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INT R_ODUCT ION

Nanoparticles (NPs) are ubiquitous in the atmosphere and arise from both natural
and anthropogenic sources. Increased concern over exposure to NPs has developed
due to epidemiological findings that support the hypothesis that inhalation of these
materials is associated with the induction and exacerbation of cardiovascular disease
(CVD) and related CVD risk factors. These associations have spurred the scientific
community to try to understand the mechanisms of the cardiovascular responses to
inhaled ultrafine particles and NPs. As aresult, several plausible mechanistic hypoth-
eses for the development of cardiovascular effects within the pulmonary vasculature
have been proposed. Involvement of the pulmonary vascular bed in particulate-
induced health effects is plausible due to its location, structure, function, and cellular
makeup and its involvement in the inflammatory and oxidative response to inhaled
agents. Inhalation of NPs may induce or exacerbate preexisting cardiovascular con-
ditions through inflammatory or oxidative stress pathways arising from the pulmo-
nary epithelium or vascular endothelium and result in cellular damage and subsequent
loss of function. Epidemiological studies and studies using human, animal, and cel-
lular systems have been done to elucidate the key physical, chemical, spatial and
temporal characteristics of NP-induced health effects and are summarized in arecent
review (Mills et al., 2007). This chapter provides an anatomical and physiologic
framework for further discussion of mechanisms of pulmonary vascular impacts of
NPs in the context of major cellular players within the pulmonary vasculature,
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THE PULMONARY VASCULATURE

Anatomy and Structure

The circulatory anatomy of the respiratory tract provides multiple sites for close
interaction between inhaled particies, epithelial and mesenchymal cells that interact
with inflammaiory cells, and microvascular conduits with reduced movement of
bleod elements due o hemodynamic forces, There are four primary regions for
interaction between the external and internal environments: (1) bronchovascular
bundics and submucosat capillary beds, (2) alveclar capillaries, (3} interstitial fluid,
and {4) the nasal cavity., The bronchovascular bundle and associated submucosal
capillary beds offer two-way trafficking for epithelial-derived signals to elicit both
recruitment of inflammatory celis and activation of the microvascular endothelium
and circulating elements of the blood. The alveolar capillary is the primary site for
inflammatory cell activation and sequestration, which differs from maost tissues
whers the posteapillary venule is the principal site of adhesion melecule expression
and inflammatory cell fransmigration (Krieglstein and Granger, 2001; David et al,,
2000). Interstitial fluid may contain secreted paracrine signaling molecules from
interstitial macrophages capabie of interacting with alveolar capillaries and is present
in distisct fluid and circulatory compartments formed by the bronchovascular bundle
and junctions of the pulmonary parenchyma with the plewra and by the parenchyma
and interlobuiar septa (Kriegisiein and Granger, 2001, Semaeva et al., 2008). Lastly,
the vascular bed of the nasal cavity is closely associated with the external environ-
ment and contains a metabolically active epithelium capable of transmiiting
paracrine signals to micrevascular siuctures. Inhaled NPs may interact with
several metabolically active cell types present within each of these sites resulting in
procosgulant activities and systemic inflammation in the context of a reactive
vasculature,

The complex and tightly regulated vasculfature of the respiratory fract interacts
with the systemic circulation. The right ventricular flow of oxygen-poor blood to
the Jungs through pulmenary arteries is augmented by that from the bronchial artery,
which arises from the aorta and carries oxygenated blood, The extent to which the
bronchial artery perfuses the bronchovascular bundles and submucosa of the airways
varies markedly hetween species (McLaughlin, 1983), The bronchial artery eveniu-
ally anastomoses with the pulmonary circulation with subsequent retumn to the heart
through the pulmonary veins. The extent of bronchial artery-derived vasculature
varies between specics. Bronchial arteries end at the pulmonary hilus in the mouse
but support a distinct submucosal vaseulature that extends to the respiratery bron-
chiole in man, Palmonary arteries and arterioles are specialized to functien in a low
resistance circuit while maintaining high fexibility in adjusting regional flow to
balasce with varable alveclar oxygenation. Compared with systemic arierioles,
pulmonary arterioles are shorter, have thinner walls, contain less smooth muscle and
elastin, and have lower average systolic and diastolic pressures. Relative perfusion
of the visceral plenra by the pulmonary astery or bronchial supply varies by species
with a venous return that appears to be through the pulmonary veins but also hag a
significant component of lymphatic flow (Albertine ¢t al., 1982).
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Function and Regulation

The pulmonary vasculature facilitates the close interaction between the externaland
internal environments, thus making it both a target and a gateway for particulate
exposure. The main function of the pulmonary vasculature is to ensure the oxygen-
ation of blood. Regulatory mechanisms facilitate the maintenance of blood fiow to
distribute oxygen-rich blood fo the body via the systemic circulation, allowing for
efficient ventilation and perfusion. Under stable conditions, blood moves from the
right ventricle across the endothelial lining of the pulmonary vasculature before
returning to the heart for systemic distribution. Blood flowing along intact healthy
endothelium is not likely to clot or support platelet activation and thrombus forma-
tion within the lumen of the vasculature (Ryan, 1987). A healthy endothelivm is
maintained through the involvement of vascular endothelium, alveolar epithelial
cells (AECs) 1 and II, leukocytes, and circulating platelets and erythrocytes that
orchestrate the initiation, resolution, and repair of cellular insult.

