The
sections were imaged on a Confocal Leica SP8 microscope.

2.7. Quantification of immunostaining

For the immunohistochemistry, all slices were evaluated for DAB
staining in the white matter nuclei of the frontal cortex using the
quantification method of reciprocal intensity (Nguyen et al., 2013).
Reciprocal intensity directly correlates with an increased staining in-
tensity for the nuclear marks (Nguyen et al., 2013). A uniform sized
region of interest (ROI) was used to measure the mean intensity of each
stained nucleus using the ImageJ Fiji software. Six images were ac-
quired per subject at 100× magnification (Motic®BA310 Biological
Light microscope) and all nuclei per image were quantified, to obtain a
mean intensity. For immunofluorescence staining, the fluorescence in-
tensity was measured in a ROI covering the entire nuclear area (deli-
neated by TO-PRO-3 staining). At least 20 NeuN positive cells per image

Table 1
Cumulative PM2.5 and autopsy data in controls and MMC subjects.

Samples Age (years) Genderb Cause of deathc CPM2.5
d (μg/m3) HTaue Aβ Phasef Electron Microscopy

Control
C1 21 F 0 <100 0 0 Yes
C2 24 F 0 <100 0 0
C3 25 M 0 <100 0 0 Yes
C4 26 F 0 <100 0 0
C5 30 M 0 <100 0 0 Yes
C6 30 M 0 <100 0 0
C7 32 M 0 <100 0 0
C8 34 M 0 <100 0 0
C9 34 M 2 <100 0 0 Yes
C10 37 M 0 <100 0 0 Yes
MMC
P1 20 M 1 457 2 2 Yes
P2 22 M 1 634 2 2 Yes
P3 23 M 2 605 2 2 Yes
P4 23 M 0 399 2 2
P5 24 M 2 707 2 2
P6a 26 M 2 508 2 2 Yes
P7 32 M 2 570 2 2
P8 35 M 0 881 2 2 Yes
P9 35 M 0 2238 5 3 Yes
P10 36 M 2 940 3 2
P11 36 M 1 570 5 3 Yes
P12 38 M 1 899 4 3 Yes
P13 38 M 1 583 3 2 Yes

a Saturation remanent magnetization (77 K) of 17.2 × 10 −6Am2kg−1, equivalent to a magnetite concentration of 1.2 μg/g dry frontal tissue and particle numbers
of ~15 billion NPs/g of freeze-dried tissue.

b Gender: F = female, M = male.
c Cause of death: 0 = accidents, 1 = homicides, 2 = suicides.
d CPM2.5: Cumulative PM2.5 for each subject, calculated based on age at death (including pregnancy time) and annual average PM2.5 concentrations of their urban

residency.
e Htau Stage: 0 = absent, 1 = pretangle stages a-c, 2 = pretangle stages 1a, 1b, 3 = NFT stages I, II, 4 = NFT stages III-IV, 5 = NFT stages V-VI
f Aβ Phase:0 = absent, 1 = basal temporal neocortex, 2 = all cerebral cortex, 3 = subcortical portions forebrain, 4 = mesencephalic components, 5 = Reticular

formation and cerebellum.
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were analyzed. A total of 3 images were quantified per animal using the
ImageJ Fiji software.

2.8. Immunoblot analysis

Cortex tissue samples were lysed in ice-cold RIPA buffer containing
25 mM Tris-Cl (pH 7.6), 1% NP-40, 1% sodium deoxycholate, 0.1%
SDS, 150 mM NaCl (ThermoScientific, cat: 89,900) and Protease and
Phosphatase Inhibitor Mini Tablets (Thermo Scientific, A32961).
Protein lysates were centrifuged at 14,000g for 20 min (4 °C).
Supernatants were boiled in lithium dodecyl sulfate sample buffer
(Thermo-Fisher, NP0007) containing 1% β-mercaptoethanol. Protein
samples (30 μg) were resolved by 10% SDS-PAGE, transferred to PVDF
membrane (Roche). Membranes were blocked for 1 h with 5% BSA in
Tris-buffered saline-0.05% Tween (TBS-T) and incubated overnight
(4 °C) with primary antibodies anti-AT8 (Thermo Fisher, MN1020) or
anti-Tau-5 (Santa Cruz Biotechnology, sc-58860) in blocking solution.
Membranes were rinsed 3 times in TBS-T following by 2 h incubation
with HRP-conjugated secondary antibodies and developed using ECL
prime (GE Life Sciences, RPN2232). Densitometric analysis was per-
formed using ImageJ software.

