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Abstract  

Air pollution is a risk factor for cardiovascular and Alzheimer’s disease (AD). Iron-rich, strongly 

magnetic, combustion- and friction-derived nanoparticles (CFDNPs) are abundant in particulate 

air pollution. Metropolitan Mexico City (MMC) young residents have abundant brain CFDNPs 

associated with AD pathology. We aimed to identify if magnetic CFDNPs are present in 

urbanites’ hearts and associated with cell damage. We used magnetic analysis and transmission 

electron microscopy (TEM) to identify heart CFDNPs and measured oxidative stress (cellular 

prion protein, PrPC), and endoplasmic reticulum (ER) stress (glucose regulated protein, GRP78) 

in 72 subjects age 23.8± 9.4y: 63 MMC residents, with Alzheimer Continuum vs 9 controls. 

Magnetite/maghemite nanoparticles displaying the typical rounded crystal morphologies and 

fused surface textures of CFDNPs were more abundant in MMC residents’ hearts. NPs, ~2 – 10 

x more abundant in exposed vs controls, were present inside mitochondria in ventricular 

cardiomyocytes, in ER, at mitochondria-ER contact sites (MERCs), intercalated disks, 

endothelial and mast cells. Erythrocytes were identified transferring ‘hitchhiking’ NPs to 

activated endothelium.  Magnetic CFDNP concentrations and particle numbers ranged from 0.2 

to 1.7 µg/g and ~2 to 22 x 109/g, respectively. Co-occurring with cardiomyocyte NPs were 

abnormal mitochondria and MERCs, dilated ER, and lipofuscin. MMC residents had strong left 

ventricular PrPC and bi-ventricular GRP78 up-regulation.  
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The health impact of up to ~ 22 billion magnetic NPs/g of ventricular tissue are likely reflecting 

the combination of surface charge, ferrimagnetism, and redox activity, and includes their 

potential for disruption of the heart’s electrical impulse pathways, hyperthermia and alignment 

and/or rotation in response to magnetic fields. Exposure to solid NPs appears to be directly 

associated with early and significant cardiac damage. Identification of strongly magnetic 

CFDNPs in the hearts of children and young adults provides an important novel layer of 

information for understanding CVD pathogenesis emphasizing the urgent need for prioritization 

of particulate air pollution control. 

Key words: air pollution, Alzheimer’s Continuum, particulate matter (PM), cardiovascular 

disease, combustion/friction-derived nanoparticles (CFDNPs), cardiomyocytes, children, 

Glucose-Regulated Protein 78 (GRP78), heart, oxidative stress, endoplasmic reticulum stress, 
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Introduction 

Air pollution is a serious public health problem around the world. A critical component of the air 

pollution mix is particulate matter (PM). Epidemiological studies show that acute and chronic 

exposures to PM increase the risk for cardiovascular (CV) morbidity and mortality (Dockery et 

al., 1993; Lucking et al., 2008; Brook et al., 2010; Mills et al., 2011; Rajagopalan et al, 2018; 

Tibuakuu et al., 2018; Malik et al., 2019). However, the causal links between specific PM 

components and health impact are not clear; pathways suggested as playing a role in the 

development, morbidity and mortality of PM-related CV diseases include pulmonary and 
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systemic oxidative stress and inflammation, endothelial dysfunction, imbalance of the autonomic 

nervous system and arrhythmogenesis (Brook et al., 2010; Rajagopalan et al, 2018). 

The nanoparticles (< 100 nm) present in airborne pollution may represent a key component with 

regard to human health impacts. It should be noted that in combustion emission research and 

atmospheric research sub 100 nm particles are frequently called ultrafine particles. Their 

combination of nanoscale dimensions, high surface area and variable chemical and physical 

properties renders them not only potentially biochemically reactive but also readily able to 

access human organs, cells and sub-cellular structures. Critically, although nanoparticles (NPs) 

contribute very little to mass concentrations of PM (which are regulated by policy), they make up 

the great majority of airborne particle numbers (currently unregulated) (Hansard et al., 2012; 

Adachi and Buseck, 2010; Múgica-Alvarez et al., 2012; Rönkkö et al., 2017).  At the roadside, 

volatile and semi-volatile organic carbonaceous aerosols derived from vehicle combustion 

dominate particle number concentrations (Rönkkö et al., 2017). Iron-rich, strongly magnetic 

combustion- and friction-derived nanoparticles (CFDNPs) contribute a substantial fraction 

(~10%) of the solid (non-volatile) NPs.  In addition to industrial point sources, vehicle exhaust 

and brake wear release iron- and other metal-bearing NPs in abundance (e.g. ~4x108 magnetic 

nanoparticles/m3 air) at the roadside (Maher et al., 2016). The roadside Fe-rich NPs exhibit 

primary particle sizes ranging from < 10 to > 100 nm (Sanderson et al., 2016).  These Fe-rich, 

traffic-derived CFDNPs display a range of undesirable characteristics including surface charge, 

high redox activity, association with transition metals and carcinogenic organic compounds, and 

strongly magnetic behavior, all likely to activate critical pathways for cellular and organ damage, 

including the heart and brain (Maher et al., 2016; Villarreal-Calderon et al., 2012a,2013; 

Calderón-Garcidueñas et al., 2018).  Our previous studies have identified magnetic CFDNPs in 
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the brains of Metropolitan Mexico City (MMC) residents of all ages (Maher et al., 2016) 

concomitant with Alzheimer’s pathology starting at age 11 months (Calderón-Garcidueñas et al., 

2018).  

