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Abstract
Air pollution is a serious environmental problem. Elderly subjects show increased cardiac
morbidity and mortality associated with air pollution exposure. Mexico City (MC) residents are
chronically exposed to high concentrations of fine particulate matter (PM2.5) and PM-associated
lipopolysaccharides (PM-LPS). To test the hypothesis that chronic exposure to urban pollution
produces myocardial inflammation, female Balb-c mice age 4 weeks were exposed for 16 months
to two distinctly different polluted areas within MC: Southwest (SW) and Northwest (NW). SW
mice were given either no treatment or chocolate 2g/9.5 mg polyphenols/3 times per week. Results
were compared to mice kept in clean air. Key inflammatory mediator genes: cyclooxygenase-2
(COX-2), interleukin-1β (IL-1β), interleukin-6 (IL-6), and tumor necrosis factor-α (TNF-α), and
the LPS receptor CD14 (cluster of differentiation antigen 14) were measured by real time
polymerase chain reaction. Also explored were target NFκB (Nuclear Factor κ B), oxidative stress
and antioxidant defense genes.

TNF-α, IL-6, and COX-2 were significantly increased in both NW and SWMC mice (p=0.0001).
CD14 was up-regulated in SW mice in keeping with the high exposures to particulate matter
associated endotoxin. Chocolate administration resulted in a significant down-regulation of TNF-α
(p<0.0001), IL-6 (p=0.01), and IL-1β (p=0.02). The up-regulation of antioxidant enzymes and the
down-regulation of potent oxidases, toll-like receptors, and pro-apoptotic signaling genes
completed the protective profile.

Exposure to air pollution produces up-regulation of inflammatory myocardial genes and endotoxin
plays a key role in the inflammatory response. Regular consumption of dark chocolate may reduce
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myocardial inflammation and have cardioprotective properties in the setting of air pollution
exposures.
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Introduction
Air pollution is a complex mixture of particulate matter (PM), gases, and organic
compounds present in both outdoor and indoor air. In research concerning the health effects
and pathology associated with air pollution, PM-associated effects are focused on PM2.5
(particles with a diameter less than 2.5μm) and ultrafine particles with a diameter less than
0.1μm (UFPM) (Brook, 2008; Grahame & Schlesinger, 2010; Hassing et al., 2009; Mills et
al., 2009). The biological mechanisms linking air pollution to cardiovascular inflammation
and pathology still remain largely unclear (Brook, 2008; Chahine et al., 2007; Grahame &
Schlesinger, 2010; Hassing et al., 2009; Kodavanti et al., 2008; Mills et al., 2008; Ramana et
al., 2007; Rich et al., 2006; Scapellato & Lotti, 2007; Simkhovich et al., 2007; Totlandsdal
et al., 2008; Wellenius et al., 2007). Epidemiological and mechanistic animal studies from
across the world have shown that both acute and chronic exposures to air pollution are
associated with cardiovascular pathology. Accompanying air pollution exposure is an
increased risk for cardiovascular (CV) events such as myocardial ischaemia and infarctions,
heart failure, arrhythmias, and increases in cardiac mortality in the general population as
well as in susceptible individuals, including the elderly (Brook, 2008; Chahine et al., 2007;
Pope & Dockery, 2006; Rich et al., 2006; Simkhovich et al., 2007).

Three pathways are considered key in explaining the cardiovascular effects of PM: systemic
inflammation, alterations in autonomic balance, and direct PM effects upon the pulmonary
and systemic vasculature (Brook, 2008). Considerable uncertainty remains concerning the
importance of inflammation as a key mechanism in acute cardiopulmonary PM toxicities in
susceptible individuals (Scapellato & Lotti, 2007). In the inflammatory myocardial response,
active participants include: circulating cells, plasma proteins, endothelial cells, myocardial
cells, and extracellular matrices. Equally important in the context of air pollution and PM
exposure is particle composition and size as well as the characterization of the soluble and
insoluble fractions (Mills et al., 2008; Scapellato & Lotti, 2007). It is well known that PM
components such as lipopolysaccharides (LPS) and metals are pivotal players in the
production of cytokines and free radical formation, and that ultrafine particles have the
ability to produce more severe inflammation than larger size PM (Brook, 2008; Kodavanti et
al., 2008; Mills et al., 2008; Scapellato & Lotti, 2007; Totlandsdal et al., 2008). UFPM has a
significant inflammatory effect in primary cardiac cells and interleukin-1β (IL-1β) appears
to be a critical cytokine in triggering a particle-induced release of interleukin-6 (IL-6)
(Totlandsdal et al., 2008).

In the clinical setting of sepsis, LPS is critical for the induction of inflammation and
cardiomyopathy (Ramana et al., 2008). Vascular endothelial and smooth muscle cells
respond to LPS by interacting with soluble CD14 and a subsequent transcription of
inflammatory and immune-response genes via the NFκB pathway. These responsive genes
include IL-1β and tumor necrosis factor-α (TNF-α) (Ramana et al., 2008). As was noted in
Rozenberg et al. in 2006, severe myocardial dysfunction was exhibited by isolated perfused
hearts of senescent rats exposed to relatively low doses of intravenous LPS 12 hours after
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the LPS treatment. The myocardial impact of chronic low doses of LPS, however—
specifically in the context of environmental exposures—is unknown.