2.9. Statistical analysis

Statistical analyses were performed using GraphPad Prism 5. Data
are reported as mean ± standard error of the mean (SEM). Mann-
Whitney U-tests were used to compare human samples and unpaired
Student's t-tests for mouse samples. p < 0.05 was considered statisti-
cally significant (p-values for all results are indicated in each figure
legend).

3. Results

3.1. Lower H3K9me2/me3 staining in nuclei of prefrontal white matter
from young adult urbanites chronically exposed to air pollution

We used post-mortem frontal white matter samples from human
subjects ranging from 20 to 40 years old. Thirteen of the subjects had
lived all their lives in MMC; 10 had resided in low-pollution control
areas (Table 1). All MMC subjects were associated with high cumulative
PM2.5 (CPM2.5), estimated from age at death and annual average PM2.5

concentrations of their urban residency (Calderón-Garcidueñas et al.,
2018, 2019). In addition, all MMC subjects (even the young adults)
exhibited hyperphosphorylated tau (pre-tangles or neurofibrillary tan-
gles) and Aβ phases 2–3 (Braak et al., 2011; Braak and Del Tredici,
2015; Thal et al., 2002). Control subjects did not show any of the AD
hallmarks.

In all samples, we carried out immunohistochemistry analysis of
HPTMs in frontal white matter nuclei. First, we analyzed H3K9me2
(Fig. 1A), a repressive HPTM enriched in coding genes in euchromatic
and fHC regions to transcriptionally silence tissue-specific or develop-
mental-stage-specific coding genes, and in cHC predominantly to re-
press minor satellite repeats within centromeric regions (Allis and
Jenuwein, 2016; Saksouk et al., 2015; Trojer and Reinberg, 2007; Zeller
and Gasser, 2017). To evaluate the levels of this epigenetic mark, we
measured the reciprocal intensity of nuclear staining, which correlates
directly with the amount of chromogen present in the sample and
therefore with the immunostaining (Nguyen et al., 2013).

Imaging and quantification revealed a significant decrease in the
global intensity of H3K9me2 staining in nuclei of brain samples from
MMC urbanites compared to controls (Fig. 1A–B). To further char-
acterize H3K9me2 staining in each nucleus, nuclear immunostaining
was classified as “light”, “medium” or “dark” based on the reciprocal
intensity value (Fig. 1C). We evaluated the intensity distribution of all
nuclei within the acquired images for each control and polluted subject
(Fig. 1D, Fig. S2). A significant increase in the percentage of “light”

stained nuclei, concomitant with a significant decrease in the percen-
tage of “medium” and “dark” stained nuclei, was observed in MMC
subjects compared to control urbanites (Fig. 1D).

We also analyzed H3K9me3 (Fig. 2A), another repressive HPTM
associated with the silencing of coding genes and repetitive elements,
particularly with highly clustered satellite repeat sequences (major sa-
tellites in mice and macro satellites in humans) within pericentric cHC
regions and with RNA transposons (Allis and Jenuwein, 2016; Saksouk
et al., 2015; Zeller and Gasser, 2017). Imaging and quantification
showed a significant decrease in global nuclear intensity of H3K9me3
staining in the white matter nuclei of MMC subjects compared to con-
trol subjects (Fig. 2A–B). As for H3K9me2, H3K9me3 staining in each
nucleus was classified as “dark”, “medium” or “light” (Fig. 2C), and
nuclei distribution for each subject was classified in these categories
(Fig. 2D, Fig. S3). A significant increase in the percentage of “light” or
“no staining” nuclei, together with a decrease in the percentage of
“medium” stained nuclei, was observed in samples of MMC compared
to control samples (Fig. 2D). These results indicate reduced levels of
both H3K9me2 and H3K9me3 in white matter nuclei of MMC residents
compared to controls, suggesting that chronic exposure to air pollution
induces a loss of HPTM-mediated repression in the prefrontal cortex of
humans. In addition, we evaluated changes in two HPTMs associated to
transcription activation, H3K4me3 and H3K36me3. H3K4me3 is asso-
ciated with the 5’ regions of active genes, and the levels of this mod-
ification correlate with transcription rates, active polymerase II occu-
pancy, and histone acetylation (Ruthenburg et al., 2007). H3K36me3 is
strongly enriched across the gene body of active genes, and H3K36me3
level correlates with the level of gene transcription (Mikkelsen et al.,
2007). Contrary to what was observed for H3K9me2/me3, both acti-
vation marks were increased in MMC residents compared to control
subjects (Figs. S4 and S5). These results suggest that pollution induces
loss of repressive marks and gain of active epigenetic marks in the
prefrontal white matter.

