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Epidemiological Studies Link Air 

Pollution to Cardiovascular Disease
 An increase in air pollutants leads to increased mortality and

hospital admissions because of cardiovascular diseases (Analitis A.
et al. 2006, Zanobetti et al. 2003, Dominici et al. 2006, Peel et al. 2007)

 Exposure to elevated levels of particulate matter (PM) in
ambient air leads to an increased heart rate (HR) and a
decreased heart rate variability (HRV) in elderly patients
(Dubowsky Adar S. et al. 2007, Luttmann-Gibson et al. 2006)

 These associations suggested that controlled studies could
help identify causal agents and mechanisms of toxicity.



Ambient Pollutants that are Associated with 

Adverse Cardiovascular Effects

Particles:
Definition according to the particle size:
PM: Particulate matter, measuring unit: μg/m³
PM10: Particles with an aerodynamic diameter ≤ 10μm
PM2.5: Particles with an aerodynamic diameter ≤ 2.5μm
UFP (ultrafine particles): Particles with an aerodynamic diameter between 0.01 
und 0.1μm, measuring size: count/cm³

Definition according to chemical composition:
OC, EC: organic and elemental carbon

Gases:
NO, NO2: nitrogen monoxide, nitrogen dioxide
CO: carbon monoxide



What is in Polluted Air?

 Emissions from power plants, motor vehicles, dust.

 Some pollutants are gases:

 Ozone and NO2 are major problems in California.

 SO2 and organic gases are also important.

 Some pollutants are particles:

 Particles are associated with increased deaths during air 
pollution episodes.











Globally averaged radiative forcing (RF) of climate 

from preindustrial (1750) to present (2011) of air 

pollutants and their precursor emissions.

Black carbon Contributes to Warming
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Black Carbon and Brown Carbon?

 Black carbon (BC) is a major component of “soot”, a 
complex light-absorbing mixture that comprised of a 
mixture of Elemental Carbon (EC) and Particulate 
Organic Carbon (OC).   

 BC is the most strongly light-absorbing component of 
particulate matter (PM), and is formed by the 
incomplete combustion of fossil fuels, biofuels, and 
biomass.

 BC is emitted directly into the atmosphere in the form 
of fine particles (PM2.5) and ultrafine particles (PM0.1).   
These are also considered nanoparticles.

 BC is the most effective form of PM, by mass, at 
absorbing solar energy: per unit of mass in the 
atmosphere, BC can absorb a million times more 
energy than carbon dioxide (CO2).

 Organic carbon aerosols are a significant absorber of 
solar radiation. The absorbing part of organic aerosols 
is referred to as "brown" carbon (BrC). 

http://www.epa.gov/blackcarbon/basic.html
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MOST Black Carbon and other contaminants are produced during  
FOSSILE FUEL OR BIOMASS COMBUSTION
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Low Levels of Particles Alter Visibility

Adapted from JAWMA Sept. 1984
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Particles Vary in Size and Shape

Adpted from The Particle Atlas, 
McCrone and Delly, 1973 



Particle Scale

Nanoparticles

Ultrafine Respirable
PM 10

1 nm 10 nm 100 nm 1 mm 10 mm

PM 2.5



PM2.5 and UFP are heterogeneous 
and a large fraction of these particles 
are combustion generated.



Most Black Carbon and the particles 
that seem to be the most biologically 
active are in the Nanoparticle Size 
Range





• Ambient nanoparticles (NPs) are being studied with respect to heart disease 

because exposure to these particles precipitate cardiovascular disease 

processes.

• How inhaled NPs can exert effects beyond the respiratory tract is the subject of 

major research efforts and has implications for both beneficial and detrimental 

effects of NPs in future applications. 

• This paper will examine effects of inhaled ambient NPs on the heart with a view to 

increasing our understanding of mechanisms by which these inhaled substances 

can elicit effects in organs downstream of the respiratory tract.

Functionalizing nanoparticles by attaching 
components to their surfaces can give 
them ‘special’ abilities.



Nanoparticles Can Penetrate Cell 

Membranes

 Normal Macrophage (A, B).