Air quality in Mexico City (MC) has been recognized among the worst in the world (Bravo
& Torres-Jardón, 2002; Molina et al., 2007). MC residents experience year round exposures
to air pollutant concentrations above the Environmental Protection Agency’s (EPA) current
National Air Ambient Quality Standards (NAAQS). High concentrations of PM2.5, as well
as significant levels of PM associated with LPS (PM-LPS) are present in MC air, and
marked differences in the profile of air pollutants have been reported within metropolitan
Mexico City (Bravo & Torres-Jardón, 2002; Bonner et al., 1998; Osornio-Vargas et al.,
2003; Querol et al. 2008; Rauch et al., 2006; Rosas-Perez et al., 2007).

The search for potentially beneficial drugs useful to ameliorate the CV effects of air
pollution represents an enormous clinical challenge. Dark chocolate is rich in polyphenols
(McShea et al., 2008) and its administration consistently results in changes in biomarkers
related to oxidative stress, lipids, and/or vascular function (Akita et al., 2008; Allen et al.,
2008; Bahadorani & Hilliker 2008; Bisson et al., 2008; Flammer et al., 2007; Hermann et
al., 2006; Jalil & Ismail 2008; Mursu et al., 2004; Rozan et al., 2007). Chocolate thus may
offer some CV protection to susceptible individuals in the setting of severe air pollution.

Given the importance of LPS as a key risk factor for myocardial dysfunction (Marshall et
al., 2009; Ramana et al., 2008; Rozenberg et al., 2006) and the significant historical
differences in PM-LPS between southwest (SW) and northwest (NW) regions in Mexico
City (Bonner et al., 1998; Osornio-Vargas et al., 2003), the goal for this work was to define
the myocardial effects of mice lifetime exposures to the polluted atmosphere of two different
regions within Mexico City in comparison to mice exposed to clean air. Balb-c female mice
were continuously exposed for 16 months starting at 1 month of age to the different
environments. In addition, mice exposed to the SW region of MC were given either no
treatment or administrated dark chocolate orally. Myocardial mRNA was measured for four
key inflammatory genes: cyclooxygenase-2 (COX-2), IL-1β, IL-6, and TNF-α as well as the
LPS receptor CD14. Target NFκB, oxidative stress and antioxidant defense genes were also
explored.

It was hypothesized that myocardial inflammation in older mice would be significantly
higher in those mice exposed to the SWMC atmosphere with high concentrations of
endotoxin in comparison to the NWMC mice and clean air controls. In keeping with this
hypothesis, it was also expected to see a significant myocardial up-regulation of CD14 in the
endotoxin highly exposed cohort, given the role of CD14 as an endotoxin receptor.

The goals of the present study are threefold. First, to determine by real time polymerase
chain reaction (RT-PCR) the amount of gene expression of key inflammatory mediators:
COX-2, IL-1β, IL-6, TNF-α, and the LPS receptor CD14, in two cohorts of Balb-c mice
exposed to the SW and NWMC atmosphere versus mice kept in clean air. Second, to explore
key pathways likely involved in the inflammatory myocardial responses associated with
urban pollution exposures. In addressing this goal NFκB, oxidative, and antioxidant defense
gene PCR arrays were selected. Third, to define if the chronic administration of dark
chocolate rich in polyphenols will decrease the myocardial inflammation associated with
urban exposures.

The ultimate concern is the human long-term consequences of myocardial inflammation
found in association with air pollutant exposures and how to protect susceptible populations
particularly the elderly. This information is relevant to the millions of people exposed to
polluted urban environments, as well as to household, environmental, and occupational
settings with high concentrations of endotoxin.
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Materials and Methods
Mice

Four to five week-old female Balb-c mice were purchased from Taconic Laboratories
(Germantown, NY). Animals were maintained under specific pathogen-free conditions. The
protocol was approved by the Institutional Animal Care and Use Committee from both the
University of Montana and the National Institute of Pediatrics (INP) in Mexico City.
Animals were housed under Institutional Animal Care and Use Committee-approved
conditions in a secured animal facility and were maintained at 20–22 °C on a 12-h light–
dark cycle with food and water available ad libitum. Clean air mice were exposed to 100%
fresh air distributed through a Heating, Ventilating, and Air Conditioning system (HVAC)
and into housing rooms. The non-recirculating air is passed through a 35% coarse
mechanical filter (macro-environment of mice). Individual mouse cages (microenvironment)
receive room air that diffuses through a HEPA filter in the mouse box lid. Mice housed in
the animal facility in Mexico City (SW and NW) were exposed 24/7 to the polluted air in an
outdoor/indoor housing room. Mexico City mice were maintained at 20–22 °C on a 12-h
light–dark cycle with food and water available ad libitum. Fifty-six mice were divided into 4
groups: i) animals exposed to clean air and receiving no treatment, ii) mice exposed 24/7 to
the NWMC atmosphere (Legaria monitoring station), iii) mice exposed 24/7 to the SWMC
atmosphere (INP) receiving no treatment, and iv) mice exposed 24/7 to the SWMC
atmosphere treated orally with dark chocolate—60% cocoa solids, 2g/9.5mg polyphenols—
three times per week. The chocolate used in this study was purchased from D’Vicar,
Coyoacán, Mexico City. Animals were maintained under veterinarian care and weights were
recorded each month. An average of 10–11 animals were sacrificed per group at 17 months.
The SWMC animal facility is located approximately 8.5km downwind from the NWMC
facility.