Direct interaction of pulmonary cells with particles or downstream inflamma-
tory mediators leads to the involvement of additional regulatory cascades that are
balanced to activate and inhibit thrombogenic or coagulation events. Endothelial cell
activation is signaled by the synthesis and secretion of proinflammatory mediators
such as proinflammatory cytokines to respond to the insult as seen following expo-
sure to bacterial endotoxin (Stoll et al,, 2004). Expression of vascular adhesion
molecuies (VCAMS) allows for movement of inflammatory cells from the circula-
tion through the interstitium and into the airway lumen. Thromboplastin and fibri-
nolytie faciors, such as tissue plasminogen activators (tPAs) and urokinases, function
to initiate blood coagulation and counter coagulation events, respectively, to main-
tain hemostasis or support clotting events (Ryan, 1987). Smooth muscle cells func-
tion to regulate vascular pressure and modify output based on the state of the
vascular bed. The activity of crucial vasoregulators may be altered by oxidative or
proinflammatory signaling.

Cell function and regulation is mediated through autocrine and paracrine sig-
naling of biochemical mediators derived from activation of the nuclear factor kappa-
light-chain-enhancerof activated B cells (NF-xB) redox-sensitive and proinflammatory
pathway. This pathway inclndes a protein complex controlling DNA transcription
to respond to various stimuli, such as diesel exhaust and ambient particles (Bonvallot
et al.,, 2001; Churg et al., 2005). Healthy and stable vascular conditions support the
initiation and efficient resolution of vascular injury. However, cellular damage due
to disease impedes appropriate biochemical responses and can exacerbate existing
cardiovascular problems.

Pulmonary Macrevascular Function The pulmonary macrovasculature
includes the larger vessels with an interral diameter of more than 100 pm. Pulmonary
vascular tone is regulated by autonomic innervation, local paracine responses to
pressure, and shear stress and alveolar oxygen tension. Pulmonary arterioles and, to
a lesser extent, pulmonary veins are innervated by sympathetic nerve fibers that
stimulate vasoconstriction (Barnes and Liu, 1993). These regulate physiological
responses to stress and exercise. Local modulation of vascular tone is largely an
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interaction between endothelial and smooth muscle cells through mediators that
include nitric oxide (NO), endothelin, and prostanoids, which are in turn modulated
by circulating vasoactive substances and products of inflammatory or coagulation
cascades. Similar to the systemic circulation, pulmonary artery endothelium is sensi-
tive to changes in flow. Cardiac defects leading to high pulmonary artery flow drive
vascular remodeling that increases resistance. [n vitro, pulmonary endothelinm is
polarized under conditions of flow and, under static conditions, depolarization is
associated with activation of ATP-dependent K+ chanaels that lead to increases in
endothelial nitric oxide synthase (eNOS) (Chatterjee et al., 2003). This suggests that,
in vivo, decreased tlow stimulates NO secretion to cause vasodilation. Pulmonary
vessels are also responsive to mechanical stretch, both in response to the cardiac
cycle and as a consequence of ventilatory movements. These responses are likely
mediated by the transient receptor potential ion channel family through Cat+
mediated messaging (Yin and Kuebler, 2009).

In addition to providing a low resistance and thus slow flowing circuit to
maximize oxygen exchange, the pulmonary vasculature directs alveolar perfusion
to match ventilation. Regional alveolar hypoxia induces arterial constriction through
mechanisms that appear to involve endothelial cell sensing of oxygen tension
through mitochondria. Polmonary endothelial cells have an increased sensitivity for
hypoxia that rivals that of carotid body receptors (Mark Evans and Ward, 2009).
Local hypoxia thus elicits endothelial cell-derived vasoconstrictive factors that
reduce blood flow to underventilated alveoli and prevent shunting of unoxygenated
blood to the systemic circulation.

The basis for the development of pulmonary hypertension is the disruption of
regulation systems of pulmonary vascular resistance. While vasoconstrictive pulmo-
nary hypertension can be a serious consequence of acute lung syndromes like adult
respiratory distress syndrome (ARDS), these syndromes are somewhat amenable to
pharmacological treatment. Prolonged hypertension is accompanied by the remodel-
ing of the vascular wall that is much more refractory to treatment. The small pul-
monary arterioles are the principal site of increased resistance in pulmonary
hypertension. Initial remodeling by hypertrophy and hyperplasia of smooth muscle
in the arteriolar wall evolves toward a myofibroblastic smooth muscle phenotype
that synthesizes elastin and collagen. The increase in extracellular matrix causes loss
of vascular wall compliance that eventually drives right ventricular failure. Diverse
causes and mechanisms contribute to pulmonary arterial remodeling in several syn-
dromes. Secondary pulmenary hypertension may be related to congenital heart
defects (shear stress), chronic hypoxia, or concurrent puimonary diseases, such as
puimonary fibrosis (mechanotransduction). Primary pulmonary hypertension occurs
in the absence of other contributing cofactors. Genetic analysis of familial primary
pulmonary hypertension implicates receptors in the transforming growth factor-beta
(TGF-B) family, specifically BMPRIL in this disease. Other associations with pul-
monary hypertension include HIV, scleroderma, and anorexigenic drugs. Whether
similar genetic cofactors influence the incidence of pulmonary hypertension in the
later syndromes is an area of active investigation.

In contrast to the evidence that environmentally derived NPs influence sys-
temic vascular disease (Dockery, 2001), there is little epidemiological or experimen-
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tal evidence that inhalation of NPs alters pulmonary vascular resistance. The
strongest indications come from studies of environmental or sidestream tobacco
smoke (ETS), which consists of both vapor and solid-phase particulates and gases.
Studies with ETS-exposed animals suggest that pulmonary vascular remedeling may
oceur (Nadziejko et al., 2007). ETS-induced angiogenesis and leukocyte trafficking
in the lungs of mice is indicated by increased rolling and adhesion of neutrophils in
lung microvessels and increased vascular density as compared with filtered air-
exposed mice (Rao et al., 2009). Bpidemiological evidence from ETS-exposed
airline workers correlates only with systemic hypertension (Ren et al., 2008).