3.2. Higher levels of γ-H2A.X in nuclei of prefrontal white matter from
urbanites chronically exposed to air pollution

H2A.X, a variant of histone H2A, is a component of the histone
octamer in a subset of nucleosomes. When DNA double-strand breaks
(DSBs) occur, H2A.X is phosphorylated to form γ-H2A.X, which is
central in the protein recruitment and signaling cascade of the DNA
damage response (Kinner et al., 2008). γ-H2A.X detection is a quanti-
tative method for detection of even low-levels of DSBs (Rogakou et al.,
1999; Rothkamm and Lobrich, 2003; Sedelnikova et al., 2002), thus it is
used as a biomarker for DSBs and DNA damage (Ivashkevich et al.,
2012). We evaluated by immunohistochemistry the presence and levels
of γ-H2A.X in white matter nuclei from subjects from MMC and low-
pollution areas (Fig. 3A). Imaging and quantification of the reciprocal
intensity revealed a significant increase in nuclear intensity of γ-H2A.X
staining in subjects from MMC compared to controls (Fig. 3A–B). As for
the H3K9me2/me3 analyses, γ-H2A.X nuclear staining was classified as
“dark”, “medium” or “light” based on the reciprocal intensity value
(Fig. 3C). Nuclei from MMC subjects displayed increased levels of
“dark” staining compared to controls (Fig. 3D, Fig. S6). Moreover, there
was a significant decrease in the percentage of nuclei with “light” or
“no staining” concomitantly with a significant increase in the percen-
tage of “dark” nuclei in samples from MMC subjects compared to
controls (Fig. 3D). These results show that there are increased levels of
DSBs in white matter nuclei of MMC subjects, suggesting that chronic
exposure to air pollution may increase DNA damage in human brains.

3.3. Presence of CFDNPs in neuronal, glial and endothelial nuclei of
prefrontal samples from urbanites chronically exposed to air pollution

We focused on identifying NPs with the characteristics of solid
CFDNPs which occur in abundance in urban, especially roadside
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environments: rounded, electrodense (typically metal-bearing) NPs
which reflect their formation at high temperatures (i.e. > 100 °C) and
their subsequent rapid cooling and/or partial oxidation upon atmo-
spheric emission (Maher et al., 2016; Maher, 2019). Such NPs were
identified in nuclei of neuronal, glial and endothelial cells in prefrontal
cortex samples from control and MMC subjects using transmission
electron microscopy (TEM) (Fig. 4). While CFDNPs were observed in
samples from control (Fig. 4A) and MMC subjects (Fig. 4B–E), the
numbers of these NPs were higher in nuclei of MMC subjects. Quanti-
tative analysis revealed a significant increase in the number of CFDNPs
in the nuclei of frontal neurons from MMC residents (28 ± 9) com-
pared to controls (9 ± 2) and (p < 0.001); the NPs size range was
10–48 nm, average 26.7 ± 11.6 nm.