In vitro, the direct inflammatory potential of magnetic iron oxide NPs on human aortic 

endothelial cells (HAECs) has been demonstrated; phagocytosis and dissolution of these NPs by 

monocytes were found to provoke oxidative stress and mediate severe endothelial toxicity (Zhu 

et al., 2011). The development of NPs, including supposedly inert iron oxide NPs, for 

nanomedicine also provides information regarding their cellular uptake, biodistribution, 

metabolism and cytotoxicity (Bao et al., 2016). Worryingly, from an air pollution viewpoint, the 

inhalation of NPs is so effective that it is a preferred route for NP drug delivery (Bao et al., 

2016). Synthetic NPs have been shown to be very effective in targeting endothelial cells and 

critical organelles like mitochondria (Lundy et al., 2016; Wang et al., 2018).    

In Mexico City, residents are exposed year-round to airborne PM concentrations above the 

National Air Ambient Quality Standards for the United States (Calderón-Garcidueñas et al., 

2018). Both the PM2.5 annual air quality standard of 12 µg/m3 and the 24-hr standard of 35 µg/m3 

have been exceeded for the last two decades (Querol et al., 2008). Mexico City’s nearly 25 

million inhabitants, over 50,000 industries, and 5.5 million vehicles consume more than 40 

million liters of petroleum fuels per day. Metal-bearing NPs are abundant in Mexico City air. 

More than 60% of such NPs, collected and analyzed (n=572) by transmission electron 

microscopy, contain Fe, Pb or Zn (Figure 1) (Adachi and Buseck, 2010).  

Solid CFDNPs in air pollution are characterized by the abundant presence of strongly magnetic, 

iron-rich particles, which condense and/or oxidize upon airborne release, often retaining a 
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rounded or spherical shape as they cool. These magnetic ‘nanospheres’ comprise a ubiquitous 

and abundant component of the urban airborne PM mix (Hansard et al., 2012; Adachi and 

Buseck, 2010; Múgica-Alvarez et al., 2012; Maher et al., 2016). Such Fe-bearing pollution 

particles are released from a wide range of PM sources, including transport (road exhaust and 

brake-wear, rail and metro), metal processing and power generation plants (Hansard et al., 2012; 

Múgica-Alvarez et al., 2012).  

In southwest MMC, excess concentrations of PM2.5 and PM-LPS (lipopolysaccharides) are the 

rule while in the northwest, concentrations of PM2.5 and PM-associated metals are higher.  These 

spatial pollution differences are reflected by differential responses of heart inflammatory genes 

in mice exposed for 16 months to ambient air (Villarreal-Calderon et al., 2012b). Gene mRNA 

myocardial expression for interleukin-1β (IL-1β), tumor necrosis factor-α (TNF-α), and 

cyclooxygenase-2 (COX2) was up-regulated in mice exposed to SW and NW air; the LPS 

receptor CD14 (cluster of differentiation antigen 14) was additionally up-regulated in the SW-

exposed mice (Villarreal-Calderon et al., 2012b). Myocardial inflammatory gene expression in 

right and left ventricles of 21 children and young adults ages 18.5 ± 2.6y, also differs in SW v 

NW MMC areas (Villarreal-Calderon et al., 2012a).  For the SW (high PM-LPS) residents, right 

ventricles had significant up-regulation of 29 of 84 inflammasome genes, including NLRC1, 

NLRC3 and NOD factors and caspases (Villarreal-Calderon et al., 2012a).  These previous 

findings indicate the potential for cardiac damage even in young urbanites (Villarreal-Calderon 

et al., 2012a).   

Our first aim was to investigate if magnetic CFDNPs, abundant in airborne particulate pollution, 

are present in myocardium, and, if so, to identify their composition and concentrations.  The 
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targeted cohort, 72 children and young adults with sudden deaths (MMC n: 63), has previously 

been investigated with regard to identification and staging of Alzheimer pathology, using AT8 

hyperphosphorylated tau and 4G8 (amyloid β 17-24) (Calderón-Garcidueñas et al., 2018). Each 

of the sixty-three MMC subjects showed cortical tau pre-tangles, neurofibrillary tangles (NFT) 

Stages I-V and amyloid in phases 1-4 (Calderón-Garcidueñas et al., 2018).  

We used magnetic analyses and electron microscopy (TEM) to identify and quantify heart NPs 

that were consistent, in their size, morphology and composition, with magnetic nanospheres 

formed as CFDNPs.  The second aim was to investigate the myocardial location of CFDNPs in 

critical organelles including mitochondria, ER and mitochondria-endoplasmic reticulum contact 

sites (MERCs). TEM investigation of myocardium pathology was additionally achieved by 

examining young dogs exposed to cleaner air versus the MMC atmosphere.  

The normal cellular isoform of the prion protein (PrPC) is widely distributed in the central 

nervous system (CNS) and in diverse extra-CNS tissues including the myocardium (Zanetti et 

al., 2014). PrPC has a key role in the protective adaptive response against oxidative stress, as 

suggested by the increased PrPC expression post-ischemic reperfusion (Zanetti et al., 2014). We 

investigated PrPC in the myocardium of young residents, given its role in countering oxidative 

stress and hence in ‘cardioprotection’ (Villarreal-Calderon et al., 2013; Zanetti et al., 2014). 

Given the potential for anthropogenic NPs high redox capacity, we measured PrPC mRNA 

expression in biventricular samples MMC vs controls. Endoplasmic reticulum (ER) chaperones, 

originally identified as glucose depletion-inducible proteins and protein foldases, are 

increasingly recognized as major regulators of cellular homeostasis, with unexpected roles 

beyond the ER compartment (Tsai et al., 2018). ER stress induces the expression of ER 
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chaperones to manage ER protein quality control (ER-PQC) and actively promotes their 

relocation to the cell surface (Zhang et al., 2010). This stress-mediated relocalization of ER 

chaperones is potentially critical for heart cells. Thus, we also investigated the possible impact of 

CFDNPs on ER stress in young hearts, the relationship between PrPC up-regulation and the ER 

stress marker, glucose regulated protein 78 (GRP78) (Zanetti et al., 2014; Tsai et al., 2018; 

Zhang et al., 2010).  

