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a b s t r a c t 

Mice were exposed to ambient PM particles 8 h per day, 6 days per week, for twenty-four weeks in enrich- 

ment chambers, with real-time mass concentration of PM 2.5 around 70 μg/m 

3 , and the number of PM 0.1 about 

10,000-20,000/m 

3 . The component analysis of PM particles by inductive coupled plasma emission spectrome- 

ter detected low concentrations of species associated with crustal materials, metalloid, transition metals, and 

heavy metals originating from industrial emission. High-performance liquid chromatography (HPLC) detected 

22 polycyclic aromatic hydrocarbons originating from traffic exhausts. We found that PM particles from dirty 

air entered mouse brain which were visualized by field emission scanning electron microscopy (FE-SEM) and 

were counted by femtosecond pulsed laser illumination microscopy. FE-SEM of brain tissues from dirty air (n = 8), 

and filtered air (control) (n = 8) revealed ultrastructural hallmarks of neuroinflammation, enlarged perivascu- 

lar space, and the attachment of inflammatory cells to the endothelium of blood vessels in brain. Exposure to 

dirty air containing ambient PM particles resulted in amyloid deposits and formation of neurofibrillary tan- 

gles and plaques. Desorption electrospray ionization mass spectrometry imaging enabled label-free elucidation 

of the spatial distribution of metabolites and lipids in brain tissue samples without any pretreatment. Ceramide 

Cer(t18:0/34:0(34OH)), m/z 822.54, and sulfatides, ST18:0, m/z 806.54; ST(d18:1/h22:0), m/z 878.60; ST(24:1), 

m/z 888.62, and ST(d18:1/h24:0), m/z 906.62 showed upregulation with significant differences in brain tissue 

from mice exposed to dirty air as compared to filtered air (control). The upregulation of ceramide resulted in for- 

mation of neurofibrillary tangles and plaques. Moreover, upregulation of sulfatides might enhance the leakiness 

of the blood brain barrier by weakening myelin sheaths. Although limited by sample number, our results strongly 

suggest that prolonged exposure to dirty air contributes to the observed increase in the incidence of cognitive 

decline and dementia, such as Alzheimer’s disease. 
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ntroduction 

Uncontrolled wildfires, poor practices of agricultural waste manage-

ent, rapid urbanization, traffic exhausts, and byproducts of the indus-

rial revolution are generating airborne particulate matter (PM). Ac-

ording to the World Health Organization [46] , air pollution kills an

stimated seven million people worldwide each year, largely from in-

reased mortality caused by stroke, heart disease, chronic obstructive

ulmonary disease, lung cancer, and acute respiratory infections. Much

ess appreciated is the deleterious consequences of air pollution on the

entral nervous system [1] . Recently, Peeples has raised the alarm about

his menace, which is pervasive in urban settings [37] . Numerous studies

ave reported that ambient PM, especially with an aerodynamic diam-
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ter less than 2.5 μm, named PM 2.5, is associated with various adverse

ffects. Previous evidence showed that tiny PM is directly released into

he air that can reach the brain [34] . The brain contains innate immune

ells, such as microglia, that can respond to insult and injury via inflam-

ation [4] . Therefore, based on the complex physiochemical nature of

M particles it has been hypothesized that once inside, they may act

s inflammatory stimuli to activate innate immunity of brain cells con-

ributing to pathology [5] . A previous study has found that cumulative

M 2.5 was significant for developing neurofibrillary tangles stage V in

etropolitan Mexico City infants, which might be associated with the

arliest cognitive and behavioral manifestations of Alzheimer’s disease
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mission scanning electron microscopy (FE-SEM) was used to detect PM

nd examine signs of inflammation in mouse brain. 