Additionally, we measured the saturation magnetic remanence
(SIRM) of an MMC frontal tissue sample (at 77 K) in order to quantify
the concentration and particle numbers of ferrimagnetic grains
(>~20 nm) (Maher et al., 2016). Such strongly magnetic NPs are
ubiquitously and abundantly present in airborne particulate pollution;
produced, for example, from vehicle exhaust emissions and brake-wear
(Gonet and Maher, 2019). Magnetite NPs that are strikingly similar to
those which characterize airborne particulate pollution have previously
been found in varying concentrations in the brains of MMC residents
(Maher et al., 2016). This magnetic analysis revealed that MMC subject
No.6 (Table 1) had ~1.2 μg magnetite/g of frontal tissue, equivalent
to ~ 15 billion magnetite NPs/g of freeze-dried frontal tissue. Together
with the TEM observations, these data suggest that the rounded, elec-
trodense NPs found in the frontal cortex of MMC subjects comprise at
least in part CFDNPs.

3.4. Mice exposed to particulate air pollution display lower H3K9me2/me3
repressive histone marks and higher γ-H2A.X in the frontal cortex

Accumulating evidence indicates that in addition to environmental
factors, epigenetic mechanisms are influenced by lifestyle factors such
as diet, physical activity, physiological stress, smoking and alcohol
consumption, among others (Alegria-Torres et al., 2011). Therefore, to
test whether particulate air pollution can specifically induce alterations
in H3K9me2/me3 and γ-H2A.X in an experimental situation, 2-month-
old C57BL/6J female mice from Maine (USA; annual
mean ≤ 15 μg m−3) were exposed for 7 months to the polluted urban
atmosphere of Santiago (Chile). Similar to MMC (Querol et al., 2008),
Santiago is characterized by high levels of PM2.5 and ultrafine particles
(UFPs), mainly contributed by industrial and traffic sources (Jorquera
and Barraza, 2012; Prieto-Parra et al., 2017; Suarez et al., 2014).

PM2.5 concentrations in Santiago usually exceed daily and annual
Chilean norms of 50 μg m−3 and 20 μg m−3, respectively (https://
sinca.mma.gob.cl/index.php/pagina/index/id/norma; https://www.
leychile.cl/Navegar?idNorma=1025202), and international standards
and recommendations, such as the WHO air quality guidelines of
25 μg m−3 and 10 μg m−3 for daily and annual means, respectively
(World Health Organization, 2005).

For this experiment, mice were housed in chambers in downtown
Santiago either directly exposed to ambient air (‘pollution group’) or to
HEPA-filtered air (‘filtered air control group’). The HEPA filters are
effective in removing particles but not gases. Airborne PM within the
chambers was measured throughout the whole experiment (7 months).
As expected, we found high PM2.5 (mean > 55 μg m−3) and UFP
concentrations (reaching > 26,000 counts·cm−3), during the exposure
period in the pollution chamber (Fig. S1). In contrast, the filtered air
group was exposed to much lower PM levels, with reductions in PM2.5

and UFP exposures of 75% and 65%, respectively (Fig. S1). After 7

Fig. 1. Immunodetection of H3K9me2 in prefrontal white matter nuclei from control and MMC urbanites. (A) Representative immunostaining of H3K9me2 in white
matter of prefrontal tissue sections from residents from MMC and from low-pollution areas as controls. Scale bar: 20 μm. (B) Quantification of reciprocal intensity of
H3K9me2 staining in white matter nuclei from each individual control and MMC samples is indicated along with mean ± SEM. *p = 0.04, Mann-Whitney U test
(control: N = 10 subjects; MMC: N = 13 subjects). (C) Representative nuclei positive for H3K9me2 staining categorized as “light”, “medium” or “dark” based on the
reciprocal intensity value, which correlates with the amount of chromogen present in the sample (light: 0–99; medium: 100–174; dark: 175–250). (D) Percentage of
white matter nuclei of subjects in each of the categories described in C, or with “no staining” (NS) which was added to the percentage of “light staining”. *p = 0.04
for all categories (MMC versus control), Mann-Whitney U test (control: N = 10 subjects; MMC: N = 13 subjects).
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months of exposure, animals were sacrificed and sagittal brain slices
were examined by immunofluorescence staining to test for H3K9me2/
me3 in nuclei positive for the neuronal marker NeuN in the frontal
cortex. Imaging and quantification revealed significantly decreased
nuclear staining of both H3K9me2 (Fig. 5A–C) and H3K9me3
(Fig. 5D–F) in the nuclei of animals from the pollution group compared
to the controls.