Study city and air quality data
Mexico City (MC) represents an extreme of urban growth and environmental pollution
(Bravo-Alvarez & Torres-Jardón, 2002; Molina et al., 2007). Lying in an elevated basin at
an altitude of around 2240m above sea level, the city covers an area of approximately 2000
km2 and is surrounded by a series of volcanic and discontinuous mountain ranges that limit
the natural ventilation of the basin. The population grew from fewer than 3 million in 1950
to over 18 million in 2000. As a consequence of the increase in population and the
associated industrialization, the basin has more than 30,000 industrial facilities and 4 million
vehicles with an estimated annual emission of 2.6 million tons of particulate and gaseous air
pollutants (Bravo-Alvarez & Torres-Jardón, 2002).

Residents in MC have been chronically exposed to significant concentrations of particulate
matter and LPS for the last two decades. PM2.5 concentrations in MC are above the current
US NAAQS. Endotoxin (LPS) is a toxic, pro-inflammatory compound that has been
detected in outdoor and indoor air and dust in homes and occupational settings (Mueller-
Anneling L, et al., 2004). Threshold ambient endotoxin concentrations of 17 EU/m3 are
associated with acute airway obstruction in potato-processing workers (Mueller-Anneling L,
et al., 2004; Zock JP et al., 1998). Lipopolysaccharides detected in PM10 samples show an
average of 17.95ng/mg of PM10 and south Mexico City PM samples show the highest
endotoxin concentrations at 59 EU/mg PM10 (Bonner et al., 1998; Osornio-Vargas et al.,
2003; Rosas-Pérez et al., 2007). Mexico City has significant sources of environmental
endotoxin including daily outdoor deposits of 500 metric tons of animal and human fecal
material (Estrada-Garcia et al., 2002).
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An important observation for this study is the fact that while SWMC residents are exposed
to significant concentrations of PM2.5 and PM-LPS, NWMC residents are exposed to higher
concentrations of PM2.5 and PM associated metals (Bonner et al., 1998; Bravo & Torres-
Jardón, 2002; Osornio-Vargas et al., 2003; Querol et al. 2008; Rauch et al., 2006; Rosas-
Perez et al., 2007). Since elderly people are usually involved in activities around their home,
exploring the inflammatory effects of air pollution in two distinctive areas within a megacity
is important from a clinical point of view.

Heart dissection
The heart was removed and a representative section of the ventricular wall including the left
and right ventricles and the inter-ventricular septum were fixed in 10% neutral
formaldehyde for 48h and transferred to 70% alcohol for histopathology. The remaining
heart tissues were quickly frozen, saved at −80°C and later processed for the RT-PCR
studies. A section of the ventricular wall including the left and right ventricles and the inter-
ventricular septum were selected for the RT-PCR studies.

Heart histology
Paraffin sections 8μm thick were cut and stained with hematoxylin eosin (H&E).

Estimation of mRNA abundance by RT-PCR
Total RNA was extracted from frozen hearts using Trizol Reagent (InVitrogen Corp,
Carlsbad CA) according to the manufacturer’s instructions. Random-primed first-strand
cDNAs were generated using the SuperScript® III First-Strand Synthesis System,
InVitrogen, cat# 18080-051. Relative abundances of mRNAs encoding COX-2, IL-1β, TNF-
α, IL-6, and CD14 were estimated by quantitative fluorogenic 5′ nuclease (TaqMan) assay
of the first strand cDNAs as described (Calderón-Garcidueñas et al., 2004). Primers and
fluorophore-labeled TaqMan probes targeting mice were designed using Primer Designer
software (Scientific and Educational Software, Durham, NC).

PCR arrays
Microarray analysis was conducted with SABiosciences, Frederick, MD, USA, PCR arrays:
oxidative stress and antioxidant defense (PAMM-065), and the NFκB signaling pathway
(PAMM-025) following the manufacturer’s instructions using 1μg of total RNA per PCR
array. Same amounts of RNA from each sample inside each group were pooled and cDNA
was synthesized using the C-03 first strand kit. Relative gene expression was normalized
against five housekeeping genes (GUSB, HPRT1, HSP90AB1, GAPDH, and ACTB) in each
PCR array plate. The fold change for each gene was calculated as 2^ (ΔΔCt) and shown as
upregulated if expression was greater than 2 or down-regulated if expression was less than
-2. The myocardial gene expression profile exploring two signaling pathways were
compared between the 17 month untreated control mice and matched with SWMC untreated
mice and NW untreated mice, and between SW untreated and SWMC chocolate treated
mice.