Neuroinflammation and brain damage are associated with a wide

ange of biochemical processes involving changes in the expression of

etabolites and lipids [ 11 , 23 , 31 ]. Analysis of metabolites and lipids in

rain tissue sections would provide a basis for further understanding of

olecular mechanisms during neuropathological events [16] . For this

urpose, we applied desorption electrospray ionization mass spectrom-

try imaging (DESI-MSI) that enables label-free elucidation of the spa-

ial distribution of metabolites and lipids in biological tissue sections at

mbient conditions without any pretreatment [2] . However, DESI-MSI

oes have a limitation of low spatial resolution which was overcome

o some extent by fluorescent labeling. This methodology combined the

nique advantages of DESI for biomolecular imaging, allowed the ex-

licit matching of morphological and chemical features. An important

dvantage of the technique is that it preserves morphology of the an-

lyzed samples for subsequent molecular and histopathology observa-

ions [14] . The data revealed high throughput detection of metabolites

nd lipids and allowed us to interpret the toxic effects of PM particles

n brain that stimulated neuro-inflammation and developed neurofib-

illary tangles and plaques. We were only able to harvest brain tissue

rom eight mice exposed for six months to dirty air and eight mice ex-

osed for the same time period to filtered air (control). Brain samples

ere subsequently sliced into several thin sections and placed on glass

lides for multiple analyses using FE-SEM, DESI-MSI, hematoxylin and

osin (H&E), and Congo red staining as well as antibody labeling. Fem-

osecond pulsed laser illumination microscopy was used to count the PM

articles. 

aterials and methods 

nimal management 

Six weeks old Mus musculus (C57BL/6 male mice) were purchased

rom Shanghai Jiesijie Laboratory Animal Co., Ltd (Shanghai, China).

hey were housed in a pathogen-free animal facility at Fudan Univer-

ity, at constant temperature (21°C ± 1°C) and humidity (60%) on a

ay and night cycle of 12 hours each, and were maintained on normal

how diet. The procedures were approved by the Institutional Research

ommittees of the Fudan University, Shanghai, China, and the methods

ere performed in accordance with the set regulations and guidelines.

he numbers of mice were limited. We obtained eight brain samples

rom each group, after dirty air and filtered air exposure for six months.

e prepared numerous thin sections for histopathology, FE-SEM, and

ESI-MSI analyses. 

xposure of atmospheric particulate matter (PM) to mice 

Mice were divided into two groups and were exposed to concen-

rated PM 2.5 (dirty air), and filtered air (control), using the “Shanghai

eteorological and Environmental Animal Exposure System (Shanghai-

ETAS) ”, located in the School of Public Health at Fudan University

t Xujiahui District in Shanghai. We have used the exposure system to

erform several studies [ 12 , 13 ]. In this study, the exposure lasted for 8

 per day, 6 days per week, in a total of 24 weeks. The mice were freely

llowed to eat food and drink water. 

he real-time concentration of PM particles 

The real-time concentrations of PM 2.5 were continuously measured

y TEOM (Thermo Fisher Scientific, Waltham, MA), which was con-

ected with the air intake in both exposure chamber and control cham-

er. The TEOM simultaneously sampled the PM 2.5 on Teflon filters (Gel-

an Teflon, 37 mm, 0.2 mm pore) for subsequent measuring the accu-

ate concentrations and the components such as constituents of poly-

yclic aromatic hydrocarbons (PAHs) and trace metals. 
omponent analysis of PM particles 

The Teflon filter (Gelman Teflon, 37 mm, 0.2 mm pore) with PM 2.5 

as cut and divided into two parts. One part of filter was treated with

.5 g potassium hydroxide. The other part of filter was treated with

0 mL of 60% high-purity nitric acid (HNO 3 ) and 3 mL of 37% per-

hloric acid (HClO 4 ). The solutions containing filters were heated in

icrowave for 1 h. They were then stored at 4°C until analysis. The

etal concentrations of PM particles were determined using an Induc-

ive Coupled Plasma Emission Spectrometer (Atom Scan 2000, Jarrell-

sh, USA), and the concentrations of polyaromatic hydrocarbons were

etermined by HPLC. For HPLC, samples were eluted from filters with

0 mL dichloromethane, filtered, dried under nitrogen atmosphere, and

ere then dissolved in methanol. 

reparation of brain tissue sections 

The approval of the institutional review board was followed, the

ice were sacrificed, and brain samples were collected and immedi-

tely stored at -80°C until sectioning. The samples were attached to the

luminum disc with a tiny drop of mounting medium at the bottom,

nd 10-μm-thick tissue slices were prepared using Leica CM1950 cryo-

tat machine (Leica Biosystems), and were attached over the surface of

dhesion microscopic glass slides (Shanghai Titan Scientific, Co., Ltd),

nd were stored in airtight falcon tubes of 50 mL capacity, containing

ilica gel beads at the bottom covered with a piece of tissue paper, to

bsorb residual moisture, and were stored at -80°C before analyses. 

ield emission scanning electron microscopy (FE-SEM) 