 Coarse particles collected in 
large cytoplasmic vacuoles (C,  
D).

 Mitochondrial architecture 
remained intact after coarse PM 
incubations

 UFPs frequently lodged inside 
mitochondria (G, H). 
 Cells incubated with UFPs showed 

extensive mitochondrial disruption 
(H). 

From Li et al., Env. Health Perspect. 2003



Let’s start by looking at the Lung

• The human lung is a 

complex, branching 

structure.

• The structure is also 

complex at the cellular 

level .

• This complexity means 

that different parts of the 

lung have different 

sensitivities to particles.
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Airways are Complex Structures



Regional deposition predictions based on model proposed by ICRP Committee II Task Group 

on Lung Dynamics, indicating effect of variations in σg and flowrate. A: each of the shaded 

areas (envelopes) indicates the variable deposition for a given mass median (aerodynamic) 

diameter in each compartment when the distribution parameter σg varies from 1.2 to 4.5 

and the tidal volume is 1,450 ml. B: two ventilatory states, i.e., 750 ml and 2,150 ml tidal 

volume (∼11 and ∼32 liters/min volumes, respectively) are used to indicate the order and 

direction of change in compartmental deposition which are induced by such physiological 

factors. 

From Task Group on Lung Dynamics 
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Soluble Particles Clear Quickly Although 

soluble components can readily enter 

circulation the less soluble components are 

retained.
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Sequestered particles can still slowly 
dissociate and reach other organs.



Components of PM could be Causal Agents (or 

Surrogates)

 Cardiovascular mortality 

more tightly linked to PM 

exposure than is total 

mortality.

 EC, OC, nitrate and Zn may 

be important based on the 

epidemiological findings.

From Ostro et al., Environ Health Perspect. 2007 January; 115(1): 13–19. 



California Air Pollution is Strongly 

Associated with Deaths

 Mortality data are 

consistent with PM 

exposures on a regional 

basis in California.

 Cardiovascular Mortality 

Represents about ½ of 

all Deaths.



Inhaled Pollutants can Induced Effects Through 

Multiple Pathways

Adapted from: Pope, 2006, Ischemic heart disease events triggered by short-term exposure to fine particulate air pollution,. Circulation :114, 2443 -8

Indirect Effects
Driven by 
Mediators 
Induced in The 
Lung

Direct Effects
Driven by 
Particles that 
Translocate from 
the Respiratory 
System and 
Impact the 
Vascular 
Endothelium 
and 
Myocardium

Physiological 
Changes



Controlled Studies Using Models of Diseases 

Can Be Used to Identify Causal Agents and 

Mechanisms

 Rats

 Aged (geriatric) 

 MI

 Hypertensive (SHR)

 Mice

 ApoE-/- (3, 4 and 6 month studies)

 Nrf2-/- (in progress)

 Diabetes (proposed)



Rats or Mice Can Be 
Exposed to Purified 
Air or CAPs in Sealed 
Chambers

The Sealed Chambers Can 
Be Placed Onto Racks to 
Facilitate Transport



Airborne particles were concentrated using a Versatile Aerosol 
Concentration Enrichment System (VACES) in conjunction with a Dakati
Thermal Denuder. O3 was metered into the Concentrated Ambient 
Particles (CAPs) to reach a final concentration of 0.2 ppm.



Various Endpoints Can Be 

Measured Before, During and After 

Exposures

 Biochemistry
 Blood Samples

 Acute phase proteins

 Cytokines

 Expired Breath

 Cardiac Physiology
 Heart Rate and HRV
 Blood Pressure

 Systolic
 Diastolic
 Mean

 Developed Pressure
 Contractility

 Molecular Biology
 Gene/protein expression from lung, heart, brain
 In-situ hybridization for effects localization



 Rats were exposed to Air or CAPs

 Vapor- and particle-phase samples collected in parallel 

to animal exposure

 Mean arterial pressure and heart rate were measured 

 during exposure

 at night after exposure

Experimental



Chronic PM Exposure Leads to Different 

Effects in Susceptible Populations

 Blood pressure increased to a greater extent in SHR 

exposed  to CAPs than in SHR exposed to Air.