Statistics
Statistics were performed using Stata Statistical software (College Station, TX). To
determine whether groups were statistically different, results were compared using the
Student’s T-test. Significance was assumed at p<0.05. Data are expressed as mean values ±
SD.
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Results
Air Quality Data

Atmospheric monitoring data from the city monitoring stations <5mi from the SWMC (INP
Pedregal) and NWMC (Legaria) animal facilities were accessed (Figure 1). Historical hourly
data on most of the criteria air pollutants in the study areas are available from the
Government of Mexico City’s Automatic Atmospheric Monitoring Network. Even though
the animal facilities were located less than 5 miles from the monitoring sites, air pollutant
data for PM2.5 for the SW and NWMC animal facilities were spatially-interpolated from the
nearby monitoring stations for the period June 2006 through November 2007. The latter was
done in order to account for any existing gradient concentrations and for assuring the
representative mice exposure PM2.5 concentration data. A pseudo linear interpolation
expression was used for this purpose (US EPA, 1977). On the other hand, given that the
PM2.5 monitoring sites have different time and sampling protocols (i.e., automatic
monitoring performed continuously versus manual sampling performed each consecutive 6th

day) several analysis of correlation were performed between the different stations in order to
verify the representativeness of the data and to have an equation to estimate consecutive 24-
h average concentrations. Figure 2 shows the monthly mean of 24-h PM2.5 average
concentrations in the SW and NWMC obtained from the data interpolation procedure for the
study period. In general, the rain season months in MC (July to October) are associated with
lower PM2.5 concentration values. On the other hand, 24-h average PM2.5 concentrations as
high as 60 μg/m3 were common during the dry season (November to May). Monthly average
PM2.5 concentrations were always higher in the NW compared to the SWMC. Table 1
shows a comparison of the basic statistical analysis of the whole PM2.5 data for the animal
facilities study areas.

Heart histopathology
Examination of the H&E (Hematoxylin-and-Eosin) stained sections from the different
cohorts showed no significant differences and specifically there was no evidence of
inflammatory aggregates, myocardial necrosis or fibrosis and/or vascular changes.

Real-time PCR mRNA analysis of COX-2, IL-1β, TNF-α, IL-6, and CD14
Real-time, rapid-cycle PCR analysis of COX2, IL1β, IL6, TNF α, and CD14 in the heart
samples indicated that the corresponding mRNA was present in each of the samples
analyzed. Table 2 illustrates the RT-PCR results expressed as an index where the values of
the target genes were normalized to the amount of GAPDH cDNA: molecules per attomole
of GAPDH. There was a significant up-regulation of inflammatory genes and the LPS
receptor CD14 in the hearts of Mexico City exposed mice compared to controls. Figure 3
illustrates the results of the PCR mRNA analysis with the statistical values (the p value of
the SW treated chocolate is compared to the untreated SW group). IL-1β was significantly
higher in the SWMC group versus controls (CTL) (p=0.012) and chocolate significantly
reduced the IL-1β levels in the SWMC treated mice (p=0.02). While NWMC mice’s IL-1β
were not statistically significantly different from control mice (p=0.22), TNF-α was
significantly increased in both NW and SWMC mice (p<0.0001) and TNF-α was
significantly reduced in the chocolate treated mice (p<0.0001). IL6 was higher in NW mice
(p=0.0001), also significantly higher in SW mice (p=0.0002) and decreased expression in
the chocolate treated SW animals was significant at p=0.01. CD14 was higher in the SWMC
group in comparison to the CTL group (p=0.0003). CD14 was also higher in the NWMC
group versus the CTL group (p=0.006). However, chocolate had a border line impact in the
SW treated animals (p=0.05). Finally, COX-2 was significantly increased in all Mexico City
mice relative to the control regardless of residency or treatment (NW p=0.0004 and SW p<
0.0001). There was no chocolate effect on COX-2 (p=0.78). The response to the orally
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administered chocolate in the SWMC mice resulted in a significant down-regulation of
TNF-α (p<0.0001), IL-6 (p=0.01), and IL-1β (p=0.02).

PCR Arrays results: Signaling pathways related to Nuclear Factor (NF)-κ B
Of utmost interest was the gene up-regulation in the SWMC mice in comparison to the CTL
in terms of apoptosis-related genes (Tnfrsf10b, Fadd, Fos, Casp-8), pro-inflammatory
cytokines (TNF, IL-6), components of a cytokine-activated protein complex that is an
inhibitor of the essential transcription factor NF-kappa-B complex (Chuk) and proto-
oncogenes (Bcl-3) (Table 3). Up-regulation of myocardial genes essential in the regulation
of inflammatory responses, oncogenes, and apoptosis was seen along with a dysbalance in
the myocardial regulation of genes essential for cell proliferation, differentiation, and
apoptosis (Table 3).

A significant down-regulation of TLR genes (TLR1, 6, 7, 8), pro-apoptotic genes (Fadd,
Casp8) and pro-inflammatory genes (IL-6, IL-1β, IL-1α, TNF) was present in the chocolate
treated mice (Table 3). The down-regulation of IL-6, IL-1β and TNF in the chocolate treated
mice described in the RT-PCR results was confirmed in the PCR arrays. When the NFκB
signaling pathway genes in SW and NW untreated mice versus the control mice were
compared, it became clear that there is significant number of genes that are similarly up and
down regulated in both groups in keeping with the sharing of air pollutants in both regions.
Pro-inflammatory, apoptotic, and oncogenic genes predominate in the Mexico City exposed
mice regardless of geographical location (Table 3).