 

Materials and Methods 

2.1 Heart Samples  

The Institutional Review Board (IRB) and the Institutional Animal Care and Use Committee 

Committees of the University of Montana and the Instituto Nacional de Pediatría approved the 

study.  Seventy-two clinically healthy subjects (2F, 7M, age 23±8.1y controls and 9F, 54 M, age 

24.79±10.80y MMC) who died suddenly, without chest or head trauma, were included 

(Supplementary Table 1).  Autopsies were performed 3.7 ± 1.9 hours after death; there was no 

evidence of gross cardiovascular pathology. All subjects were negative for the Asp299Gly TLR4 

polymorphism and were genotyped for Apolipoprotein E alleles (APOE) (Calderón-Garcidueñas 

et al., 2018). Heart tissues were fixed in 2% paraformaldehyde and 2% glutaraldehyde for TEM 

and also quickly frozen and stored at -80 °C for the RT-PCR (Villarreal-Calderon et al., 2012a) 

and magnetic studies. We also used myocardial tissues, optimally fixed for electron microscopy, 

from 5 young dogs (≤5 years, from an independent longitudinal study), exposed 24/7 to the SW 

Mexico City atmosphere. Three age-matched dogs from a ‘control’ city (Veracruz) were also 
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examined. Procedures used followed the Use and Care of Laboratory Animals (NIH Pub No.86-

23).  

 

2.2 Magnetic Analysis 

Magnetic measurements were made at the Centre for Environmental Magnetism and 

Paleomagnetism, Lancaster University.  To quantify heart magnetic content, we measured with 

2G RAPID cryogenic and JR6 magnetometers, at room and low temperature (77 K), the 

saturation magnetic remanence (SIRM) of freeze-dried left ventricle samples. Heart magnetic 

particles were examined directly by high resolution TEM (HRTEM) analyses of magnetically-

extracted particles, after tissue digestion with the proteolytic enzyme, papain (Maher et al., 

2016). Analytical steps were designed, and monitored, to preclude any magnetic contamination. 

2.3 Light microscopy and Transmission Electron Microscopy (TEM) 

Paraffin sections 6 μm thick were cut and stained with hematoxylin and eosin (H&E). Light 

microscopy and ultrastructural changes in the heart were assessed by experienced pathologists 

and electron microscopists (LCG, AGM, RRR), blind to the study group. TEM was performed in 

31 age-matched control (n: 4) and (n: 27) human cases and 8 SW MMC and in control dogs. 

Sections were stained with uranyl acetate and lead citrate and examined with a JEOL JEM-1011 

TEM microscope, in order to identify the presence and locations of solid (non-volatile), primary 

NPs. EM evaluations were made from photomicrographs with final magnifications at 13x, 300x, 

25,000x, 50,000x and 80,000x. An average of 1062±287 NPs was counted in targeted organelles 

and cells, comprising mitochondria, myofibers, cardiomyocyte nuclei, endothelium, and red 
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blood cells (RBC), in both control and exposed cohorts. NP numbers were counted in 25 

micrographs for each cohort, at a magnification of 83, 300 x, with an area of 34.37 µm2 in each 

image. 

2.4 Estimation of mRNA Abundance of PrPC and Glucose-Regulated Protein 78 (GRP78) by RT-

PCR 

To determine the mRNA expression of PrPC and GRP78, total RNA was extracted from the 72 

heart samples using Trizol Reagent (InVitrogen Corp) (Villarreal-Calderon et al., 2013).  

Statistics 

Statistical analyses were performed using R and the SAS statistical software (v9.0). Student’s t 

tests were used to test for significant differences in selected gene expression, and between left 

and right ventricles. Linear regression models were used to check for any differences between 

controls and exposed, after adjusting for age and gender. We performed t-tests to check for any 

difference between control dogs and exposed Mexico City dogs, and between control humans 

and exposed MMC humans, in the number of CDFNPs in five different locations: mitochondria; 

myofibers; cardiomyocyte nuclei; endothelium; and red blood cells.  

 

3. Results  

3.1 Light Microscopy and TEM findings for heart tissue sections from dogs, children and young 

adults.  

Control hearts exhibited mild variation in nuclear size, intact myofibril structure and 

unremarkable blood vessels (Figure 2A); NPs were relatively few. In contrast, MMC samples 
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display abundant NPs (~ 2 - 10 x more than in control tissue samples), together with 

cardiomyocytes with abnormal nuclei, fragmented myofibrils, partially degranulated mast cells, 

endothelial filopodia, and RBC with abundant NPs (Figure 2B-G). Intense luminal and abluminal 

caveolar activity, with NPs present in endothelial caveolae, were major findings in capillaries 

and small arterioles (Figure 2D-G). 

In MMC hearts, NPs appeared to target specific organelles and structures, including 

mitochondria, ER, MERCs and intercalated disks. In contrast, in the low pollution controls, 

myofibers were intact, containing tightly packed, intact mitochondria, with oriented cristae 

(Figure 3A). In MMC residents, mitochondria were abnormal, with fragmented or missing 

cristae (Figure 3B-E). Electron-dense, rounded NPs, ranging in size from 10 to 70 nm, were 

observed attached to abnormal cristae, in the midst of the electron lucent matrix (Figure 3B-D, 

H-J) (Supplementary Figure 1). Similar, rounded NPs were identified in relation to myofibrils 

and intercalated disks (Figure 3E). Dilated smooth ER structures were common; MERCs were 

abnormal with numerous ER NPs (Figure 3F, G). Myocardial fibers were disordered and 

mitochondria exhibited abnormal cristae with NPs inside the matrix in children as young as age 3 

(Figure 3H, I) and in adults (Figure 3J). Lipofuscin formation in association with the NPs and in 

close relationship with abnormal mitochondria was common (Figure 3K). NPs were also seen in 

close association with heterochromatin and the nuclear envelope (Figure 3L), and in mast cells 

attached to secretory granules (Figure 3M).  Most NPs in the human hearts were located in 

myofibers. In humans, NPs were common in nuclei in close relationship with heterochromatin. 