The falcon tubes containing glass slides of brain cryo-sections were

ept at room temperature and dried before analysis without any pre-

reatment. The surface of the FE-SEM aluminum sample stage was cov-

red with carbon conducting tape and the glass slide was attached onto

t. Hitachi S-4800 field emission scanning electron microscope (FE-SEM)

quipped with Bruker Xflash 6160 detector was used for observation of

rain tissue sections of eight mice from dirty air and eight mice from

ltered air, at acceleration voltage of 1.0 kV, and emission current of

0 μA. The vacuum level in the observation chamber was ~10 − 7 Pa.

he observations were made at the working distance of 2.1 mm to 2.4

m, and at the scan speed of 20 seconds for each figure, at 10k, 20k,

0k, and 100k magnifications. 

emtosecond pulsed laser illumination microscopy 

Teflon filters connected at the air inlet of TEOM 1405 (Thermo, USA)

ere separated, suspended in 0.9% physiological saline, sonicated for

0 min (Sonicator Model JL-120DT, China), and freeze-dried to collect

M 2.5 particles, that were observed using a Leica TCS SP8 DIVE FALCON

icroscope (Leica Germany) equipped with a two-photon femtosecond

ulsed laser (810 nm, 150 fs, 80 MHz, InSight X3 Dual, USA) and a

0 × /0.4 objective. The second harmonic generation (SHG) signals from

he PM 2.5 suspension were collected by a 400–410 nm BP filter. Each fig-

re had a field of 1.16 mm x 1.16 mm, with 1024 × 1024 pixels. Signals

ere collected at a depth of 1 μm. Using the same method, the PM parti-

les were counted from mouse brain tissues of three mice from dirty air

nd three mice from filtered air. The fluorescence of brain tissues was

bserved through a 450–610 nm bandpass filter. 

istological and immunohistochemical staining 

The brain tissues were subjected to Hematoxylin & Eosin (H&E) and

ongo red staining for histological evaluation. Staining was performed

n the same mouse brain tissue sections after DESI-MSI, as well as on

erial sections to visualize tissue morphological information. The H&E

taining kit was obtained from Solarbio Life Sciences (Cat# G1120),
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nd Congo red dye was obtained from Ruibao and Biotech Co., Ltd

Cat# R1029). For immunohistochemical analyses the following anti-

odies and materials were used: IBA-1 (Reego and Biology, 1:100), A 𝛽

Reego and Biology, 1:500). HRP-labelled goat anti-rabbit secondary an-

ibody (Reego and Biology, 1:200), DAB (DAKO, K5007), normal rabbit

erum (Boster, AR1010), and BSA (Solarbio, A8020). 

High resolution optical images of the stained tissues were observed

y Olympus CKX53 microscope and recorded by using Olympus cellSens

.1 [ver.2.1] imaging software for Life Sciences (Olympus, Tokyo,

apan). 

esorption electrospray ionization mass spectrometry imaging (DESI-MSI) 

The DESI-MSI source controlled by the software OmniSpray 2-D

Prosolia, Inc.) coupled with Velos Pro Ion Trap Mass Spectrometer

Thermo Scientific, USA) was used for tissue imaging. The imaging ex-

eriments were performed under the same conditions. The precision

leaved emitter 50 μm ID x 150 μm OD x 40 mm long was used to

ake the spray head. The dimension of the solvent line tubing was 75

m ID x 150 μm OD. The geometrical parameters were adjusted at a

pray tip-to-surface distance ~1 mm, spray incident angle of 58°, and

pray-to-inlet distance ~5 mm. MS Data acquisition was performed us-

ng XCalibur 2.2 software (Thermo Fisher Scientific Inc.). The nitrogen

ressure was set at 1.02 MPa; spray voltage was 4 kV, capillary tem-

erature of 275°C, S-Lens RF Level of 60.6%. The brain tissue samples

ere analyzed at the negative ion mode from m/z 150 to m/z 1000. The

istology compatible solvent used for both ion modes was dimethylfor-

amide/acetonitrile (DMF + ACN) (1:1, v/v) [14] obtained from Fisher

hemical NJ, at flow rate of 1 μL/min. The data files (.raw) were ex-

orted to FireFly 3 software (Prosolia, Inc.) that extracted and built the

ata set into (.ibd and .imzML) formats. msIQuant software was used

o convert imzML data files to msiQuant readable format to view and

nalyze mass spectrometry imaging data [21] . The ion images used a

ruker rainbow color map to represent highest intensity by pink and

he lowest intensity by black. 

tatistical analysis 

Owing to limited availability, mouse brains (n = 8) from each group

ere used to obtain several thin sections of tissue for multiple analyses

nd evaluations. The differences in measured variables between dirty air

nd filtered air exposure groups were analyzed by independent-samples

 test. A p -value ≤ 0.05 was defined as statistically significant. 