 WKY showed a more “exaggerated” diurnal pattern 

when exposed to CAPs than when exposed to Air 

suggesting that effects may be mediated through 

autonomic system imbalances.



•24 Hr Averages
•Exposures 4 d per 
week, 5 hr per day.
•Average Quais-UF 
CAPs (PM 0.15) = 63 
± 8 µg/m3.
•Experiment Period 
Sept. to Dec 2007 (90 
day total).
•Loss of normal 
compensation of HR 
for BP changes.
•There were 
CLINICALLY 
SIGNIFICANT effects 
in normal, 
undiseased rats!



•24 Hr Averages
•Exposures 4 d per 
week, 5 hr per day.
•Average Quais-UF 
CAPs (PM 0.15) = 63 
± 8 µg/m3.
•Experiment Period 
Sept. to Dec 2007 (90 
day total).
•Loss of normal 
compensation of HR 
for BP changes.
•There were 
CLINICALLY 
SIGNIFICANT effects 
in normal, 
undiseased rats!

Hold this 
thought for 
later



Could Physiological Effects Be 

Explained by Direct Action of PM on 

Myocardium??

 Laboratory studies with in vivo model

 Studies of excised hearts using a Langendorff preparation



Langendorff System
1-10 µg 
of UFP 
injected 
into 
venous 
return 
at t0



How did we prepare the UFP?

 Diesel exhaust particles (DEP) were weighed and 
suspended in buffer using ultrasonic agitation.

 Suspensions were filtered through a 1 µm pore 
Nucleopore filter to remove large aggregates.

 Liquid phase was ultrafiltered through 100 nm 
Nucleopore filter to isolate UFP.

 Preliminary estimate based on EC of UFP ultrafiltrate 
indicates 1-10 µg of particles.

 If we treat these as SWNT (50 nm diam x 1 µm long) 
there would be ~1010 particles.



UF PM can directly alter heart 

physiology and cardiac function

Measurements of 
contractile function and 
coronary flow at the 
end of 30 min of 
perfusion show that  
UF PM exposure 
reduced cardiac 
contractile function 
(LVDP, dP/dtmax and 
dP/dtmin). 

The reduced contractile 
response to UFP 
exposure is closely 
correlated to changes 
in coronary flow. 

Note that Filled circles 
represent WKY rat 
hearts perfused with 
UFP (n=10); open 
circles represent WKY 
hearts perfused 
without UFP (n=10). 



Cardiopulmonary Effects of PM 

Exposure

 Study funded by ARB

 ApoE -/- mice were exposed to F CAPs at Riverside 

for 6 months.

 Non-invasive Ultrasound Microscopy used to image arterial 

plaques at 0, 2 and 4 months of exposure (collaborative 

study with NYU).

 ECG telemetry measured in a subset of animals.

 Presented finding

 Increased arterial wall thickness in CAPs-exposed mice.



Air Pollution Promotes 

Atherosclerosis

 6 month study using ApoE-/- mice examined plaque 

development and acute phase biomarkers.

 2 month study using ApoE-/- mice examined role of 

oxidative stress in PM-promoted atherogenesis.



After 8 weeks of Exposure to F PM in Riverside

 Ultrasonic imaging showed 
increased plaque 
development in PM-exposed 
mice.

Example of increased wall 
thickness due to plaque 
formation



Our Mobile Systems Can Be 

Deployed to the Field to Help 

Understand Effects of Real World 

Exposures

 Case in point – Wildfires in Southern California

 Rats exposed before, during and after the fires.

 SHR

 WKY

 Cardiac Physiology Monitored During Exposures.
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Blood Pressure

Blood Pressure Stable in 
Air-Exposed Rats

Significant Drop in 
Blood Pressure in UFP-
exposed Rats During 
Fire



Increased Particle Number to Mass Ratio 

Suggests Larger Impact of UFP During Fires

Peak Exposure 
Concentrations 
Match Up With BP 
Depressions

AQMD Data(mm Hg)



Heart Rate Variability

Stable HRV in Air-Exposed 
Rats

Decreasing Trend in HRV 
in UFP-Exposed Rats



Results… (cont.) 
Ambient PM2.5 concentrations during exposures

BP decreases with increase in number/mass ratio, 

suggesting a larger impact of UFP during fires

(mm Hg)