There is some evidence that pulmonary hypertension may be an important
cofactor for sensitivity to NP-induced health effects. Systemic hypertension was
found to be a cofactor in hospital admissions during elevated particulate matter (PM)
episodes, but more data are needed to know whether pulmonary hypertension is a
cofactor (Pee! et al., 2007). Most data come from the evaluation of monocrotaling
(MCT)-treated rats, which rapidly develop progressive pulmonary arterial remodel-
ing and right ventricular hypertrophy (for a review, see Wilson et al., 1989). Death
from pulmonary hypertension is often a consequence of right ventricular failure.
Initial work with particle inhalation using the MCT model showed that right ven-
tricular failure was associated with increased cardiac arrhythmias in fly ash-instilled
rats (Watkinson et al., 1998). Further work demonstrated that intratracheal instilla-
tions of fly ash resuited in a high rate of mortality in MCT-treated rats. Inhalation
exposure resulted in augmented markers of pulmonary inflammation in MCT-treated
rats but did not result in mortality (Kedavant et al., 1999). Rats compromised by
MCT treatment show exacerbated ventilatory responses with delayed recovery after
fly ash inhalation {(Gardner et al., 2004). In addition to the cardiopulmonary effects
of MCT treatment, it appears that the MCT rat model also interferes with particle
clearance, leading to increased retention times and greater particle interactions with
biological systems (Madl et al., 1993).

Respiratory Micrevascular Function Three microvascular regions of the respi-
ratory tract have potential for close interaction between the external environment,
mucosal epithelium, and capillary endothelium: (1) the nasal cavity, (2) the submu-
cosal capillaries of the bronchovascular bundles and bronchial submucosa, and (3)
the alveclar capillaries. The nasal cavity is a highly vascularized structure with
extensive surface area adjacent to the external environment. In humans, this repre-
sents a mucosal surface area of 170cm? and is designed for warming and humidify-
ing air through thin capillaries (Hussain, 1989). The connection of the external
environment and thin capillary beds of the nasal mucosa facilitates bidirectional
movement of fuids to humidify air and uptake of aerosols into the bloodstream
(Mygind and Vesterhauge, 1978). A second microvascular space consists of the
submucosal capillaries of the bronchovascular bundles and bronchial submucosa.
This circulation, derived from the bronchial artery in most species, interfaces with
signals emanating from bronchial epithelial cells to recruit circulating inflammatory
cells that undergo transepithelial migration in response to inhaled irritants and infec-
tious agents. An associated consequence of inflammatory stimuli is the microvascu-
lar leak that accentuates submucosal edema. A third microvascular space contains
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the largest vascular surface area; approximated in virtually all mammalian species
to be an area 75-95% of the total measured alveolar surface area is the network of
alveolar capillaries (Pinkerton et al., 1592). The alveolar capillary bed is an integra]
component of the septal structures forming the walls of each alveolus. Interconnected
capillaries are supported by interstitial connective tissue that interweaves to polarize
endothelial cells such that the nucleus is subtended by connective tissue and located
on the abluminal side of the endothelial cytoplasm’s interface with alveolar epithe.
lium. Capillary endothelial cells synthesize an extracellular basement membrane that
fuses with the basement membrane formed by type I and type I pneumocytes (AECs
I and II) to ensure a thin air-to-blood tissue barrier for gas exchange. AEC | i5
composed of squamous epithelial cells that cover up 95% of the entire alveolar
surface. These cells rarely divide and are replaced by differentiating AEC 11 when
damaged (West et al., 1998). AEC II is cubodial and contains numerous intracyto-
plasmic lamellar inclusions, which, when actively secreted from the cell, form the
surfactant lining of the alveoli that reduces surface tension (West et al., 1998).

The alveolar microvasculature is unique in that it is relatively impermeant and
has a high capacity for fluid resorption by vesicular transport (Effros and Parker,
2009). The extracellular matrix in the alveolar wall is also specialized to limit fluid
accumulation. High concentrations of heparan sulfate proteogyleans bind to proteins
to regulate angiogenesis and coagulability, limit fluid permeability through the basal
lamina, and provide elastic stretch that increases interstitial hydrostatic pressure
when fluid does accumulate (Miserocchi, 2007). The alveolar capillary bed is also
a significant reservoir of marginated neutrephils, thus differing from other tissues
where nettrophil margination occurs in postcapillary venules (Schwab et al., 2003),
It is evident that the alveolar microvasculature is specialized to limit the accumula-
tion of edema fluid yet uniquely susceptible to inflammatory-induced disruptions of
the fluid barrier.

Regulation of lung interstitial fluid flux is a multifactorial process involving
active transport by alveolar epithelium and endothelium, hydrostatic pressure dif-
ferentials based both on extracellular matrix and the surface tension reducing action
of surfactant, and a highly efficient lymphatic sump. The latter is aided by the con-
struction of the bronchovascular bundles, which are relatively isolated fluid spaces,
and tether vessels to their walls, thus allowing adjacent alveolar airspaces to hold
vessels open despite changes in intrapulmonary pressures (Miserocchi, 2007). The
consequence of the unique and dynamic interstitial fluid compartments in the lungs
is that this creates a microenvironment where the admixture of plasma-derived
activities and regulatory cytokines secreted by pulmonary epithelial cells can inter-
face with multiple capillary beds, resulting in potential endothelial cell activation.