etabolite/Lipid identification 

The molecular signals observed in the mass spectrometry data

ere identified and confirmed from previous reports summarized

n review [3] , and database search including LIPID Maps structural

atabase (LMSD) ( http://lipidmaps.org/data/structure/LMSDSearch.

hp?Mode = SetupTextOntologySearch ), and Human Metabolome

atabase (HMDB) search engines ( http://www.hmdb.ca/spectra/ms/

earch ). 

esults 

ir quality data 

Sixteen mice were divided equally into dirty air and filtered air (con-

rol) groups, and they were housed in the Shanghai Meteorological and

nvironmental Animal Exposure System (Shanghai-METAS), located in

he School of Public Health at Fudan University at Xujiahui District

n Shanghai. Shanghai-METAS captured PM 2.5 particles from ambient

ir and increased their concentration about two times higher than that
f ambient air in the metropolitan area for the year 2019. The real-

ime concentrations of PM 2.5 were continuously measured by TEOM

450 (Thermo Fisher Scientific, Waltham, MA), which was connected

ith the air intake in both dirty air and filtered air (control) chambers.

ome variations in concentration depending on traffic flow and weather

hanges during six months of exposure were observed because the am-

ient air from the metropolitan area was the direct source of PM 2.5 par-

icles that were collected in the exposure chamber. The concentration

f PM particles from the air samples monitored over six months of ex-

osure is shown in Fig. S1. The mass concentration of PM 2.5 was around

0 μg/m 

3 , and the number of PM 0.1 was around 10000-20000/m 

3 . The

EOM simultaneously sampled PM 2.5 on Teflon filters (Gelman Teflon,

7 mm, 0.2 mm pore), for subsequent measurement of accurate concen-

rations and components analysis. 

Concentrations of metals were determined using an Inductive

oupled Plasma Emission Spectrometer (Atom Scan 2000, Jarrell-Ash,

SA). Low concentrations of metals (Na, K, Mg, Ca, Sr, Ba, Al) as-

ociated with crustal material, transition metals (Ti,Cr, Mn, Fe, Cu,

n), metalloid (As), and heavy metal (Pb) were detected. They are be-

ieved to originate from industrial emissions. High performance liquid

hromatography (HPLC) was used that detected PAHs (fluorine, phenan-

hrene, anthracene, fluoranthene, acephenanthrene, pyrene, retene,

enzo[g,h,i]fluoranthene, cyclopenta[cd]pyrene, benz[a]anthracene,

enzo[b]fluoranthene, benzo[k]fluoranthene, benzo[a]fluoranthene,

enzo[e]pyrene, benzo[a]pyrene, perylene, 1,3,5-triphenylbenzene,

ndo[cd]fluoranthene, indeno[cd] pyrene, dibenzo[ah]anthracene,

enzo[ghi]perylene, and coronene) that are believed to originate from

raffic exhausts. Table S1 summarizes the results of the component

nalysis. 

M particles from air pollution reached mouse brain 

Fig. 1 A presents a graphical illustration showing the movement of

M particles inside the respiratory track while breathing. During res-

iration, the PM particles of different sizes and shapes enter the respi-

atory track and attach onto the surfaces of nasal epithelial cells. The

espiratory track is lined with cilia that are always in the state of motion

hich creates mucus flow [22] . The strokes of cilia propel fine particles

oated with mucus in a unidirectional flow [40] . PM particles from dirty

ir translocate into brain ( Fig. 1 B), and from the nasal epithelial mucosa

nters into the brain via the olfactory bulb in mouse [34] , and human

28] . PM moves in the blood capillary lining of brain cells ( Fig. 1 C).

nterestingly, ultrafine particles enter into the blood circulation of hu-

ans just after exposure [33] , and have the potency to reach various

rgan systems. 

FE-SEM of brain tissues from filtered air showed no particles

 Fig. 1 D). In sharp contrast, the brain tissues from dirty air (more specif-

cally, 8 h per day, 6 days per week) showed different PM particles scat-

ered over the surface ( Figs. 1 E-L). 

PM particles on brain tissues were counted by femtosecond pulsed

aser illumination microscopy, and Fig. 2 presents the results. Each panel

ad a field of 1.16 mm x 1.16 mm with 1024 × 1024 pixels, and the sig-

al was collected within the depth of about 1 μm. Brain tissues from

ltered air showed few to almost no particles ( Fig. 2 A), whereas mouse

rain tissues from dirty air showed PM particles that emitted red light

nder femtosecond pulsed light illumination ( Fig. 2 B), and particles

ere quantified from three slides ( Fig. 2 C). The average number of par-

icles detected on the brain tissue surface from filtered air were 867,

nd brain tissue from dirty air were 4458. 