Additionally, we used the nuclear staining TO-PRO-3 to gain in-
sights into the chromatin organization within the neurons. DNA fluor-
escence staining assays, such as TO-PRO-3, NucBlue, DAPI and Hoechst,
result in dense structures – “chromocenters” - resembling highly clus-
tered satellite repeat sequences (major satellites in mice and macro
satellites in humans) within pericentric cHC regions (Lehnertz et al.,
2003; Peters et al., 2003; Saksouk et al., 2015). We found that in control
cortical neurons H3K9me3 foci co-localized with the chromocenters
concentrated at the nucleolar periphery (Fig. 5D–E), whereas the re-
pressive mark H3K9me2 was dispersed and concentrated in smaller and
more blurry foci that did not co-localize with TO-PRO-3-chromocenters
(Fig. 5A–C). We did not observe changes in staining patterns and in-
tensity of TO-PRO-3 (Fig. 5A–B and Fig. 5D–E). Imaging and quantifi-
cation further revealed that the nuclear area was unaltered between the
high-pollution and control groups (lower graphs Fig. 5C and F).

Also, we evaluated γ-H2A.X nuclear staining in the frontal cortex of
the pollution and filtered air groups by immunohistochemistry
(Fig. 5G), which revealed statistically increased levels of γ-H2A.X in
pollution-exposed mice compared to controls (Fig. 5H). This result in-
dicates that, concomitantly with the reduction in H3K9me2/me3, there
were increased levels of DSBs in the frontal cortex of mice chronically
exposed to high levels of particulate air pollution.

3.5. Mice exposed to particulate air pollution display increased levels of tau
phosphorylation

Finally, we examined levels of tau phosphorylation at the AT8
phosphoepitope that requires tau protein to be phosphorylated at both
serine 202 and threonine 205 (Goedert et al., 1995), in cortical protein
extracts from mice exposed to air pollution or filtered air (Fig. 6A).
Densitometric analysis revealed that tau protein phosphorylation,
measured as AT8 to Tau5 (total tau) immunoreactivity ratio, was higher
in frontal cortex from mice exposed to high levels of particulate pol-
lution compared to controls (Fig. 6B). This result indicates that as ob-
served in human samples from MMC subjects, mice exposed to parti-
culate air pollution exhibit AD-related tau phosphorylation.

4. Discussion

Here we found that, compared to low-pollution controls, apparently
clinically healthy young urbanites exposed to concentrations of PM2.5

above the USA-EPA annual standard exhibit reduced H3K9me2/me3
levels, increased γ-H2A.X levels and much greater abundance of
rounded, electrodense NPs (~10–50 nm diameter). At least a fraction of
the observed NPs, which occur in the nuclei of neuronal, glial and en-
dothelial cells, is iron-rich and ferrimagnetic in nature and likely de-
rived from combustion and friction processes as previously determined
(by high resolution TEM and magnetic remanence measurements) in
MMC frontal brain tissue samples (Maher et al., 2016). Our new data
support a working model in which the loss of H3K9me2/me3 may cause
aberrant gene transcription, genome instability and DNA damage,
leading to cognitive impairment as has been evidenced both in patients
and tau animal models of AD.