IMPLICATIONS OF PULMONARY VASCULAR INJURY

Exposure to elevated levels of NPs has been shown to induce acute changes such
as endothelial dysfunction, platelet activation, and alterations to coagulation and
fibrinolytic cascades that may contribute to chrenic conditions such as atheroscle-
rosis and pulmonary hypertension. For example, acute damage to the capillary
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endothelium and AEC I causes disruption of the tight junctions and edema or the
presence of a protein-rich fluid in the alveolar space, which, if not removed, leads
to further epithelial injury and cell death. Pulmonary edema develops in two stages,
interstitial edema and alveolar edema, with the latter preventing ventilation and
leading to hypoxemia. Increased leakage of the pulmonary tight junctions aiso
facilitates the movement of inflammatory mediators between the systemic circula-
tion and pulmonary epithelium,

Clinical Studies

Physiological research with both human subjects and animal medels provides
increasing evidence for cardiovascular effects of ultrafine particles and NPs.
Physiological studies with human subjects suggest potential pulmonary and systemic
inflammatory and procoagulant mechanisms, linking air pollution to observed patho-
genesis of atherosclerosis, myocardial infarction, and pulmonary hypertension.
While many measured physiological end points are systemnic, it is a valid hypothesis
that inflammation initiated in the pulmonary vasculature may have subsequent sys-
temic effects. Pathophysiological changes involving several potential mediators of
the above health effects—inflammation, coaguiation, and cardiac rhythm—were
observed in a study of healthy men exposed to ambient particles (Riediker et al,,
2004). Cardiac arrhythmias, or abnormal electrical activity of the heart, were
increased in elderky subjects exposed to ambient particles, and effects were seen
with a lag time of 1-2 days (Peters et al., 2000). Ultrafine ambient particles induced
inflammatory and prothrombotic responses in healthy human volunteers (Samet et
al., 2009). Healthy human volunteers exposed to diesel exhaust particles (DEPs)
demonstrated increased thrombus formation and increased neutrophil-platelet and
monacyte-platelet aggregates compared with filtered air-exposed control subjects
(Lucking et al., 2008). In a separate study, diesel exhaust-derived particle exposure
induced mild systemic inflammation and resulted in impaired endothelium-dependent
vasodilation, a possible risk factor for pulmonary hypertension (Torngvist et al,,
2007). Mills and colleagues demonstrated alterations in the regulation of vascular
tone and endogenous fibrinolysis in the absence of differences in resting blood flow
or systemic inflammatory markers in humans (Mills et al., 2005a,b). Controlled
human studies demonstrated alterations in blood leukocyte distribution and expres-
sion of adhesion molecules, suggesting an influence of systemic inflammation on
tissue inflammation (Frampton et al., 2006). Similarly, human subjects with occu-
pational or environmental PM exposure had altered or significantly elevated levels
of adhesion molecules, such as intracellular adhesion molecule-1 (ICAM-1), von
Willebrand factor {(vWF) antigen, plasminogen activator inhibitor-1 (PAI-1), and
high sensitivity C-reactive protein (hs-CRP), suggesting stimulation of inflammation
and coagulability associated with PM exposure (Rueckerl et al., 2006; Bigert et al.,
2008). A recent study suggests a role for urban PM, but not the manufactured par-
ticles of carbon black and titanium dioxide NPs, in endothelial dysfunction through
the impairment of endothelial NO-dependent relaxation in intrapulmonary arteries,
possibly contributing to urban PM-induced cardiovascular dysfunction (Courtois
et al., 2008).
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Physiological consequences of cellular and biochemical alterations induced or
exacerbated by particulate exposure include increased atherosclerotic plague insta-
bility with the potential for plague rupiure or thrombosis resulting in myocardiaj
infarction or stroke (Vermylen et al., 2005). Potential side effects from inflammation,
such as endothelial dysfunction and platelet activation, may lead to the development
of thrombi. Manufactured carbon nanctubes (CNTs) and ambient ultrafine particles
have been found to induce platelet activation in humans and animal models, which
may play a role in the abnormal response to NPs in general (Nemmar, 2003; Nemmar
et ak, 2003, 2004, 2007, 2009; Delfino et al., 2008, 2009; Semberova et al., 2008).
Clinical results like these are not always repreducible and are most likely dependent
on additional factors, such as chemical composition of the NPs (Riediker et al., 2004;
Brauner et al., 2008).

Animal Studies

Animal models of susceptibility to cardiovascular and endothelial dysfunction have
contribated to the understanding of the effects of ambient air pollution on the role
of inflammatory mediators derived from epithelial, endotbelial, and inflammatory
cells. Systemic measures may indicate a role for these cell types in the initiation of
inflammation, endothelial activation and dysfunction, and edema within the respira-
tory tract. The models inciude aged or spontaneously hypertensive animals and those
suscepiible to the development of atherosclerotic lesions, such as apolipoprotein
E-deficient mice (ApoE™ mice) and low-density lipoprotein (LDL) receptor knock-
out mice. Long-term exposure to low concentrations of PM, 5, particles with a mean
mass acrodynamic diameter less than 2.5 pm including ultrafine particles, induces
vascular inflammation and potentiated atherosclerosis in ApoE™ mice (Sun et al,
2005a,b). Acute exposures to concentrated ambient particles (CAPs) led to larger
early atherosclerotic lesions in ApoE-deficient mice exposed near a freeway in Los
Angeles, CA (Araujo et al., 2008). This phenomenon has been observed in other
animal models of atherosclerosis exposed to environmental NPs (Suwa et al., 2002;
Sun et al., 20052,b). Two recent studies examine endothelial responses in healthy
and hypercholestrolemic rabbits (Tamagawa et al., 2008; Yatera ct al., 2008).
Tamagawa and colleagues demonstrated that repeated exposure to PM-induced lung
and systemic inflammation as well as endothelial dysfunction (Tamagawa et al,,
2008). Yatera and colleagues concluded that exposure to ambient air pollution par-
ticles promoted the recruitment of circulating monocytes into atherosclerotic plaques.
and they further speculated that this is a critically important step in particle-induced
progression of atherosclerosis (Yatera et al., 2008). Particle instillation altered hemo-
stasis in exposed mice, suggesting that particle exposure supports clot formation and
inhibits clot resolution in susceptible subjects (Cozzi et al., 2007). Healthy and
compromised aged rats exposed to freshly generated diesel exhaust demonstrated
significant particle-associated increases in plasma endothelin-2 (ET-2) suggestive of
vascular endothelial cell activation (Elder et al., 2004). Controlled exposure fo
ambient particles induced an clevation in arterial blood pressure in dogs and similar
changes in indices of cardiovascular effects in spontaneously hypertensive rats
{Wichers et al., 2004; Bartoli et al., 2009). Carbon black NPs induced pulmonary
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edema due to loss of cellular barrier function (Inoue et al., 2006). Pulmonary edema
as a marker of pulmonary toxicity of ultrafine particles and NPs was obscrved in
mice exposed to CNTs and carbon black NPs in the lungs of rats following systemic
administration of DEPs (Nemmar et al.,, 2007; Tong et al., 2009).