We also tried scanning electron microscopy / energy dispersive X-

ay spectroscopy ( SEM/EDS ) to perform elemental/ component anal-

sis of PM particles in brain tissue sections, but it was not successful

ecause the PM particles were scattered over brain tissue sections as

iny particles in nm size range, and no big cluster was found. 

http://lipidmaps.org/data/structure/LMSDSearch.php?Mode=SetupTextOntologySearch
http://www.hmdb.ca/spectra/ms/search
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Fig. 1. Particulate matter (PM) from dirty air entered mouse brain. ( A ) Graphical illustration of the movement of particles inside the respiratory track during 

breathing; ( B ) Translocation of PM particles into brain through olfactory neurons inside mouse nose; and ( C ) Movement of PM particles in the blood capillary lining 

brain cells. ( D ) Surface evaluation of mouse brain tissues by FE-SEM in which brain tissue from filtered air showed no abnormality, whereas ( E-L ) brain tissue from 

dirty air showed different PM particles scattered over the surface (n = 8). The scale bar at 30k magnification ( D-L ) is 1 μm. 
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xposure of particulate matter from dirty air to brain generated 

ltrastructural hallmarks of neuroinflammation 

FE-SEM of brain tissues from filtered air showed no abnormality

 Fig. 3 A), whereas brain tissues from dirty air showed inflammatory

ells attached with the endothelium layer of blood vessels in the brain

 Fig. 3 B) and enlarged perivascular space ( Fig. 3 C). We also found

natomical changes and prominent topological alterations that sug-

ested neuroinflammation on the brain surface ( Fig. 3 D- 3 I). 

istopathological evaluation revealed neurofibrillary tangles, plaques, and 

myloid deposition in brain 

We used hematoxylin & eosin (H&E), Congo red staining, and im-

unohistochemistry with A 𝛽 and IBA-1 antibodies to check the toxic

ffects of particulate matter exposure on neuromorphology. H&E stained
ouse brain tissues from the filtered air showed no abnormalities

 Fig. 4 A), as compared to the dirty air that showed neurofibrillary tan-

les and plaques ( Fig. 4 B–4 D). Congo red stained mouse brain tissue

rom filtered air showed no abnormalities ( Fig. 4 E), as compared to the

irty air that showed accumulation of inflammatory glia cells ( Fig. 4 F),

nd amyloid deposits ( Fig. 4 G–4 J). Immunohistochemistry with A 𝛽 an-

ibody showed amyloid deposits in the brain tissues from dirty air

 Fig. 4 K–4 N). Immunohistochemistry with IBA-1 antibody showed ac-

umulation of inflammatory glia cells in the brain tissues from dirty air

 Fig. 4 O–4 R). 

etabolic alterations in mouse brain characteristic of neurodegeneration 

Desorption electrospray ionization (DESI) mass spectrometry imag-

ng (MSI) is an efficient diagnostic and research tool. The results of

ouse brain sections used for DESI-MSI and for subsequent FE-SEM and
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Fig. 2. PM particles on brain tissues were counted by fem- 

tosecond pulsed laser illumination microscopy analyses. ( A ) 

Mouse brain tissues from filtered air showed no particles, and 

two-photon excited autofluorescence from brain (green, emis- 

sion (450-610 nm bandpass filter) was observed, whereas ( B ) 

mouse brain tissues from dirty air emitted red light originat- 

ing from the PM particles (indicated using white squares), un- 

der femtosecond pulsed laser illumination (excitation 810 nm, 

80 MHz, 10 mW laser power). Scale bar ( A - B ) is 400 μm. ( C ) 

Quantitative count of PM particles from mouse brain tissues 

of filtered air and dirty air groups reported as the mean ± 
one standard deviation (SD) (n = 3). The p values ( p = 0.000261) 

were calculated using the t test. 
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istopathological evaluations were compared with results from inde-

endent analysis of mouse brain tissue serial sections that showed no

ifference. 