Fig. 2. Immunodetection of H3K9me3 in prefrontal white matter nuclei from control and MMC urbanites. (A) Representative immunostaining of H3K9me3 in white
matter of tissue sections from MMC and low polluted areas as control. Scale bar: 20 μm. (B) Quantification of reciprocal intensity of H3K9me3 staining in white
matter nuclei from each individual control and MMC sample is indicated along with mean ± SEM. *p= 0.03, Mann-Whitney U test (control: N = 10 subjects; MMC:
N = 13 subjects). (C) Representative nuclei positive for H3K9me3 staining categorized as “light”, “medium” or “dark” based on the reciprocal intensity value, which
correlates with the amount of chromogen present in the sample (light: 0–99; medium: 100–174; dark: 175–250). (D) Percentage of white matter nuclei of subjects in
each of the categories described in C or with “no staining” (NS) which was added to the percentage of “light” staining. **p = 0.009 (light/NS), *p = 0.05 (medium),
MMC versus control, Mann-Whitney U test (control: N = 10 subjects; MMC: N = 13 subjects).
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In somatic mammalian cells, immunostaining and ChIP assays have
shown that the bulk of H3K9me3 is associated with pericentric cHC
regions (Lehnertz et al., 2003; Peters et al., 2003; Saksouk et al., 2015).
Our observations in mouse cortical neurons showing that H3K9me3 foci
co-localize with chromocenters demonstrate that H3K9me3 is asso-
ciated with satellite repeat sequences within pericentric cHC regions
(Lehnertz et al., 2003; Peters et al., 2003; Saksouk et al., 2015). In
human brain cells, the clustered distribution of H3K9me3 also suggests
that this repressive mark is associated with pericentric satellite repeat
sequences. Our observation that H3K9me2 was concentrated in smaller
and blurrier foci that did not co-localize with chromocenters is in
agreement with the finding that H3K9me2 is enriched at minor sa-
tellites of centromeric regions (Allis and Jenuwein, 2016; Peters et al.,
2001; Saksouk et al., 2015; Trojer and Reinberg, 2007; Zheng et al.,
2019). Critically, we found that H3K9me2/me3 staining was reduced in
the cortex of humans and mice exposed to ambient urban particulate air
pollution. Similar quantitative single-cell imaging studies of neurons in
tissue derived from AD patients and tau models of AD have also found
strongly reduced staining of H3K9me3 (Mansuroglu et al., 2016) and
H3K9me2 (Frost et al., 2014). Neuropathological hallmarks of AD -
including hyperphosphorylated tau and Aβ plaques - are evolving in
MMC infants, children and young adults, and significant cognitive im-
pairment is evident in 55% of the young adult cohorts age
21.60 ± 5.88 years with exposures of PM2.5 above USA EPA policy
limits (Calderón-Garcidueñas et al., 2008b, 2012, 2019; Thal et al.,
2002). As shown here, young mice exposed to PM2.5 above USA EPA
standards in Santiago have higher AT8 tau phosphorylation. These
observations strongly suggest that loss of H3K9me2/me3 could play a
role in the development and progression of neurodegenerative

processes and the resultant cognitive impairment in young urbanites
exposed to fine and ultrafine particulate air pollution. Although we
were not able to determine cell-type specific changes in HPTMs in the
white matter, due to the very low number of neuronal nuclei present in
this region (Fig. S7), it is likely that epigenetic changes are occurring in
glial and/or endothelial cells. Interestingly, white matter degeneration
is an early abnormality observed in AD, that is associated with loss of
myelin and myelinated axons, oligodendrocytes dysfunction, increased
activation of astrocytes, and microvascular abnormalities (de la Monte
and Grammas, 2019). Thus, the epigenetic changes observed in pollu-
tion-exposed subjects, could promote white matter dysfunction and
contribute to the progression of neurodegenerative processes.

Mechanisms that could be responsible for loss of H3K9me2/me3
include decreased expression of H3K9 methyltransferases and/or in-
creased expression of H3K9 demethylases, and/or oxidative stress. In
Drosophila, oxidative stress can cause DNA damage and reduce
H3K9me2 levels (Frost et al., 2014). A key potential culprit for in-
creased oxidative stress in pollution-exposed humans is the abundance
of rounded, electrodense NPs, including iron-rich NPs, observed here in
the frontal cortex. The presence of ~109 ferrimagnetic NPs/g tissue
(dry weight) indicates the high potential for redox activity associated
with such Fe- (and, specifically Fe2+-) rich NPs, which are abundant in
urban airborne pollution. If redox-active ferrous (Fe2+) remains un-
bound and freely available in the brain, it can catalyze the formation of
reactive oxygen species, including the damaging hydroxyl radical
(HO·), through the Fenton reaction (Maher, 2019; Shuster-Meiseles
et al., 2016). Also, airborne iron-rich and magnetic NPs are often as-
sociated both with other transition metal-bearing NPs and surface-ad-
sorbed organic compounds, including polyaromatic hydrocarbons, such