In contrast, dogs had fewer NPs in cardiomyocyte nuclei.  
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It is a non-trivial challenge but given the abundance of NPs observed in these tissues, and their 

co-association with damage to key organelles, we are currently developing new methods to 

achieve compositional and mineralogical analyses of the NPs in situ, in order to unravel their 

structure and composition. 

3.2.1 Magnetite nanoparticles   

For the sample-destructive examination of heart NPs, magnetic NPs were separated from the left 

ventricle of a 48y old East MMC male (ID#210 in Suppl. Table 1) and analyzed using HRTEM 

(Figure 4). The magnetic NPs ranged in size from ~5 to 80 nm; the largest NP observed 

displayed the presence of fused surface crystallites (Figure 4A), typical of metal-rich pollution 

particles formed as high-temperature (100s °C) ‘droplets’ (Figures 1 and 4B), which then cooled 

and crystallized upon emission into the urban atmosphere (Maher et al., 2016).  

The lattice spacings of individual heart NPs identify them as highly crystalline magnetite and/or 

maghemite (Figure 4A, E). Fast Fourier transform analysis (Figure 4F, G) of aggregated NPs 

with smaller particle size (8–10 nm in diameter) also indicates magnetite/maghemite 

compositions.  An aggregate of magnetite/maghemite NPs appears to show some helicoidal 

superstructure (Figure 4H).  

 

3.2.2   Quantification of magnetite NP numbers in ventricular (and frontal) tissues 

The magnetic content of the left ventricle samples was quantified by measuring their saturation 

remanent magnetization (SIRM) at low temperature (77 K). At this temperature, all the strongly 

magnetic particles in the tissue samples of ~15 nm and larger become magnetized and 
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measurable (smaller magnetic particles will not contribute to the measured SIRM because their 

magnetic moments are constantly randomized through thermal agitation). Critically, 

measurement of the SIRM enables quantitative estimation of the concentration and number of 

magnetite particles in the bulk tissue samples. Compared to control human and dog samples, the 

left ventricle MMC samples display variable but often greater magnetite NP concentrations 

(Table 1). Magnetite particle concentrations ranged from ~0.2 to 1.7 µg/g ventricular tissue in 

the exposed cases; equating to particle numbers from a minimum of ~2 billion to a maximum of 

~22 billion NPs/g of freeze-dried tissue.  Notably, these estimates of magnetite NP 

concentrations and numbers are conservative, since they do not capture those magnetic NPs 

which are too small (< ~15 nm) to contribute to the magnetic remanence measured at 77 K. 

3.2.3 Real-time PCR analysis of target genes 

Left ventricle MMC samples had strong up-regulation of PrPC compared with controls 

(p=0.0003) after adjusting for age and gender. Right and left ventricles in MMC subjects showed 

strong up-regulation of GRP78 vs. controls (p<0.0002) (Table 2). We found a significant 

correlation between PrPC and GRP78 in left (p<0.0001) and right ventricles (p=0.0055) after 

adjusting for age, gender, APOE and residency. 

 

Discussion 

Strongly magnetic NPs, strikingly similar to the magnetic CFDNPs which are abundant in the 

urban atmosphere, especially at major roadsides, occur in abundance in young urbanites’ hearts. 

The prolific presence of such iron-rich NPs in cardiac cells might need to be considered as a 
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serious public health concern. Consisting of highly-crystalline magnetite and/or maghemite, 

these externally-derived pollutant particles, likely to be associated both with transition metals 

(Maher et al., 2016) and PAHs (Halsall et al., 2008) are transported into the heart via inhalation, 

with subsequent transfer into the circulation and thence into myocardial endothelial cells and 

cardiomyocytes. Inhalation is a rapid and effective portal of entry of environmental NPs. Inhaled 

NPs reach the alveolar surface, cross the alveolar/capillary barrier and reach the systemic 

circulation. At the alveolar/capillary barrier, NPs are capable of hitchhiking red or white blood 

cells and can reach any organ, including the heart (Figure 2G). In the context of NP therapy 

development, it is a common observation that transportation of NPs through red blood cells 

(RBC) boosts delivery of nanocarriers (Brenner et al. 2018). Nanocarriers ‘hitchhiking’ on RBC 

by adsorbing onto the RBC are reported inside endothelial cells in lung capillaries and also in 

intravascular leukocytes (Brenner et al. 2018). Thus, the RBC/WBC hitchhiking mechanism may 

be a key delivery platform for CFDNPs to the brain and heart (Calderón-Garcidueñas et al., 

2007). 

The health impacts of  ~22 billion strongly magnetic NPs/g of ventricular tissue are likely to 

reflect the combination of surface charge, ferrimagnetism, and redox activity displayed by such 

NPs, and includes their potential for disruption of the heart’s electrical impulse pathways, and 

hyperthermia and alignment and/or rotation in response to magnetic fields. The cellular and 

molecular mechanisms leading to the onset of cardiac dysfunction associated with high 

exposures to particulate matter, and specifically to these iron-rich NPs, may share a common 

denominator: oxidative stress and the resulting signaling cascades, leading to direct and indirect 

effects on cardiac structure and function (Lucking et al., 2008; Brook et al., 2010; Mills et al., 

2011; Zanetti et al., 2014; Lundy et al., 2016; Nemmar et al., 2016; Heusch,2017; Rajagopalan et 
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al., 2018).  An extra concern in airborne PM is the strong co-association between the 

concentrations of magnetite/maghemite and particle-bound polyaromatic hydrocarbons (PAHs), 

especially benzo[a] pyrene (a known carcinogen), a high molecular weight PAH, formed during 

combustion (Halsall et al., 2008). 