MECHANISMS OF PULMONARY VASCULAR INJURY

Current knowledge regarding interactions of ultrafine particles and NPs with cells
and biological systems is derived from smdies of the cellular response to microor-
ganisms, such as bacteria and viruges. However, inorganic ambient and engineered
NPs often persist much longer than the biologically active microorganisms (Buzea
et al., 2007). Investigations of various NP types with target cells and biclogical
systems have suggested mechanisms for the development of CVD through the inter-
face of oxidative and inflammatory responses and mediators and consequences of
their effects in the circulation.

Activation of oxidative and inflammatory pathways is a common theme in
NP-induced toxicity and cxperimental research (Buzea et al.,, 2007). However,
precise cellular targets leading to subsequent adverse cardiovascular health effects
are still under investigation. Several hypotheses regarding cell—particle interactions
are summarized in a recent review and include direct and indirect initiation of inflam-
mation and oxidative stress (Polichetti et al., 2009). NPs may induce mild pulmonary
inflammation and oxidative stress triggering a snbsequent alveolar and systemic
inflammatory response, ultimately leading to tissue damage (Seaton et al., 1995).
NPs may also directly translocate into the circulation after deposition in the distal
lung and interact directly with endothelial cells and other extrapulmonary targets
resulting in induction of inflammatory and oxidative stress cascades there (Kreyling
et al,, 2002, 2009; Oberdorster et al., 2002, 2004). These hypotheses suggest the
involvement of a number of cellular targets (bronchial epithelial cells, alveolar
macrophages (AMs), AECs, and vascular endothelial cells) in the orchestration of
the oxidative and inflammatory response to inhaled ultrafine particles and NPs.

Inflammation and Oxidative Stress
in the Pulmonary Vasculature

Pulmonary inflammation contains ail the classic aspects of acute responses to injury,
including vasodilation, microvascular permeability, activation of proinflammatory
and procoagulant enzymatic cascades, activation and chemotaxis of inflammatory
cells, and secretion of hematogenous signals driving systemic responses and myeloid
activation. Traditional concepts of pulmonary inflammation relative to inhalation
toxicology focus on mediators derived from bronchial epithelium. The tole of the
alveolar surface in inflammation is largely considered in relation to diffuse alveolar
injury, pulmonary edema, and intracapiliary inflammation associated with acute
respiratory distress (ARDS-like syndromes). Evidence for alveolar deposition of
ultrafine particles and NPs at the alveolar surface raises the possibility that these
particles induce signaling in the alveolar wall and may contribute to vascular and
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systemic responses to particle inhalation. The initiation of inflammation within the
pulmonary or vascular lumen has the potential for cellular damage that may drive
downstream systemic cardiovascular effects observed epidemiologically and experi.
mentally. Extracellular signaling in inflammation is commonly measured as an
indicator of the invoivement of pulmonary epithelial and endothelial cells, macro.-
phages, and neutrophils. Signaling molecules secreted by these cellular players
include cytokine and chemokine proteins, leukotrienes, and prostaglandins,
Intracellular signaling controls the production and secretion of these extraceilular
signaling molecules that then act by both autocrine and paracrine mechanisms to
propagate an inflammatery event.

Microvascular Metabolism and Inflammation

The pulmonary microvasculature is ideally situated to perform metabolic homeostasis
for circulating elements of the blood because it receives the entire cardiovascular
output over a large surface area with flow that is regulated to be slow. The capillary
endothelium of the lungs has metabolic and inflammatory pathways that are distinct
from that of large vessels (Stevens et al., 2008). A large body of work has character-
ized a plethora of endothelial activities, many of which are particularly prominent in
the pulmonary microvasculature. These can be categorized as metabolism of circulat-
ing biologically active molecules, local signaling that directs vascular contractility, or
proliferative responses and interaction with inflammatory and coagulation cascades.

In addition io inducing a proinflammatory environment in the pulmonary
microvascujature through lipepolysaccharide (LPS)-mediated mechanisms, pulmo-
nary epithelial or AM-derived cytokines, specificaily tumor necrosis factor-alpha
(TNF-o) and interleukin-§ (IL-8), have the capacity to elicit endothelial activation,
As described below, inhalation of NPs can elicitepithelial and macrophage responses
that include secretion of TNF-or and IL-8. This, in combination with the likely
greater alveolar deposition of NPs relative to larger particles, makes the alveolar
microvasculature an ideal microenvironment for the transmission of NP-induced
pulmonary responses to the systemic circulation.