Fig. 3. Immunodetection of γ-H2A.X in nuclei of prefrontal white matter from control and MMC urbanites. (A) Representative immunostaining of γ-H2A.X in white
matter of tissue sections from residents of MMC and low polluted areas as a control. Scale bar: 20 μm. (B) Quantification of reciprocal intensity of γ-H2A.X staining in
white matter nuclei from each individual control and MMC sample is indicated along with mean ± SEM. *p = 0.008, Mann-Whitney U test (control: N = 10
subjects; MMC: N = 13 subjects). (C) Representative nuclei positive for γ-H2A.X staining categorized as “light”, “medium” or “dark” based on the reciprocal intensity
value, which correlates with the amount of chromogen present in the sample (light: 0–49; medium: 50–99; dark: 100–150). (D) Percentage of white matter nuclei of
subjects in each of the categories described in C, or with “no staining” (NS) which was added to the percentage of “light” staining. *p = 0.03 (light/NS), *p = 0.02
(dark), MMC versus control, Mann-Whitney U test (control: N = 10 subjects; MMC: N = 13 subjects).
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as the known carcinogen benzo[a]pyrene (Maher, 2019).
The functional consequences of reduced H3K9me2/me3 levels in

brain cells could result in abnormal gene activation, since profiling
studies have implicated H3K9me2/me3 in the transcriptional silencing
of coding genes in both fHC and active euchromatic regions (Bannister
and Kouzarides, 2011; Bustos et al., 2017; Regha et al., 2007; Zeller
et al., 2016). Moreover, we observed an increase in the active tran-
scription marks H3K4me3 and H3K36me3 in MMC frontal brain tissue
samples, supporting abnormal gene activation. In agreement with this
notion, microarray and qRT-PCR assays of autopsy samples of the
frontal cortex from control and MMC pollution-exposed children and
young adults revealed an upregulation (> 2 fold) of 134 coding genes
in oxidative stress, DNA damage signaling, inflammation, and neuro-
degeneration pathways (Calderón-Garcidueñas et al., 2012). Loss of
H3K9me2/me3 levels at cHC regions could also have important nega-
tive consequences as has become evident from H3K9 methyl trans-
ferases KO studies. Thus, Suv39h-deficient mice displayed severely
impaired viability, chromosomal instability (presence of hyper-tetra-
ploid number of chromosomes), and higher levels of major (but not
minor) satellite repeat transcripts underlying pericentromeric cHC re-
gions (Lehnertz et al., 2003; Peters et al., 2001). Several additional
reports using rodents have detected chromosome instability and ele-
vated levels of RNA from major satellite repeats and LINE elements
upon loss of H3K9 methyl transferases, including SETDB1, SUV39 iso-
forms, or G9a and GLP (Dodge et al., 2004; Saksouk et al., 2015;
Shinkai and Tachibana, 2011). Importantly, evidence for hetero-
chromatin relaxation, aberrant expression of genes and transposable

elements has been found in patients and tau animal models of AD (Frost
et al., 2014; Sun et al., 2018), shown to have reduced H3K9me3
(Mansuroglu et al., 2016) and H3K9me2 staining (Frost et al., 2014).
Together, these results indicate that reduced H3K9me2/me3 in mice
and humans exposed to particulate air pollution could result in a more
“relaxed” heterochromatin organization, prone to de-repression of
genes and repetitive elements, chromosome instability and DNA da-
mage. In accordance to the latter, we observed an increase in the
staining of γ-H2A.X, a widely used marker of DSBs and DNA damage
(Ivashkevich et al., 2012; Kinner et al., 2008), in the white matter of
urbanites exposed to air pollution and in the frontal cortex of mice
exposed to particulate air pollution.