Cardiac mitochondria and ER are critical for optimal muscle performance; an intact endothelium 

is essential. The presence of solid NPs inside key myocardial and endothelial organelles 

(including mitochondria) and structures (including intercalated disks), which deal directly with 

the utilization of metabolic fuels, conduction system performance, and intercellular 

communication will likely impact heart homeostasis (Heusch, 2017; Tirziu et al., 2010).  

The high capacity specifically of iron-rich NPs to produce cardiac oxidative stress and DNA 

damage, and the impact of NP size and cytotoxicity have been demonstrated in a mouse model 

and in vitro, respectively (Nemmar et al., 2016; Xie et al., 2016).  Our data show variable but 

often greater numbers of NPs and, specifically of magnetite NPs, in exposed subjects versus 

controls. Both myofibers and mitochondria appear to be targets for NPs. Mitochondria 

containing rounded, electron dense NPs mostly in the range of 10-30 nm are characterized by 

altered membrane architecture and abnormal MERCs. Young individuals - clinically healthy 

before their unexpected death - display left ventricular up-regulation of PrPC, and biventricular 

up-regulation of GRP78, associated with activation of the ER stress-signaling pathway. Given 

the high levels of PrPC in the left ventricles of MMC children and young adults, two outcomes 

can result; either cardiomyocytes can cope with the stress and restore normal cellular functions, 

or they will undergo apoptosis. Apoptosis is a particularly undesirable response in myocardial 

tissues, already subjected to significant ventricular inflammation and inflammasome activation 
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(Villarreal-Calderon et al., 2012a). The left ventricular PrPC up-regulation is likely a temporary 

protective mechanism for a critical pump chamber.  

The issue of ER stress and pathology, seen even in the youngest, 3 y old child, is critical. Smooth 

ER is a prime site for lipid biosynthesis, a pivot for detoxification enzyme activity and of prime 

importance for the heart, as a reservoir for calcium cations (Ca2+). ER stress is associated with 

redox activity, deregulated Ca2+ concentrations, and chaperone binding, preventing secretion 

from the ER of incompletely folded proteins (Song et al., 2017). Failure to execute the careful 

control processes, of transmembrane stabilization, recruitment of folding factors and protection 

of folding intermediates from recognition and degradation by the ER control machinery, results 

in signaling mechanisms such as the unfolded protein responses (UPR) associated with 

autophagy and apoptosis (Song et al., 2017). The mitochondrial apoptotic pathway is directly 

linked to ER stress-induced cell death.  

The presence of dilated, degenerating ER, abundant NPs in abnormal ER and mitochondria and 

their association with phagolysosomes and lipofuscin suggest that autophagy was already at 

work in these young individuals. Repeated exposures to airborne NPs may result in stress 

(which) is excessive or sustained, (such that) ER function cannot be restored, the UPR triggers 

apoptosis, thereby removing the affected cell (König et al., 2017). Mitochondria have a critical 

role in the local Ca2+ control. Alteration in calcium signaling mechanisms by the CFDNPs may 

thus be of key myocardial and vascular importance (Holme et al., 2019). 

Our findings in seemingly healthy children and young adults newly identify important 

mechanistic pathways to explain the higher risk of CV disease in susceptible, high pollution-

exposed urban populations.  Understanding of the adaptive and maladaptive ER-PQC and UPR 
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myocardial responses is critical for ‘cardioprotection’ of such vulnerable, exposed individuals 

(Heusch, 2017). Cardioprotection is defined here as interventions to prevent the early, evolving  

damage seen in these exposed, young “healthy” individuals, rather than waiting for subsequent 

development of an acute myocardial infarction or having CV surgery. Policies designed to 

reduce exposure to airborne PM substantially, together with, for example, diet-targeted 

interventions starting in childhood (Lim et al., 2019), can be key players in cardioprotection and 

CV disease prevention.  

Magnetite CFDNPs transported to the heart are likely to be co-associated both with other redox-

active and toxic metals (e.g. Cu) and surface-adsorbed species (Halsall et al., 2008). Hence, their 

potential bioreactivity will far exceed the surface-coated Fe oxide NPs studied in theranostic 

contexts. Furthermore, the strongly magnetic CFDNPs observed here can respond to external 

magnetic fields and may be involved both in heart electrical dysfunction and cell damage 

whether by magnetic rotation or hyperthermia.  

Cardiovascular, genetic, environmental and lifestyle-associated risk factors are increasingly 

recognized as important for Alzheimer's disease pathogenesis (de Bruijn and Ikram, 2014; Broce 

et al., 2018). Mexico City residents experience high pre- and post-natal exposures to both solid 

and semi-volatile CFDNPs, PAHs and endotoxins. In the case of the young Mexico City 

individuals included here, all 63 individuals had magnetic CFDNPs associated with early and 

progressive damage to the neurovascular unit, and evolving Alzheimer's pathology starting in the 

brainstem in young children (Calderón-Garcidueñas et al., 2018). It is remarkable to report that 

mild cognitive impairment and dementia scores are present in 55% of seemingly healthy 

Mexican young adults residing in cities with concentrations of fine particulate matter above the 
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USEPA standard (Calderón-Garcidueñas et al., 2019). It seems likely that the sequence of 

oxidative stress, ER stress and chronic inflammation leading to an increase in CV disease risk 

(Brook et al., 2010; Rajagopalan et al., 2018), could apply equally to Alzheimer’s disease. Thus, 

chronic exposure to air pollution NPs, whether sourced from heavily-trafficked roads, industry, 

or power generation plants, may be the causal link between increased incidence both of CVD and 

AD.  