Effects of NP Chemical Composition on Vascular Injury

Toxicological comparisons between difference sizes, morphology, and compeositions
of ultrafine particles and NPs have been conducted to understand how physical and
chemical characteristics influence biological and cellular response within the pul-
monary cells and vasculature (Clift et al., 2008; Kreyling et al., 2009). All particles
less than 100nm in one dimension do not behave equally, and their retention and
clearance patterns differ significantly from their larger counterparts. NP transloca-
tion and effects occurring distant from deposition sites have received considerable
attention, primarily because NPs have a potentially high efficiency for deposition,
target both the upper and lower regions of the respiratory tract and are retained in
the lungs for a longer period of time, induce more oxidative stress, and cause greater
inflammatory effects than their fine-sized equivalents (Ferin et al., 1992; Ferin, 1994;
Oberdorster et al., 2002; Semmlier-Behnke et al., 2007). Retention times for radio-
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labeled 100-nm carbon NPs appear to be over 95% of deposited particles with a
greater percent of deposition for current smokers or chronic obstructive pulmonary
disease (COPD) patienis compared with healthy individuals (Moller et al., 2008).
Further, the inverse relationship between size and surface area contributes to a
greater surface for adsorption of chemicals, which is thought to influence biological
responses in the pulmonary vasculature that may be exacerbated by the increased
retention times of these materials.

Particle size, morphology, and chemical composition are believed to be impor-
tant factors in the alteration of pulmonary microvascular endothelial function.
Mechanistic studies have been performed using combustion-derived, lab-generated,
and ambient NPs as a component of PM, s to investigate the influence of composition
and size on particle uptake (Clift et al., 2008), exogenous and endogenous redox
activity (Becker et al., 1996; Brown et al., 2004; Cho et al., 2003), and cytotoxXicity
and proinflammatory cytokine responses (Becker et al,, 1996, 1999, 2003, 2005;
Veranth et al., 2006; van den Bogaard et al., 2009). Specifically, exposure of human
aortic endothelial cells (HAECs) to iron oxide, yitrium oxide, and zinc oxide resulted
in composition-dependent inflammatory responses that showed consistent sarface
interactions and uptake of all NPs (Gojova et al., 2007).

NPs are derived from combustion processes and have the potential for aggre-
gation forming accumulation mode particles with very unique chemical character-
istics {Churg et al., 2005). The chemical composition of ultrafine particles and NPs
reflects their source as trapsition metals, and polycyclic aromatic hydrocarbons
(PAHs) are the primary components of these ambient particles. Engineered NPs are
also high in carbon and metals due to the unique properties of these materials that
facilitate their use in emerging electronic and consumer product technology. Research
has shown relationships between the levels of carbonaceous and metallic compo-
nents and induction of inflammation and oxidative stress in biological systems,

In general, particulates are an exogenous source of reactive oxygen species
(ROS) because they possess an innate capacity to catalyze the generation of ROS,
which is frequently used as a measure of toxicity. NPs, produced through combus-
tion processes, contain high amounts of transition metal components and other redox
cycling compounds, such as organic carbon species. The ability of ultrafine particles
(PM,,) to generate more free radicals than coarse (PM,,) and fine particles (PM; 5),
as measured by induction of heme oxygenase and depletion of intracellular gluta-
thione, may be due to ulirafine particles having a large surface area for adsorption
of ROS-generating components (Cho et al., 2005). Inherent ROS generation is com-
monly associated with transition metals, such as iron (Fe), copper (Cu), nickel (Ni),
cobalt (Co), and vanadium (V). These metals are associated with anthropomorphic
sources, with Fe having an order of magnitude greater concentration in most samples
from polluted regions (Deguillaume et al.,, 2005). Transition metals such as Fe cata-
Iyze the production of hydroxy! radical from hydrogen peroxide via Fenton-like
reactions that are enhanced in the presence of physiological concentrations of ascor-
bate (Vidrio et al., 2008).

In addition to transition metals, environmental PM contains PAHs and qui-
nones that undergo redox cycling to generate ROS. In the burning of hydrocarbons,
radicals formed early in combustion interact, forming PAHs, including carcinogens,
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from less complex structares. PAHs will aggregate into NPs, which can extend into
branched-chain structures observed as black smoke or soot (Rouse et al., 2008).
Quinones are derived from PAH components and likely include such compounds as
1,4-naphthoquinone, 5,12-naphthacenequinone, bezlalanthracene-7,12-dione, and
anthracene-9,10-dione. Quinones undergo cyclic reduction reactions with oxygen
followed by oxidative coupling with either nicotinamide adenine dinucleotide phos-
phate (NADPH) or iron (Squadrito et al., 2001).

Endogenous sources of ROS are generated by many cellular and enzymatic
players. A primary source of ROS is the generation of a wide variety of oxidants
through phagocytic respiratory bursts of macrophages and neutrophils. Much of the
understanding of cellular-based synthesis of ROS was developed through investiga-
tion of antimicrobial systems used by leukocytes in which bacterial killing is facili-
tated by the generation of a variety of highly effective baciericidal agents, including
superoxide anion, hydrogen peroxide, and halo-oxygen species such as HOCI. The
respiratory burst is a metabolic event in which cells manufacture large quantities of
highly reactive oxidants in response to a stimulus and is a cyanide-insensitive rapid
utilization of oxygen and glucose. Leukocytes, such as neutrophils and macrophages,
produce ROS during phagocytosis or stimulation with a wide variety of agents through
activation of NADPH-reduced oxidase (NOX) (Forman and Torres, 2002). The
capacity for this rapid response is regulated by protein phosphorylation of key subunit,
p47"*, a 45-kDa oxidase compenent that is extensively phosphorylated when the
oxidase is activated. This subunit moves to the phagosomal membrane where, as it
organizes with the remaining components of the active enzyme, it generates electrons
to reduce molecular oxygen (Raad et al., 2009). The organized oxidase complex acts
through a catalytic subunit (gp9 1™, also known as NOX2) to bind NADPH, extract
electrons, and transport them across the phagosomal membrane to react with oxygen
through an iron-heme complex, thus secreting superoxide into the lumen (Lambeth
et al., 2007). Differentiated macrophages (such as AMs) also generate ROS using
NOX2-based metabolism but lack the myeloperoxidase present in neutrophils, which
is necessary for HOCI generation. Macrophages also generate nitrogen-based radicals
through nitric oxide synthase (NOS) and its interaction with active oxygen species.
Nonphagocytic cells use similar reactive oxygen-generating enzyme complexes for
both innate defense and intracellular signaling (Boueiz and Hassoun, 2009).