Decrease in BP Peak n/mass







SIZE ISN’T EVERYTHING
 The composition of the particles should affect the way that 

particles interact with biological systems.
 UFP have high surface to mass ratios which makes the good 

‘carriers’ for adsorbed substances.
 Can carry toxins to areas which they couldn’t ordinarily 

reach
 Can become activated by adsorbing reactive substrates

 It has become well-established that the organic constituents 
on particles play an important role in development or 
worsening of cardiovascular diseases.
 Atherosclerosis
 Hypertension

 Some of our data indicated worse outcomes after 
exposures during summer (high photochemical activity, 
O3) than during fall or winter.



A Mechanistic 
Framework for PM2.5 
and Ozone Effects 
Leading to 
Cardiovascular Disease



We designed a study to 1) elucidate the mechanisms through which 
concurrent PM2.5 and ozone exposures might induce toxicity and 
cardiovascular effects; and 2) determine whether there are 
interactions between these two air pollutants such that the effects of 
the concurrent exposure might differ from those of exposures to PM 
or O3 when administered alone.



Exposure Protocol

 ApoE-/- mice were surgically implanted with ECG 

telemetry devices.

 Mice were exposed 5 hr per day (8AM to 1 PM) 4 days 

per week  for 8 weeks at UC Irvine and were housed in 

filtered air-supplied caging systems between exposures.

 ECG data were monitored during exposures and while 

the mice were in housing (21 hr / day).

 All animal protocols were approved by the Institutional 

Animal Care and Use Committee.



W modeV mode
Reflectron

(W mode)

• We are going to look at data generated using the Aerosol Mass Spectrometer

• AMS provides real time high resolution mass spectra of particles as well as particle size 
distributions (aerodynamic diameter).

• We will specifically look at oxygen to carbon ratios in organic constituents and their 
relationship to health outcomes



12

10

8

6

4

2

0

d
M

/d
lo

g
1

0
 d

v
a
 (

µ
g

 m
-3

)

5 6 7 8 9

100
2 3 4 5 6 7 8 9

1000
2

dva (nm)

Health-related characteristics of Ultrafine PM

Organics
Sulfate
Ammonium
Nitrate

m/z 44 (CO2
+)

m/z 55 (C4H7
+)
 0.4

 4
m/z 44 (CO2

+)

m/z 55 (C4H7
+)

larger particles
oxygenated

ultrafines
less oxygenated

(to denuder)

accumulation modequasi-
ultrafines

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

50 C 100 C 200 C

D
TT

 a
ct

iv
it

y,
 n

m
o

l/
m

in
/m

3

Temperature

Ambient

Denuded

42 %

47 %

66 %

0

500

1000

1500

2000

2500

3000

3500

50 C 100 C 200 C

C
o

n
ce

n
tr

at
o

n
, p

g
/m

3

Temperature, oC

HMW PAHs Ambient

Denuded

14%

53 %

81 %

When you denude the UFP



Removing the Organic Constituents From 

Ambient UFP Blocks CV Effects



We are going to focus on how cardiac 

physiology is changed after PM and PM + O3 

exposures

• Changes in heart rate variability (HRV)
• Decreased HRV is an adverse effect

• Changes in electrocardiographic waveforms



We are going to focus on how cardiac 

physiology is changed after exposures



We are going to examine two hypotheses

1. Are adverse effects different after summer 
exposures compared to fall/winter 
exposures?
• Changes in electrocardiographic 

waveforms
2. Does O3 oxidation explain some of these 

differences?
• Changes in HRV



ECG Changes Related to Heart Rate



ECG Changes Related to Ischemia



So, does O3 Oxidation Affect Particle 

Chemistry and Heart Function?



O:C ratio correlates with changes in HRV –

O3 Oxidation may affect biological activity



Increased concentrations of partially 

oxidized HCs (aldehydes) is associated with 

more adverse HRV



Increased concentrations of more 

oxidized HCs (organic acids) are 

associated with less adverse HRV



Conclusions

 Exposures to summer PM elicited significant changes in both heart rate-

related and ischemia-related ECG parameters; 

 The predominance of unoxidized or partially oxidized (carbonyls) HC in 

PM was associated with worsened cardiac function.