Signaling pathways related to oxidative stress and antioxidant defense
In the untreated SWMC mice, up-regulation of inflammatory mediator genes (IL-19, IL-22,
MPO), antioxidant enzymes, and NADPH oxidases (Nox) family of enzymes generating
reactive oxygen species (ROS) supports the view that healthy mice under extreme exposure
conditions have an imbalance between inflammation and production of ROS and defensive
mechanisms against oxidative damage (Dominguez-Rodriguez et al 2009; Gangemi et al.,
2009; Kamata, 2009; Polytarchou et al., 2008) (Table 4). The up-regulation of genes such as
IL-22, a potential indicator of chronic heart failure progression is likely to further harm the
myocardium in these highly exposed animals (Gangemi et al., 2009). Chocolate treated mice
had a significant up-regulation of powerful antioxidant enzymes including glutathione
peroxidase-3 (Gpx3) and a catalase (Cat) that protects cells from the toxic effects of
hydrogen peroxide. ApoE, essential for the normal catabolism of triglyceride-rich
lipoprotein constituents, was also up-regulated. Down-regulated genes included: pro-
inflammatory genes such as IL-19, and superoxide dysmutases. Up-regulation of xin actin-
binding repeat containing 1 gene was also interesting, given its protective actin filament role
from depolymerization. Xin has been identified as filamin c binding partner in intercalated
discs of the adult heart (van der Ven et al., 2006). In cultured cardiomyocytes, the proteins
also localize in the non-striated part of the myofibrils where sarcomeres are assembled, and
thus, their potential importance for sarcomere assembly (van der Ven et al., 2006).

Discussion
Chronic exposures to urban air pollution produces myocardial up-regulation of
inflammatory genes and dark chocolate down-regulates inflammation and increases
antioxidant and cardioprotective genes. Key inflammatory cytokines including TNF-α, IL-6,
and IL-1β, as well as cyclooxygenase-2 and the LPS receptor CD14 were up-regulated in the
exposed healthy 17 month old mice. Significant changes in myocardial genes essential for
inflammatory and anti-oxidant responses, ischemic tolerance modulation and apoptosis were
present in urban exposed mice.
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Pro-inflammatory mediators, such as TNF-α, IL-1β, and COX-2 have been implicated in the
pathogenesis of myocardial dysfunction and cardiomyocyte death in ischaemia-reperfusion
injury, sepsis, chronic heart failure, viral myocarditis, and cardiac allograft rejection (Cain et
al., 1999; Hamid et al., 2009; Schulz & Heusch, 2009). TNF-α was strongly up-regulated in
exposed urban mice. The importance of TNF in cardiovascular morbidity and mortality is
well known (Hamid et al., 2009; Schulz & Heusch, 2009). In a healthy heart TNF-α is
mainly located in the endothelium and in resident mast cells (Schulz & Heusch, 2009).
Apoptosis, inflammation, and oxidative stress are pivotal TNF-mediated responses that are
independently linked to pathological remodeling (Hamid et al., 2009). During myocardial
ischaemia and promptly (within minutes) after myocardial infarction (MI), preformed TNF-
α is released and contributes to both contractile dysfunction and irreversible myocardial
injury (Schulz & Heusch, 2009). Interestingly, however, preconditioning with TNF-α
reduces infarct size (Schulz, 2008). The issue of TNF-α cardio-protection basically depends
on its concentration, the localization of increased TNF-α, the concentrations of the TNF
receptors particularly TNFR1, and the myocardial duration of exposures to detrimental
factors (Schulz & Heusch, 2009). In an infarcted myocardium, TNF-α contributes to
cardiomyocyte apoptosis, yet in the peri-infarct area it possibly stimulates fibroblasts,
stabilizes the infarcted area, and attracts stem cells for cardiac repair and a decrease in
inflammation (Bao et al., 2008; Chen et al., 2003; Gurantz et al., 2005). Given that TNF-α
has an ambivalent role in case of MI and that sustained post-infarction TNF-α contributes to
chronic left ventricular dysfunction, it was hypothesized that myocardial TNF-α up-
regulation in the context of severe exposures to air pollution is not beneficial to the exposed
subject.

The significant increase in CD14 mRNA in MC mice, particularly in SWMC mice is a very
important finding. CD14, is a surface differentiation antigen capable of binding to LPS
(Panaro et al., 2008) and the high expression seen in the SW region mice is likely related to
the historically high concentrations of LPS detected in SWMC PM10 samples (Bonner et al.,
1998; Osornio-Vargas et al., 2003; Rosas-Pérez et al., 2007). The toxic effects of LPS
include the release of cytokines, nitric oxide, and reactive oxygen species (ROS) by vascular
endothelial cells (Fitzgerald et al., 2004; Pinksy 2007; Rudiger & Singer 2007; Tamion et
al., 2008). In keeping with the CD14 up-regulation, SWMC mice also exhibited a significant
up-regulation of potent oxidases—some of which play a role in apoptosis and
lipopolysaccharide-mediated activation of NFκB. LPS-induced cardiac dysfunction may be
in part due to reactive oxygen species mediated by inflammatory mediators like TNF-α
(Kumar et al., 2000; Meldrum 1998; Nakamura et al., 1998; Rudiger & Singer 2007;
Tamion et al., 2008). LPS acts through the CD14 receptor to release TNF-α, deregulates the
intracellular calcium, and gives rise to the apoptotic death program (Comstock et al., 1998).
LPS internalization depends on CD14, as demonstrated in 2008 by Panaro et al. in an in
vitro model of chick embryo myocardiocytes exposed to endotoxin. The production of pro-
inflammatory mediators occurs in the myocardium exposed to endotoxin, a situation that is
critical in septic patients. In a model of low-grade chronic inflammation with the
administration of low doses of LPS, there is a significant increase in myocardial fibrous
tissue, infiltration of mononuclear cells, and changes in arteries and arterioles—a finding
consistent with vascular disease (Smith et al., 2009). Given that historical concentrations of
PM-LPS are higher in SWMC, the observation of a significant up-regulation of CD14, TNF-
α, and IL-1β and of potent oxidant enzymes suggests a key role of environmental endotoxin
on the health of the SWMC populace.