CELL-SPECIFIC RESPONSES

Initial contact with inhaled pathogens and toxins occurs in the epithelium. It is
increasingly clear that receptor-mediated stimulation of epithelial proinflammatory
molecule secretion is the initiating step of many pulmenary inflammatory processes.
Of the resident pulmonary cells, microvascular endothelium, airway and alveolar
leukocytes, pulmonary epithelium, and airway dendritic cells are the most significant
regulators of inflammatory responses (Fig. 17.1). Macrophages and dendritic cells
often act indirectly through the secretion of cytokines, while endothelial cells have
more direct interaction with the circulation through both secretion and cell surface
expression of proinflammatory and adhesion molecules. Oxidants have the potential
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Figare 17.1 Diagram of an alveolar sac in the distal lung demonstrating airway
epithelium, alveolar epithelium, dendritic cells, alveolar macrophages, and endothelial cells
and associated mediators of inflammation derived from these cells.

to interact with the wide variety of cell types in the lungs and are also produced
naturally by a subset of cells involved in phagocytosis of foreign pathogens.

Due to their small size, NPs evading phagocytic clearance may diffuse into
the pulmonary circulation where they have direct interaction with interstitial and
endothelial cells and may induce or respond to inflammation and oxidative stress.
The idea that NPs access the circulation following inhalation and elicit direct effects
in the circulation and secondarily target organs is controversial but has been illus-
trated in several animal model studies (Kreyling et al., 2002, 2009; Oberdorster ct
al., 2002, Nemmar et al., 2001, 2002; Nemmar, 2003). An alternative mechanism
connecting pulmonary responses to NP inhalation to systemic responses may be
through induction of inflammation at the juncture of the pulmonary and systemic
circulation. Mechanisms of NP-induced activation of pulmonary target cells that
could contribute to this process are described below,

Bronchial Epithelial Cells

The nature of NPs governs particle deposition throughout the respiratory tract, from
the proximal to the distal lung. The mechanisms of receptor activation leading to
cytokine production in epithelial cells following particle exposure remain incom-
pletely characterized. Two principal hypotheses are activation of Toll-like receptors
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(TLR) responses and ROS-mediated signaling. Much is known about airway epithe-
lial cell responses to infection (Message and Johnston, 2004). Bronchial epithelium
participates in innate and immune host defense responses with patterns specific (o
the underlying pathogens, In the case of viral infection, the principal response g
secretion of interferon with immune defenses focusing on stimulation of dendritic
cells, antigen presentation, and lymphocyte recruitment. A broader assortment of
innate defense molecules characterizes the response to bacterial infection. These
include secretion of antibacterial peptides, such as defensins, collecting, and cathli.
cidins, and antimicrobial actions of surfactant and Clara cell secretory proteing
{(Grubor et al., 2006a,b).

TERs are key components for the recognition of infectious agents. Airway
epithelial cells express TLRs 2-6. TLR-2, when dimerized with TL.R-6, recognizes
bacterial products, such as lipoprotein and peptidoglycan as well as some compo-
nents of protozoa and viral envelope proteins. TLR-3 recognizes double-stranded
RNA and thus responds largely to viral infection, while TLR-4 recognizes LPS
associated with Gram bacteria. TLR-5 responds to bacterial flagellin and is therefore
important in specific bacterial infections, such as those involving pseudomonas. TLR
signaling acts through NF-xB and interferon regulatory pathways to upregulate
cytokines, such as TNF-tt, IL-6, and IL-12 or type I interferon in a pathogen-specific
context (Schleimer et al., 2007).

Viral infection also acts through alternate epithelial cell receptors, In the case
of rhinovirus, initial infection of bronchial epithelial cells occurs by attachment to
ICAM-1 with subsequent augmented ICAM-1 expression resulting in progression
of infection. Rhinoviruses are also reported to activate an epithelial cell LDL recep-
tor. Bpithelial cells respond by secreting a host of proinflammatory molecules
including IL-1o, IL-1P, IL-6, IL- 11, 1L.-16, TNF-0!, granulocyte macrophage colony
stimulating factor (GM-CSF), 1L-8, Gro-3, epithelial neutrophil activating protein
(ENA)-78, regulated upon activation, normal t-cell expressed and secreted
{RANTES), eotaxin | and 2, and macrophage inflammatory protein (MIP)-la
(Message and Johnston, 2004).

TLR involvement is thought to reflect relative contamination of PM with
bacterial products. One study comparing ambient source PM with diesel exhaust and
silica demonstrated that ambient PM stimulated TL.R-2 responses in bronchial epi-
thelial celis, while AMs responded through TLR-4 signaling. In contrast, diesel
particies did not stimulate cytokine release and suppressed TLR expression (Becker
et al., 2005). Autocrine enhancement of TLR receptors being involved in IL-6 pro-
duction is evidenced by TLR-2 expression being upregulated by animal agricultural
dust (Bailey et al., 2008). Further support for the role of bronchial epithelial celis
in inflammation is the expression of lysophosphatidic acid (LPA) receptors.
Stimulation of human bronchial epithelial cells (HBECs) with LPA causes upregula-
tion of IL-8, cyclooxygenase (COX)-2, and IL-13 receptor o2 (IL-13Roa2) (Zhao
and Natarajan, 2009). LPA is derived from phosphatidic acid through activation of
phospholipase A1 or A2 and is a potent biological mediator of inflammation acting
through NF-kB and AP-] signaling pathways to stimulate inflammation.