It is noteworthy that the annual mean PM2.5 levels in both MMC and
Santiago are considerably lower than those in countries such as China
and India, which exceed by ~ 4-5-fold the WHO annual PM2.5 guideline
of 10 μg m−3 (Cohen et al., 2017; WHO, 2005), potentially predis-
posing more deleterious brain defects in urbanites living in these
countries. Our findings show that the presence of NPs in the nuclei of
brain cells is associated with impaired chromatin silencing and reduced
DNA integrity. Critically, these small particles contribute very little to
measured PM2.5 mass concentrations but dominate in particle number.
Thus, specific monitoring and regulation of such UFPs becomes im-
perative and urgent.
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Fig. 4. TEM analysis in frontal cortex of control and MMC subjects. (A-A′) Nucleus (n) of a frontal cortex neuron from a control subject at 5,000x (A) and 15,000x (A′)
magnification. Black arrows indicate intranuclear, likely metal-rich NPs. A white arrow shows one single NP inside a mitochondrion (M). (B–B′) Nucleus of a frontal
cortex neuron from an MMC urbanite at 5,000x (B) and 80,000x (B′) magnification. Long black arrows indicate intranuclear NPs. White arrowheads indicate CFDNPs
in the proximity of the nuclear lipid bilayer and short black arrows indicate rounded, electrodense NPs in the cytoplasm. A mitochondrion is marked (M). (C–C′)
Nucleus of a frontal astrocyte from an MMC subject at 12,000x (C) and 20,000x (C′) magnification. Nucleus (n) and myelinated axons (a) are marked. In C′, black
arrows indicate intranuclear and intracytoplasmic NPs and the single white arrow shows one NP in between the inner and outer nuclear membranes. (D-D′) Nucleus
of an oligodendroglial cell in the frontal cortex from an MMC subject at 20,000x (D) and 50,000x (D′) magnification. D shows the oligodendroglia nucleus (n) and one
myelinated axon (a). D′ white arrows indicate numerous rounded, electrodense NPs in close contact with chromatin. (E-E′′) Frontal capillary in a MMC resident
containing a luminal red blood cell (RBC) at 5,000x (E) and 50,000x (E′-E′′) magnification. (E′) Micrograph shows the endothelial cell (EC) nucleus with numerous
NPs of variable sizes (black arrows); the white arrowheads show NPs in the EC cytoplasm. (E′′) RBC with numerous NPs. The EC nucleus (n) has numerous NPs (black
arrows).
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Fig. 5. Immunodetection of H3K9me2/me3 and γ-H2A.X in frontal cortex of mice chronically exposed to particulate air pollution. (A–F) Representative immuno-
fluorescence staining of H3K9me2 (A) or H3K9me3 (D) in prefrontal cortex tissue sections from mice exposed to ambient air (pollution group) or to HEPA-filtered air
(filtered control group) for 7 months. Scale bar: 20 μm. (B, E) Representative nuclei analyzed in A and D, which are co-stained with the neuronal marker NeuN and
the nuclear staining TO-PRO-3. Scale bar: 10 μm. Note that H3K9me3, unlike H3K9me2, displays a prominent perinuclear and perinucleolar staining that co-localizes
with TO-PRO-3-chromocenters. (C, F) Top, quantification of nuclear intensity of H3K9me2 (C) or H3K9me3 (F). Values are expressed relative to the control group
(relative units, r.u.). Bottom, quantification of the area of nuclei analyzed. Bars represent mean ± SEM. *p = 0.0159; **p = 0.0079; ns, not statistically different
(p = 0.6949 (C), p = 0.9768 (F)); Student's t-test (N = 4 mice per group). (G) Representative immunohistochemical staining of γ-H2A.X in frontal cortex tissue
sections from mice exposed to pollution or filtered air as a control (insets scale bar: 20 μm). (H) Quantification of reciprocal intensity of γ-H2A.X staining in frontal
cortex nuclei from control and pollution groups is indicated. Bars represent mean ± SEM. *p = 0.0368, Student's t-test (N = 4 mice per group).
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air for 7 months. Protein extract from hippocampus
of 12 month-old double transgenic APPswe-PS1ΔE9
(APP/PS1) mice was used a positive control. (B)
Quantification of AT8 to Tau5 immunoreactivity
ratio. *p = 0.0194, Student's t-test (N = 3 mice per
group).
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