The issue is key for the understanding of how the sensing of “microbial invaders” (i.e., PM-
LPS) could translate into signaling pathways that culminate in the transcriptional regulation
of immune responsive genes and how the dysregulation of inflammasomes (Bryant &
Fitzgerald 2009; Lamkanfi & Dixit, 2009) could be a contributing factor for myocardial
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damage in exposed populations. The innate immune system rapidly detects invading
pathogenic microbes and eliminates them. A potential scenario in SWMC residents could
include PM-LPS being detected as foreign and consequent inflammatory responses launched
with detrimental effects. Toll-like receptors sense extra-cellular microbes (i.e., PM-LPS) and
trigger anti-pathogen signaling cascades (Martinon et al., 2009). Heart tissues require up-
regulation of several inflammasome components in order to assemble functional
inflammasomes (Yin et al., 2009). Although the issue of myocardial inflammasomes has not
yet been discussed in air pollution related damage, this study’s findings of increased IL-1β
and the significant up-regulation of TLRs strongly suggests that inflammasome activation
could be playing a role in exposed subjects. Thus, these observations in SW mice are
potentially important for elderly SW residents due to the fact that IL-1β reduces cardiac
muscle function and inhibits angiogenesis in cardiac endothelial cells (Mountain et al.,
2008). An increase in myocardial IL-1β could translate into a reduced capacity for
proliferation of microvascular endothelial cells and thus a fault in the myocardial repair after
a heart attack. IL-1β is also important to myocardial remodeling (Hwang et al., 2001), and
its increased levels are associated with a worsening of interstitial fibrosis (Ono et al., 1998).
The role of IL-1β in atherothrombotic disease and following myocardial infarction when it
critically regulates the inflammatory response (Bujak & Frangogiannis, 2009) is also
potentially clinically important for urban residents. UFPM exposure of mono and co-
cultures of primary cardiac cells has shown a pro-inflammatory effect involving both IL-1β
and IL-6 (Totlandsdal et al., 2008). The lack of an IL-1β myocardial response in NWMC
mice could be potentially related to inflammasome responses (Bryant & Fitzgerald, 2009),
an issue that ought to be explored in human myocardium.

COX-2—the enzyme responsible for catalyzing the rate-limiting step in converting
arachidonic acid to prostaglandin H2—was up-regulated in all Mexico City mice. The role
of COX-2 in heart disease has been an intense subject of study ever since selective COX-2
inhibitors were approved (Zarraga & Schwarz, 2007). Several studies suggests that COX-2
mediate the cardioprotective effects of the late phase of ischaemic preconditioning and that
PGE2 and PGI2 are the likely effectors of such protection (Birnbaum et al., 2005; Shinmura
et al., 2000). Increased angiogenesis is also a cardioprotective factor accounting for a
positive COX-2 cardiovascular effect (Zarraga & Schwarz, 2007). Thus, COX-2 is seen
overall as a good player and its up-regulation related to air pollution exposure could be seen
as a compensatory protective mechanism.

Exposed mice are up-regulating myocardial genes essential for inflammatory responses and
apoptosis. Given that apoptosis is an important contributing factor in the loss and damage of
cardiomyocytes when the myocardium is subjected to acute anoxia or ischaemic injury, the
up-regulation of apoptotic genes in the scenario of air pollution becomes very relevant to
myocardial pathology. Moreover, there is a imbalance in the myocardial regulation of genes
such as those that are major components of the transcription factor complex AP-1 (ie. Jun
and Fos) regulating the expression of genes essential for cell proliferation, differentiation,
and apoptosis. Overt expression of Jun and Fos in cardiomyocytes reduces alpha myosin
heavy chain expression and contributes to heart failure from chronic volume overload
(Freire et al., 2007). Compensatory effects are seen in the highly exposed mice, including
down-regulation of MAPK signaling cascade players.

The chronic administration of dark chocolate had expected positive myocardial responses
including a significant down-regulation of inflammatory genes: TNF, IL-6, IL-1β and Toll-
like receptors fundamental in pathogen recognition and activation of innate immunity. The
up-regulation of antioxidant enzymes and the down-regulation of potent oxidases and pro-
apoptotic signaling genes completed the protective profile. This study’s findings suggest that
regular consumption of dark chocolate with high concentrations of polyphenols may reduce
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myocardial inflammation and have cardioprotective properties in the setting of air pollution
exposures.