Critical gaps remain in our knowledge and understanding of the relationships between particulate 

air pollution and CVD. So far, pollution data exist for airborne PM2.5 (regulated and measured) 

but not for the concentrations, sizes and chemical profiles of ultrafine PM (unregulated and 

unmeasured).  In terms of the mechanistic pathways by which exposures contribute to CVD 

development, we need to address the complex interactions associated with the biodistribution 

and bioavailability of inhaled, solid CFDNPs, the nature of the biomolecular corona, their 

internalization into cells and organelles, and the multiple impacts of their charge, size, 

composition, and, for magnetic CFDNPs, their magnetic properties and their cellular effects. The 

biological basis for the interactive effects of CFDNPs and right and left ventricles and auricles is 

another potentially important area; what, for example, is the impact of radiofrequency radiation 

in young populations with hearts and brains containing ~109/g magnetisable CFDNPs? 

Conclusions  

Magnetic CFDNPs were identified as highly abundant in left ventricular samples from young 

subjects lifelong exposed to high concentrations of particulate air pollution above current USEPA 

standards. The organelles and structures containing abundant NPs displayed substantial 

abnormality. The integrity of ER and mitochondria is critical for proper protein quality control; 



19 

 

improbable in light of repeated/sustained cardiac ER stress and inflammation. Notwithstanding 

their youth, these subjects also have significant neurovascular unit damage and evolving 

Alzheimer’s disease. These findings indicate the significance of the role of early mitochondrial 

damage, associated with the abundant presence of NPs in the range of 10-30nm in diameter, and 

ER stress in the initiation and progression of cardiac and vascular dysfunction; and hence the need 

for early cardioprotection interventions. Failure to compensate for chronic myocardial 

inflammation, oxidative and ER stress possibly resulting from incursion of iron-rich, magnetic, 

redox-active NPs may prime the development of pathophysiological CV states in children and 

young adults in polluted environments. Identification of magnetic CFDNPs in the heart tissue of 

children and young adults provides an important novel layer of information for the understanding 

of CVD pathogenesis and emphasizes the urgent need for prioritization of particulate air pollution 

control. Exposure to iron-rich combustion- and friction-derived nanoparticles is a modifiable risk 

factor for the development of cardiovascular diseases. This study substantially advances the case 

for global efforts to reduce exposure to particulate matter air pollution and, specifically, to regulate 

the ultrafine fraction. 
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FIGURES 

 

 

Figure 1. The particle size distribution of metal-bearing NPs samples in Mexico City air; inset 
transmission electron micrograph shows the typical rounded shape of these pollution 
‘nanospheres’, rich in Fe and other associated transition metals. (Adapted from Adachi and 
Buseck, 2010). 
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Figure 2. Myocardial blood vessels, light microscopy  (A and B) and ultrastructure by TEM (C – 
G) in control (2A) and MMC cases (2B-2G) 

2A. Left ventricle capillaries (arrows), venous vessels (◊) and arterioles (open arrow) are 
unremarkable in control samples. Light microscopy, Toluidine blue stain x 100  

2B. A partially degranulated mast cell (arrowheads) with clumping of nuclear chromatin is 
observed in the right ventricle from an 18y old MMC male. Abnormal cardiomyocyte nuclei are 
seen (arrow) along areas with disrupted myofibrils (*). A venous vessel is unremarkable (◊). 
Light microscopy, Toluidine blue stain x100  

2C. One capillary contains one single RBC that occupies the entire lumen and keeps close 
contact with the endothelial surface (arrow head). The nucleus of the endothelial cell (EC) is 
unremarkable. Mitochondria (M). Electron micrograph x 10,000 

2D. A left ventricle capillary with intense caveolae activity and close contact of the RBC with 
the endothelium. CFDNPs are seen at contact points (arrows) and in the cardiomyocyte 
mitochondria (M). The insert shows a section of the same vessel with intense luminal caveolae 
activity (arrows) and abluminal (arrow head). Electron micrograph x 30 000 and insert x 80 000 

2E. Left ventricle capillary with intense endothelial filopodia formation arising from the tight 
junctions (arrow head) and extending into the lumen (open arrows). The luminal erythrocyte is 
marked RBC and contains clusters of CFDNPs. Electron micrograph x 10,000 
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2F. A left ventricle capillary shows one RBC loaded with CFDNPs, also seen in the adjacent 
myofibril in mitochondria (M) and in the midst of the fibrils (arrows). The insert shows intense 
abluminal caveolae activity (arrows), filopodial projections are present (open arrows) and tight 
junctions (TJ) are identified. Electron micrograph x 15,000, insert x 50,000 
 
2G. Right ventricular capillary shows intense caveolae activity and CFDNPs inside caveolae 
(arrow head) and in the RBC (black arrow). The white arrow points to the larger CFDNP on the 
RBC. Electron micrograph x 30,000 
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Figure 3. Myocardial ultrastructural changes in low pollution controls (3A) versus MMC 
residents (3B-3M).  