Metabolic profiling of mouse brain samples from dirty air and filtered

ir exposure groups was performed by desorption electrospray ioniza-

ion (DESI) mass spectrometry imaging (MSI) obtained at negative ion

ode over the range of 150 m/z to 1000 m/z . The peaks in low mass

ange such as m/z 255.23 and m/z 283.26 were background peaks. The

ass spectra from two groups with eight pairs of mice showed signif-

cant differences in the abundance of metabolites and lipids related to

eurodegeneration ( Fig. 5 A and 5 B), and is illustrated in 2D chemical

aps (ion images) created using msIQuant software [21] . The data re-

ealed detection of ceramide, Cer(t18:0/34:0(34OH)), m/z 822.54, and

ulfatides, ST18:0, m/z 806.54; ST(d18:1/h22:0), m/z 878.60; ST(24:1),

/z 888.62, and ST(d18:1/h24:0), m/z 906.62. Table S2 summarizes

nformation about the detected lipid molecular species from the mouse

rain tissues, and Fig. S2 shows their structures. 

Ceramide and sulfatides were upregulated with significant differ-

nces in brain tissue from dirty air ( Fig. 5 B upper panel) compared to

he filtered air exposure groups ( Fig. 5 B lower panel). The data, pre-

ented as mean and ± one standard deviation (SD), are shown from

 independent measurements of each group. The p values were calcu-

ated using independent-samples t test, for m/z 806.54 ( p = 0.0279), m/z

22.54 ( p = 0.0508), m/z 878.60 ( p = 0.0428), m/z 888.62 ( p = 0.022) and

/z 906.62 ( p = 0.0545) ( Fig. 5 C). 

iscussion 

Eight mice were exposed to ambient PM particles for twenty-four

eeks in enrichment chambers with about two times higher concen-

ration of PM particles than ambient air in the metropolitan area dur-

ng 2019, which allows accelerated testing. An epidemiological study in
hina found an association between severe (332 μg/m 

3 PM 10 ) air pollu-

ion and injury to the central nervous system, as measured by the num-

er of medical emergency calls concerning dizziness, convulsions, paral-

sis, and epilepsy [10] . But little seems to be known about prolonged

xposure to less severe air pollution. We had considered the damage of

egular PM particle concentration and tried to make one group of mice

xposure to normal air and another group of mice exposure to filtered

ir (FA). However, it needed long time exposure to find the difference of

rain-related indicators between these two groups. In addition, because

hanghai is a relatively clean city in China, ambient PM 2.5 concentra-

ions are very low most of time even similar with the concentration in

he FA chamber. Therefore, it is difficult to observe the difference be-

ween regular air and filtered air. 

For what we are calling dirty air, the real-time mass concentration

f PM 2.5 was around 70 μg/m 

3 , and the number of PM 0.1 was around

0,000-20,000/m 

3 (Fig. S1). The component analysis of PM particles by

nductive coupled plasma emission spectrometer and HPLC detected low

oncentrations of metals associated with crustal materials, metalloid,

ransition and heavy metals that originated from industrial emissions,

nd 22 polycyclic aromatic hydrocarbons that originated from traffic

xhausts (Table S1). We found that PM particles from dirty air entered

nto mouse brain, and these particles were visualized by FE-SEM ( Fig. 1

-L), and were counted by femtosecond pulsed laser illumination mi-

roscopy ( Fig. 2 ). The components of PM particles act in different ways

o cause brain damage [37] . A recent in vivo study reported that the pla-

ental barrier is permeable to carbon black particles from atmospheric

ollution [6] . An epidemiological study from Mexico City found that

lzheimer’s disease occurred in the brains of children [8] . However,

he nervous system is protected by the semipermeable membrane of en-

othelial cells known as the blood brain barrier which controls and reg-

lates the flow of essential molecules, oxygen, metabolites, and nutri-

nts, into the brain through passive diffusion [24] . The brain capillaries
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Fig. 3. Evaluation of topological features of mouse brain tissues by FE-SEM. ( A ) Mouse brain tissue from filtered air showed no abnormality. ( B ) Mouse brain 

tissue from dirty air showed features resembling inflammatory cells attaching with microvillar projections of endothelium of the blood vessel. ( C ) The exposure 

of particulate matter to brain activates the immune response and enlarged perivascular space. ( D-I ) Observation of anatomical features and topological alterations 

suggesting neuroinflammation. The scale bar at 20k magnification ( A -F ) is 2 μm, and at 50k magnification ( G-I ) is 1 μm. 
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re composed of tightly bound endothelial cells that restrict the entry

f blood-derived cells into the brain, unless they have special surface

roperties that facilitate their transportation into the brain [42] . The

isruption in the blood brain barrier results in increased vascular per-

eability, reduction of cerebral blood flow, and altered hemodynamic

ignals, which stimulates the influx of toxic substances from the blood

nto the brain and triggers inflammation and immune response. In turn,

his stimulates pathways of neurodegeneration in different parts of the

rain [42] . Previous study suggested that airborne PM accelerates neu-

odegenerative processes of Alzheimer’s disease and related dementias

hrough pro-amyloidogenic amyloid precursor protein processing [7] .