Chronic inflammation leads to an increase of cardiovascular disease. Findings in this study’s
analyses of an association between myocardial up-regulation of apoptotic, inflammatory,
microbial sensor, and oxidative genes and urban exposure provide potentially important
mechanistic pathways to explain the higher risk of CV disease in susceptible urban
populations. These findings are relevant to humans residing in the study areas, since the
outcome of cardiac ischaemic events depends not only on the intensity and duration of the
ischaemic stimulus but also on the myocardial intrinsic tolerance to ischaemic injury
(Golomb et al., 2009), even in the absence of overt cardiovascular disease. Thus, the novel
concept of occult cardiotoxicity as described by Golomb et al., in 2009 could be of vital
importance in subjects exposed to significant concentrations of air pollutants.

In summary, exposure to air pollution produces myocardial up-regulation of key
inflammatory genes and a significant imbalance in genes essential for cell proliferation,
differentiation, and apoptosis. Hopefully this research will contribute to: i) awareness that
within the same city detrimental cardiac effects depend on specific pollutants, ii) up-
regulation of Toll-like receptor genes, fundamental in pathogen recognition and activation of
innate immunity, likely play a key role in the myocardial inflammatory responses, and iii)
chocolate has a protective effect.
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Figure 1.
Map showing the Mexico City Metropolitan Area (MCMA) with the location of the
southwest Mexico City (INP) and the northwest Mexico City (Legaria) animal facilities. The
grey area shows the approximate extent of the MCMA. MCIA represents the Mexico City
International Airport as a reference in the map. The red lines show the principal streets and
avenues in the city and the dark-gray isolines show the elevation curves in the region.
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Figure 2.
The monthly mean 24-h PM2.5 average concentrations for SW and NWMC study areas are
shown. Rain season months in MC (July to October) are associated with lower PM2.5
concentration. Twenty-four hour average PM2.5 concentrations as high as 60μg/m3 are
common during the dry season (November to May). Monthly average PM2.5 concentrations
are always higher in the NW compared to the SW.
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Figure 3.
RT-PCR myocardial mRNA statistical results for IL-1β, TNF-α, IL-6, CD14, and COX-2 in
Controls, NWMC and SWMC untreated and SWMC chocolate treated mice. The statistical
value for the SWMC treated mice is in comparison with the untreated SW group.
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Table 1

Statistical summary of the interpolated 24-h average PM2.5 concentration data for the SWMC and the NWMC
animal facilities sites from June 2006 to November 2007.

PM2.5 concentrations SWMC INP Pedregal NWMC Legaria

Average (μg/m3) 15.9 23.9

Maximum (μg/m3) 36.0 49.4

95th Percentile (μg/m3) 33.0 40.7

75th Percentile (μg/m3) 35.3 44.0

Median (μg/m3) 14.0 23.3

Standard deviation (μg/m3) 7.8 9.2

Interpolated days with PM2.5 levels >35 μg/m3 during the whole study perioda 21 60

a
The US EPA 24-h PM2.5 average air quality standard is 35 μg/m3.
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Table 3

A selection of NFκB signaling pathway myocardial genes up and down regulated in Controls versus SW
Mexico City mice, SWMC untreated mice versus SWMC chocolate treated mice, and Controls versus NWMC
untreated mice

Controls versus SWMC

Symbol Gene name Fold-up or down regulation

Bcl3 B-cell CLL/lymphoma 3 22.88

Tnfrsf10b tumor necrosis factor receptor superfamily, member 10b 17.24

Chuk conserved helix-loop-helix ubiquitous kinase 15.44

Tlr1 toll-like receptor 1 14.89

Fadd Fas (TNFRSF6)-associated via death domain 13.52

Tnf tumor necrosis factor (TNF superfamily, member 2) 11.50

Nfkb2 nuclear factor of kappa light polypeptide gene enhancer in B-cells 11.47

Fos v-fos FBJ murine osteosarcoma viral oncogene homolog 9.85

Casp8 caspase 8, apoptosis-related cysteine peptidase 9.38

Tlr3 toll-like receptor 3 5.98

Jun Jun oncogene −108.57

Slc20a1 Solute carrier family 20 −48.89

Mapk3 Mitogen activated protein kinase 3 −31.76

Tbk1 TANK-binding kinase 1 −22.32

Atf1 Activating transcription factor 1 −17.51

C3 Complement component 3 −15.96

Stat1 signal transducer and activator of transcription 1 −14.61

Tnfsf10 tumor necrosis factor receptor superfamily, member 10 −10.44

Atf2 activating transcription factor 2 −9.95

Gja1 gap junction protein, alpha 1 −8.82

SW untreated mice versus SW chocolate treated mice

Symbol Gene name Fold-up or down regulation

Ltbr lymphotoxin beta receptor (TNFR superfamily, member 3) 2.44

C3 Complement component 3 2.17

Tlr7 Toll-like receptor 7 −14.88

Ifng Interferon gamma −8.72

IL6 Interleukin 6 −8.66

Tlr1 Toll-like receptor 1 −7.24

IL1β Interleukin 1 beta −6.39

IL1α Interleukin 1 alpha −5.96

Tlr6 Toll-like receptor 6 −5.96

Tlr8 Toll-like receptor 8 −5.30

Fadd Fas (TNFRSF6)-associated via death domain −5.05

Tnf tumor necrosis factor (TNF superfamily, member 2) −3.90
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SW untreated mice versus SW chocolate treated mice