 Further oxidation (i.e. to organic acids) reduced the adverse biological 

effects.

 ‘Functionalization’ of ambient nanoparticles by ambient organic 

copollutants modifies the biological effect of the particles, analogous to the 

functionalization of manufactured nanoparticles;



Inhalation of fine and ultrafine particles injures or kills cells in the brain that 
make dopamine from tyrosine hydroxylase in the region called the substantia 
nigra.  This process may be caused by activation of immune system cells that 
are identified using a stain for glial fibrillary acidic protein (GFAP) 2

2. Veronesi et al., Inhal Toxicol 
17: 235-41; 2005.



Inflammatory cytokines (IL-6, IL-10 and 

TNF-α) in cytoplasmic fractions of brain 

sections

 None of the three cytokines demonstrated a consistent 

trend with time, i.e. average levels across the 3 regions of 

the brain were not significantly different at 2 months vs. 6 

months exposure, although the concentrations for all 

three cytokines were lower at 4 months than after 2 or 6 

months of exposures.  

 There were significant regional differences at 6 months.  

IL-6 (p ≤ 0.05) and TNF-α (p ≤ 0.10) concentrations were 

increased in the rostral sections of the brains in CAPs-

exposed mice compared to the levels in the FA-exposed 

mice.



fraction of brain homogenates

BLUE = FA; BLACK = CAPs (n=4 for each time 

point)



Biological Response Data – UCI, SEA and 

MSU Sites

 The samples from UCI were 

sectioned into rostral, mid and 

caudal fractions .

 Regional inflammatory and 

oxidative-stress related 

responses, how those 

responses were differentially 

expressed as a function of 

length of exposure (2 months 

vs. 4 months vs. 6 months of 

exposure) were examined



A Possible Mechanism for Induction of 

Inflammation by PM Exposure

 Activated NFkB translocates to the cell nucleus and 
induces the expression of inflammatory cytokines 
including TNFa and IL-1

 The concentrations of Nf-κB and AP-1, two transcription 
factors that control gene expression of proteins related to 
inflammatory responses, were increased in the brains of mice 
by both low (CAP 4 = ~ 30 μg/m3) and high (CAP 15 = 
~100 μg/m3) concentrations of quasi-ultrafine PM.  

 There were some changes in the expression of mitogen 
activated protein kinases (MAPK) that regulate various 
other transcription factors in the brain but a clear pattern 
has not yet emerged (Kleinman, et al. 2008).



Ultrafine Particle Exposure Increases 

Expression of AP-1 and NFkB



Biochemical marker levels in nuclear 

fraction of brain homogenates of UCI mice

 There was an increase in NFĸB activity in the rostral 

sections of mice exposed to CAPs at all three time 

points, which achieved significance after 6 months of 

exposure (p ≤ 0.01).  

 This is consistent with the increased levels of IL-6 and 

TNFα in rostral sections of the brains of CAPs-exposed 

mice shown in the previous slide.

 Protein Carbonyl levels showed a regional pattern 

inversely related to that of NFkB but did not evidence an 

exposure-related effect.



NF-κB and Protein Carbonyl levels in nuclear 

fraction of brain homogenates in UCI mice

BLUE = FA; BLACK = CAPs, n=4 per exposure



Conclusions

 Exposure of apoE-/- mice to CAPs was associated with 

inflammatory changes in the brain, and on a regional basis, 

the sections of the brain that were lower in the signal 

transducer nuclear factor-ĸB (NF-ĸB) tended to be more 

susceptible to inflammatory changes.  

 The levels of NF-ĸB decreased as the animals aged during 

the 6 month study in both Filtered Air (FA) and CAPs-

exposed mice.  Sections of the brain with lower NF-ĸB

levels also tended to exhibit exposure-related increases in 

concentrations of biomarkers of oxidative stress, 

consistent with a correlation between inflammation and 

oxidative changes in the brain.  
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