ased on FE-SEM observations, morphological evidence of chronic in-

ammation at the brain blood vessels is revealed resulting from particu-

ate matter exposure from dirty air ( Fig. 3 ). Our observation is supported

y previous studies that have shown that blood vessels from brain and

pinal cord of mice subjected to experimental allergic encephalomyeli-

is and cerebral malaria in response to chronic inflammation showed

ttachment of inflammatory cells to the microvillar projections of the

ffected endothelium [25–27] . 

The plausible links between air quality and cognitive decline and de-

entia have been reviewed recently [38] . Previous studies have shown

hat particulate matter in air generates cognitive defects in older people,

nd causes inflammation in glial cells [7] . The brain of a mouse breath-

ng dirty air produces inflammatory molecules, which are the same as

ound in Alzheimer’s disease, and show nerve cell damage [48] . The

ata we present show neurofibrillary tangles and plaques in the mouse
rain tissue sections from the dirty air (containing PM particles) expo-

ure ( Fig. 4 ), which is supported by previous reports that showed that A 𝛽

eptides are deposited as a result of oxidative stress and neurofibrillary

angles are formed that serve as a shields to protect brain cells from the

xidative damage [32] . However, these evolve into an auto-destructive

rocess as the disease progresses [ 31 , 39 ]. 

What might make the present study of special interest is our direct

bservation of brain damage in mice on prolonged exposure to dirty

ir containing about two times higher concentration of PM particles

han ambient air in the metropolitan area, and compared to filtered

ir (control). We have determined this to be the case from the obser-

ation of tangles and plaques in the brain ( Fig. 4 ), and more indirect

vidence by using DESI-MSI to show the buildup of certain compounds

hat are known to be associated with brain cell apoptosis ( Fig. 5 ). The

orrelations presented seem compelling that some causal relation ex-

sts. Previous studies have shown that fatty acids are released at the

ite of brain injury and activate caspase-3 and caspase-8, which induces

poptosis [44] . The injury results in tissue damage, disturbance in ion

alance, neurotransmitter release, and degradation of cellular phospho-

ipids [45] . Moreover, free fatty acids interact with intracellular fatty

cid binding proteins and peroxisome proliferator-activated receptors

hich leads to changes in gene expression [47] . DESI-MSI allowed the

valuation of the molecular events taking place in brain tissue samples

aused by PM exposure, which activates immune response and devel-

pment of disease state. The metabolites and lipids detected from the

imited number of brains (eight from each group) hindered the ability
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Fig. 4. Histopathological evaluations of mice brain tissues. ( A ) H&E stained mouse brain tissues from filtered air showed no abnormalities, whereas ( B-D ) mouse 

brain tissues from the dirty air showed neurofibrillary tangles and plaques. ( E ) Congo red stained mouse brain tissue from filtered air showed no abnormality, 

whereas ( F ) mouse brain tissues from dirty air showed accumulation of inflammatory glia cells, and ( G-J ) amyloid deposits. ( K-N ) Immunohistochemistry with A 𝛽

antibody (1:500) of mouse brain from dirty air showed amyloid deposits. ( O-R ) Immunohistochemistry with IBA-1 antibody (1:100) of mouse brain tissues from 

dirty air showed accumulation of inflammatory glia cells. The scale bar at 4X magnification ( A-B ), 10X magnification ( K, M ), 20X magnification ( G, I, O, Q ), and 

40X magnification ( C-F, H, J, L, N, P, R ) is 500 μm. 
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Fig. 5. Profiling of metabolic alterations in mouse brain. Mass spectra of brain samples from the exposure groups: ( A ) dirty air (red spectrum), and filtered air 

(control) (black spectrum). ( B ) Ion images of mouse brain (dirty air upper panel, filtered air lower panel), ST18:0, m/z 806.54; Cer(t18:0/34:0(34OH)), m/z 822.54; 

ST(d18:1/h22:0), m/z 878.60; ST(24:1), m/z 888.62, and ST(d18:1/h24:0), m/z 906.62. Rainbow color scale: black no signal and pink high intensity signal. Scale 

bar: 1 mm. ( C ) Quantitative signal intensities reported as the mean ± one standard deviation (SD) (n = 8). The p values were calculated using the t test: m/z 806.54 