3A. Control left ventricle with unremarkable mitochondria and myofilaments in longitudinal 
section. Electron micrograph x 30,000 

3B. In contrast, this left ventricular section from a Mexico City dog shows significant variation 
in mitochondrial (M) size and morphology in the longitudinal plane. CFDNPs are seen inside the 
abnormal mitochondria and in myofibrils (arrows). Electron micrograph x 30,000 

3C. An abnormal mitochondrion shows fragmented cristae and spaces devoid of any structure 
(*). CFDNPs are seen in association with myofibrils (white arrows), arrow heads point to 
endothelial filopodia and caveolae activity. Electron micrograph x 30,000 

3D. Left ventricle sample showing numerous abnormal mitochondria (M) containing CFDNPs 
inside their abnormal matrixes (arrows). The step-like features of an intercalated disk (ID) are 
shown. Electron micrograph x 30,000 

3E. Higher magnification image of the intercalated disk from Figure 3E. CFDNPs with high 
electron density are seen within the matrix of the desmosomes (arrows). An adjacent abnormal 
mitochondrion (M) with one single CFDNP is also seen. Electron micrograph x 80,000 

3F. Compound picture showing mitochondria-associated endoplasmic reticulum (MERCs) 
ultrastructure. The mitochondrion (M) is abnormal, with short, fragmented cristae and the ER 
exhibits close-ER mitochondrial contact. The upper insert illustrates the relationship between the 
abnormal mitochondria (open arrow) and the abnormal ER with focal, dilated cisternae with 
CFDNPs (short arrows). Electron micrograph x 30,000 Insert x 100,000 

3G. Abnormal dilated endoplasmic reticulum (ER) and a fragment of ER with CFDNPs. Notice 
the dilated ER in close contact with an ill-defined structure with two CFDNPs (arrows). Electron 
micrograph x 80,000 

3H. Left ventricle from 3y old boy, with mitochondria containing CFDNPs. This child (ID#4 in 
Suppl. Table 1) already displays hyperphosphorylated Tau in his brainstem. Electron micrograph 
x 5,000 

3I. Same 3 year old child as Figure 3I. A close-up of two abnormal mitochondria containing 
CFDNPs (arrow, right mitochondria) and an ill-defined material in the left mitochondria matrix. 
Electron micrograph x 50,000 

3J. Left ventricle from a 37 y old male (ID#187 Suppl. Table 1) with several mitochondria 
containing CFDNPs. Electron micrograph x 50,000 

3K. A lipofuscin (Lf) structure 1500 x 800nm with CFDNPs (black arrows) is in close-
association with abnormal mitochondria (M) containing also CFDNPs (white arrow) in close 
contact with the Lf structure.  A myofibril segment is marked (Myo). Electron micrograph x 
80,000 
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3L. A close-up of a cardiomyocyte nucleus with numerous CFDNPs in close contact with 
heterochromatin (black arrows). NPs are also seen outside the nucleus (two right black arrows). 
The white arrow points to the larger CFDNPs in contact with heterochromatin. Electron 
micrograph x 100,000 

3M. Mast cell from the left ventricle with secretory granules (g) in close contact with CFDNPs 
(arrows). The insert shows the corresponding partially degranulated mast cell. Electron 
micrograph x 20,000. Light microscopy, Toluidine blue stain for the mast cell in the insert x 100 
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Figure 4 HRTEM micrographs of (A) and (C-H) magnetic NPs extracted from left ventricle 
sample in a 48 y old male from East MMC  (ID#210 in Suppl. Table 1), and (b) of an airborne 
magnetite pollution NP. (A) heart NP of ~80 nm diameter, with fused interlocking 
nanocrystallites (note the varying orientations of the individual crystallite faces), with 
magnetite/maghemite lattice spacing (a1) of 2.5 Å; (B) for comparison, airborne pollution 
particle collected by air sampling near a power generating plant (Didcot, U.K.) consisting of a 
magnetite nanosphere, with fused, interlocking surface crystallites (note the varying orientations 
of the individual crystallite faces), typical of high-temperature (e.g. combustion) formation 
(Maher et al., 2016); (C) aggregated heart nano-magnetite (hkl plane =311) or nano-maghemite 
(hkl plane=312) particles, with lattice spacing of 2.5 Å; (D-F) magnification of selected particle, 
C1 (shown in (C), with lattice spacing 2.5 Å (D) and its FFT of the (311) or (312) orientation (E); 
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(G) nanocrystallites (G1) of a mean particle size of ~ 8 nm, composed of mixed 
magnetite/maghemite (G2); (H) magnetic nanoparticles arranged in a striking helical pattern 
(H1) with a lattice spacing of  4.8 Å suggesting an orientation in the [113] plane for maghemite 
(space group: P43212) or [111] for magnetite (space group: Fd3�m).  These NPs may have self-
assembled, or aggregated during the magnetic extraction process.  
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Table 1  

Saturation magnetic remanence, and calculated magnetite concentration and magnetite NP 

numbers for heart and frontal tissues in controls and Mexico City residents. 

Residence ID Age 
yr 

Sample  
mass 
(g) 

freeze 
dried 

SIRM  
Heart 
77K 
(10-6 

Am2kg-1) 

Magnetite 
Left 

ventricle 
µg/g 
dry 

tissue* 
 

No. 
 Magnetite 

 NPs 
109/g LV 

 dry 
tissue* 

SIRM 
Brain 

Frontal 
77K 
(10-6 

Am2kg-1) 

Magnetite 
concentration  

µg/g 
Frontal dry 

tissue* 

CTL Human CTL2 12 0.194 6.6 0.48 5.9   
CTL Human CTL6 39 0.607 5.4 0.39 4.9   
CTL   Ave. 6.0 0.44 5.4   
CTL Dog CTL3  0.418 3.1 0.23 2.8   
CTL Dog CTL4  0.197 5.3 0.38 4.8   
CTL Dog CTL6  0.485 7.6 0.55 6.8   
CTL Dog CTL8  0.404 1.4 0.1 1.3   