Symbol Gene name Fold-up or down regulation

Casp8 Caspase 8 −3.77

Tnfsf14 tumor necrosis factor (ligand) superfamily, member 14 −3.52

Controls versus NWMC

Symbol Gene name Fold-up or down regulation

Bcl3 B-cell CLL/lymphoma 3 116.43

Tlr1 Toll-like receptor 1 77.59

Fadd Fas (TNFRSF6)-associated via death domain 72.41

Nlrp12 NLR family, pyrin domain containing 12 65.89

Chuk conserved helix-loop-helix ubiquitous kinase 64.23

NFκB2 nuclear factor of kappa light polypeptide gene enhancer in B-cells 54.94

IL6 Interleukin 6 53.47

Tnfrsf10b tumor necrosis factor receptor superfamily, member 10b 49.39

Casp8 caspase 8, apoptosis-related cysteine peptidase 37.45

Tnf tumor necrosis factor (TNF superfamily, member 2) 28.73

Fos v-fos FBJ murine osteosarcoma viral oncogene homolog 27.82

Myd88 myeloid differentiation primary response gene 27.48

Tlr8 toll-like receptor 8 23.32

Ltbr lymphotoxin beta receptor (TNFR superfamily, member 3) 16.85

Irak2 interleukin-1 receptor-associated kinase 2 16.55

Ikbke inhibitor of kappa light polypeptide gene enhancer in B-cells, kinase epsilon 16.32

Tnfrsf1b tumor necrosis factor receptor superfamily, member 1B 15.60

Jun Jun oncogene −36.78

Slc20a1 solute carrier family 20 (phosphate transporter), member 1 −5.52

Tnfaip3 tumor necrosis factor, alpha-induced protein 3 −5.25

C3 Complement component 3 −3.79

Tbk1 TANK-binding kinase 1 −3.19
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Table 4

A selection of oxidative stress and anti-oxidant defense myocardial genes up and down regulated in Controls
versus SW Mexico City, SWMC untreated versus SWMC chocolate treated mice, and Controls versus NWMC
untreated mice.

Controls versus SWMC

Symbol Gene name Fold-up or down regulation

IL19 Interleukin 19 77.35

Rag 2 recombination activating gene 2 67.54

Mpo myeloperoxidase 63.70

IL22 Interleukin 22 45.76

Nox1 NADPH oxidase 1 45.68

Nox 4 NADPH oxidase 4 4.02

Noxo1 NADPH oxidase organizer 1 6.09

Nos 2 nitric oxide synthase 2, inducible 4.16

Recq14 RecQ protein-like 4 31.48

Gpx2 glutathione peroxidase 2 28.82

Epx eosinophil peroxidase 25.90

Serpin 1b serpin type 1b 22.65

Apo E Apolipoprotein E −46.60

Gpx 3 glutathione peroxidase 3 −25.07

Prdx3 peroxiredoxin 3 −9.95

Tmod1 tropomodulin 1 −8.40

Cat catalase −6.85

Gpx4 glutathione peroxidase 4 −4.80

Untreated SW mice versus SWMC chocolate treated

Symbol Gene name Fold-up or down regulation

Gpx3 glutathione peroxidase 3 (plasma) 10.98

APO E apolipoprotein E 9.46

Cat catalase 5.53

Xirp1 Cardiomyopathy-associated protein 1 xin actin-binding repeat containing 1 2.52

Ngb Neuroglobin −20.46

Rag2 recombination activating gene 2 −17.99

Lpo lactoperoxidase −13.45

IL-19 Interleukin 19 −10.37

Gpx7 glutathione peroxidase 7 −9.46

Tpo thyroid peroxidase −9.34

Nox1 NADPH oxidase 1 −8.90

Nox4 NADPH oxidase 4 −3.76

Nudt15 nudix (nucleoside diphosphate linked moiety X)-type motif 15 −4.80

Prdx1 Peroxiredoxin 1 −3.20
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Untreated SW mice versus SWMC chocolate treated

Symbol Gene name Fold-up or down regulation

Recql4 RecQ protein 4 −4.08

Mpo myeloperoxidase −8.66

Gpx6 glutathione peroxidase 6 −8.25

Aass alpha-aminoadipate semialdehyde synthase −6.11

Ccs copper chaperone for superoxide dismutase −4.99

Controls versus NWMC mice

Symbol Gene name Fold-up or down regulation

Rag2 recombination activating gene 2 71.14

Nox1 NADPH oxidase 1 59.97

Tpo thyroid peroxidase 58.51

Mpo myeloperoxidase 48.99

IL19 Interleukin 19 46.97

Gpx2 glutathione peroxidase 2 45.55

Epx eosinophil peroxidase 28.83

Serpin 1b serpin type 1b 24.37

Gpx7 glutathione peroxidase 7 20.92

Il22 Interleukin 22 18.86

Sod2 superoxide dismutase 2, mitochondrial −14.26

APO E apolipoprotein E −7.72

Tmod1 tropomodulin 1 −5.05

Zmynd17 zinc finger, MYND-type containing 17 −4.94

Gpx3 glutathione peroxidase 3 −3.34
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