( p = 0.0279), m/z 822.54 ( p = 0.0508), m/z 878.60 ( p = 0.0428), m/z 888.62 ( p = 0.022) and m/z 906.62 ( p = 0.0545). 

t  

l  

c  

t  

t  

s  

h  

[  

c  

r  

m  

b  

b  

m  

t  

b  
o detect statistically significant results as shown in Fig. 5 . Neverthe-

ess, we did find from brain tissues clear evidence for upregulation of

eramide, Cer(t18:0/34:0(34OH)), m/z 822.54in the brain tissues from

he dirty air ( Fig. 5 B upper panel), as compared to the filtered air (con-

rol) ( Fig. 5 B lower panel). Ceramides play an important role in apopto-

is [18] , differentiation [35] , and inflammation [30] . Previous studies

ave detected upregulation of ceramide molecules in injured rat brain

17] . Moreover, the studies showed that ceramide and brain damage
o-localize, suggesting direct role of sphingomyelin metabolism in neu-

onal cell death [17] . Ceramide is the main product of sphingolipid

etabolism, and it is directly involved in the aggregation of amyloid

eta (A 𝛽) for the progression of Alzheimer’s disease [20] through sta-

ilization of the enzyme 𝛽-secretase. As a result of a positive feedback

echanism, the generated A 𝛽 activates the sphingomyelinase enzyme

hat catabolizes sphingomyelin and increases ceramide levels in the

rain [36] . Ceramide also activates a number of biochemical processes
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eading to malfunctioning of mitochondria [41] , and generation of ox-

dative stress through production of reactive oxygen species [9] . 

In addition, sulfated galactosyl ceramide also known as sulfatides

ST) that belong to glycosphingolipids [19] , are found in abundance at

he myelin sheath of brain cells [29] . We found upregulation of sul-

atides, ST18:0, m/z 806.54; ST(d18:1/h22:0), m/z 878.60; ST(24:1),

/z 888.62, and ST(d18:1/h24:0), m/z 906.62 in the brain tissues from

irty air ( Fig. 5 B upper panel), as compared to the filtered air ( Fig. 5 B

ower panel), suggesting damages in the myelin sheath and blood brain

unction dysfunction as a result of particulate matter exposure. This hy-

othesis is supported by previous reports that have shown that the ex-

ression levels of sulfatides are associated with the physiological activ-

ty of the blood brain barrier, and increased concentration of sulfatide

as impact on myelin sheath at early stages of HIV-1 infection [15] .

oreover, abnormalities in the expression of sulfatides in brain result

n neurological symptoms, because they regulate function of ion chan-

els, receptors, and transporters [43] . 

oncluding remarks 

Inhaling air containing particulate matter PM 2.5 is known to be dele-

erious to health, particularly to lung function, but this study presents

triking visual evidence of its harmful effects on brain tissue. The com-

onent analysis of PM particles by inductive coupled plasma emission

pectrometer and HPLC detected low concentrations of metals asso-

iated with crustal materials, metalloid, transition and heavy metals

hat originated from industrial emission, and 22 polycyclic aromatic

ydrocarbons that originated from traffic exhausts. In conclusion, our

tudy provides compelling evidence from FE-SEM and FLIM for the

resence of PM particles in mouse brain, which originated from ex-

osure of mice to atmospheric pollution. Moreover, the study shows

ystemic inflammation in response to accumulation of PM particles in

he mouse brain. Eight mice were exposed to dirty air for six month

nd under the same feeding conditions another set of eight mice were

xposed to filtered air. The present study found detrimental effects of

his exposure that resulted in amyloid deposits, formation of tangles and

laques, and triggered inflammatory response in mouse brain. DESI-MSI

evealed co-localized alterations in metabolic homeostasis of the mouse

rain. Upregulation of ceramide, Cer(t18:0/34:0(34OH)), m/z 822.54

ay generate reactive oxygen species that damage the brain. Moreover,

pregulation of sulfatides, ST18:0, m/z 806.54; ST(d18:1/h22:0), m/z

78.60; ST(24:1), m/z 888.62, and ST(d18:1/h24:0), m/z 906.62 dam-

ges myelin sheath which can cause malfunctioning of the blood brain

arrier. Our results must be taken in the context of a limited sample

umber of mice studied, but our findings strongly support the contention

hat prolonged exposure to PM 2.5 airborne pollutants increase the risk

f cognitive decline and dementia. 
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