   Ave. 4.4 0.32 3.9   
Mexico 

City 
Human 122 3 0.701 3.2 0.23 2.9 7.3 0.53 

 320 16 0.251 16.8 1.22 15.1 12.4 0.9 
 215 17 0.708 5.4          0.39 

 
4.9 7.8 0.56 

 205 18 0.547 24.0 1.74 21.5 9.1 0.66 
 240 20 0.299 11.6 0.84 10.4 10.5 0.76 
 106 20 0.546 5.2 0.38 4.7 12.2 0.88 
 234 24 1.26 18.4 1.33 16.5 5.4 0.39 
 51 25 0.805 2.8 0.2 2.5 41.3 2.99 
 159 26 0.347 9.0 0.65 8.1 17.2 1.25 
 319 26 0.718 4.6 0.33 4.1 7.5 0.55 
 149 27 0.498 2.6 0.19 2.3 6.6 0.48 
   Ave. 9.4 0.68 8.5 12.5 0.9 
 250 48 0.258 17.6 1.28 15.8 4.0 0.29 

* Using here an empirically-derived value for SIRMSP/SD magnetite  of 13.5 Am2 kg-1, for 
interacting, mixed single domain (SD) and superparamagnetic (SP) magnetite, of mean particle 
size 31 nm (Maher, 1998; 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. For example, Sample 122, from a 3 year old MMC boy has a heart SIRM (77 
K) value of 3.2 x 10-6 Am2kg-1; this value divided by SIRMSP/SD magnetite (13.5 Am2 kg-1) produces 
a magnetite tissue concentration of 0.23 µg/g dry wt. The number of magnetite particles/g dry 
tissue can then be estimated by dividing the mass of magnetite (again, per 1g dry tissue wt), 0.23 
µg, by the mass of 1 magnetite particle (8.07224-11 µg). 
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Table 2  
RT-PCR results in subjects expressed as mean ±SD fold increase versus controls for PrPC and 
GRP78 in right and left ventricles.  
 

  PrPC left ventricle PrPC right 
ventricle 

GRP78 left 
ventricle 

GRP78 right 
ventricle 

Mean 8.67 1.25 3.40 2.69 

Std deviation 5.91 0.86 1.69 1.35 

p value§ MMC v 
Controls 

0.0003 0.43 0.0001 0.0002 

§ p values after adjusting for age and gender                                                 
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SUPPLEMENTARY TABLES 

Supplementary Table 1 Metropolitan Mexico City subjects, brain Alzheimer’s disease staging 
and cumulative (lifetime) PM 2.5 exposures. 

ID#         Age Gender   
CPM2.5       

µg APOE Htau stage 
Abeta 
Phase 

                           
           4 3 1 41 0 2 2 
           8 7 1 87 0 2 0 
         59 20 1 457 0 2 2 
       132 29 1 692 1 2 2 
       137 30 1 703 0 2 2 
       152 32 1 713 0 4 2 

33 17 1 1122 0 1 2 
36 17 1 892 0 2 2 
69 20 1 1172 0 2 2 

147 32 0 2303 2 5 3 
197 39 1 2522 0 3 2 
19 14 0 209 0 2 0 
22 14 1 204 0 2 2 
26 15 1 226 0 2 2 
32 16 1 236 0 2 2 
38 17 1 326 0 2 2 
65 20 1 340 2 5 2 
92 24 1 438 0 2 2 
95 24 1 484 0 2 2 

101 24 1 438 0 2 2 
114 26 1 508 0 2 2 
117 27 1 536 0 2 2 
176 36 1 570 1 5 3 
187 37 1 616 0 4 3 
31 16 1 380 0 2 2 
39 17 1 436 0 2 2 
49 18 1 485 0 2 2 
50 18 1 469 0 2 2 
60 20 1 594 0 2 2 
62 20 1 594 1 2 2 
66 20 1 538 0 2 2 
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77 22 1 592 0 2 2 
78 22 1 592 2 2 2 
80 22 0 671 0 2 2 
96 24 1 753 0 2 2 

106 25 1 770 0 1 2 
113 26 1 812 0 2 2 
128 28 0 873 1 5 3 
131 29 1 881 0 2 2 
138 30 1 935 0 2 2 
145 31 1 935 1 5 3 
202 39 1 917 0 3 2 
12 11 0 179 0 1 2 
14 12 0 207 0 2 2 
18 14 0 228 0 2 2 
20 14 1 265 0 2 2 
21 14 1 295 0 2 2 
34 17 1 406 0 3 2 
35 17 1 406 0 2 2 
37 17 1 406 0 2 2 
41 17 0 377 1 3 2 

111 26 1 676 0 2 2 
139 30 1 961 0 2 2 
141 31 1 930 0 2 2 
149 32 1 930 0 2 2 
150 32 1 951 0 5 3 
200 39 1 971 0 4 3 
201 39 1 962 1 4 3 
204 39 0 962 0 4 3 
207 39 1 971 0 4 3 
208 39 1 930 0 3 2 
293 68 1 800 0 4 3 

 250* 48 1 1050 0 4 3 
 

CPM2.5 Cumulative PM2.5 calculated for age at death + pregnancy time, data are in µg/m3 

Age: in years  Gender: 0=female, 1=male. APOE 0=3/3, 1=3/4, 2=4/4 

Htau Stage1-3: 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  

Aβ Phase4: 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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*Subject 250 corresponds to the heart samples from Figure 4. 
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Supplementary Figure 1 

 

 

 

 

 

Supplementary Figure 1. The nanoparticle size distribution in percentage of the typical rounded 
shape pollution ‘nanospheres’, rich in Fe and other associated transition metals in 
cardiomyocytes’ mitochondria in dogs and humans, both control and MMC. HC human controls, 
DC dog controls, EXP columns correspond to H and D 
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