Recognition that cells other than leukocytes express NOX-related enzymes
has greatly expanded the perspective of ROS generation in response to injury.
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Bronchial epithelial cells express members of the endogenous NOX family, Duox,
which contains both superoxide and peroxidase catalytic sites. The expression of the
two forms of Duox is differentially regulated such that t-helper cell (TH-1)-associated
cytokines (IL-4, IL-13) induce Duoxl, while TH-2 cytokines (IL-1c;, IL-1B, and
interferon [IFN]-y) induce Duox2 (Lambeth et al., 2007). These complementary
systems are thought to be important in secreting active oxygen species for antibacte-
rial defense in bronchial lining fluid.

Experimentally, mice exposed to PAH-rich, petrochemical combustion-
derived NPs have airway inflammation and induction of aryl hydrocarbon receptor
(AhR)-associated oxidative stress and proinflammatory genes (Rouse et al., 2008).
Similar oxidative stress and known markers of AhR ligand activity genes were
observed when bronchial epithelial cells (BEAS-2B) were exposed to extracts of
ambient PM collected from the United States—Mexico border (Lauer et al., 2009).
Expression and activity of cytochrome P450 (CYP450) throughout the lungs provide
insight info cytoprotective and antioxidant responses and metabolism of inflamma-
tory mediators. Activation of CYP450 metabolism can contribute to ROS generation
through uncoupling of the electron transport chain associated with the oxidative
metabolism of xenobiotics catalyzed by CYP450. Some PAH moieties can occupy
the active CYP site but are relatively inefficiently oxidized leading to the release of
oxygen radicals generally used as electron donors by this pathway. A good example
of this process has been demonstrated for polychlorinated biphenyls (PCBs) conge-
ners and CYP1A1 (Green et al., 2008). Metabolism of the PAHs commonly associ-
ated with PM by CYP450-related enzymes is central to host responses to
environmental and endogenous chemicals, The presence of PAHs in environmental
PM is well documented, and activation of CYP isozymes is increasingly recognized
as a stereotypic response. One of the most common pathways of reaction to PAH
exposure is the activation of the AhR with subsequent upregulation of enzymes
associated with the CYP1 family of P450 isozymes. Additionally, cell culture studies
of BEAS-2B exposed to ambient PM demonstrated varying induction of neutrophil
and dendritic chemokines CCL20, CXCL1/-3/-8/-10/-11, lymphotoxin (LT)-(3,
TNFE-gi and 1L-6 by crystalline silica, ultrafine carbon black, ZnCl,, FeSO,, LPS,
and 1-nitropyrene (Ovrevik et al., 2009).

AMs

Phagocytic leukocytes, such as AMs, neutrophils, and eosinophils, have long been
considered the key receptor for inhaled particles, Leukocytes, specifically AMs,
function in particle clearance pathways and drive the initiation of pulmonary inflam-
mation beginning with cellular migration into the affected tissue, particle phagocy-
tosis, and release of signaling molecules, including cytokines and other inflammatory
mediators, NPs have been shown to inhibit phagocytosis in AMs as well as elicit
inflammation and disrupt chemotaxis (Renwick et al., 2001, 2004). Much of what
is known about AM function is derived from bacterial defenses, and there is much
interest in the interaction between biologically derived components of environmen-
taily derived PM and AM activation. Several stadies implicate endotoxin (LPS} in
inflammatory responses to both coarse and fine ambient PM (Becker et al, 2003,
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2005). These responses seem relatively unique to environmentally derived PM as
preparations of diesgl exhaust and incerganic patticles do not elicit similar responses
(Becker et al., 2005). Alexis and colleagues demonstrated the effect of heat inactiva-
tion on the inhibition of AM responses (Alexis et al., 2006), and TLR-4 antagonists
block responses to coarse environmental PM, suggesting the involvement of surface
receptors in phagecytosis and subsequent release of proinflammatory signaling mol-
ecules (Becker et al., 2005; Alexis et al., 2006).

Conventional phagocytosis is mediated by surface ligands and receptors on
microerganisms and the phagocytic cell. However, NP lacking these ligands can still
reach the interior of the cell due to their small size, Additionally, a variety of par-
ticles have been shown to initially interact with macrophages through LDL scaven-
ger receptors, and these interactions appear specific for charged particles and do not
seem to be effective for carbonaceous particles, such as those derived from diesel
exhaust (Kobzik et al., 1995). The LDL receptor pathway is also used for phagocy-
tosis of unopsonized bacteria and does not initiate a respiratory burst. Furthermore,
AM phagecytosis of particles dees not occur through the SR 1 receptor but rather a
related protein referred to as macrophage receptor with collagenous structure
(MARCOQO) (Palecanda et al., 1999). While phagocytosis through the MARCO recep-
tor is not associated with a macrophage respiratory burst, activation of cytokine
release appears to be oxidant dependent.

The principal cytokine response following AM phagocytosis of particulates is
the release of TNF-oo and MIP-1 (Imrich et al, 1999). Antioxidants inhibit this
response, and addition of exogenous or induced endogenous H,0, enhances the
cytokine response (Imrich et al., 2007). This suggests that endogenous ROS signal-
ing may be a component of the AM response as evidenced by the activation of the
mitogen-activated protein (MAP) kinase activated AP-1 transcription pathway
(Singal and Finkelstein, 2005). Other AM-derived proinflammatory mediators
include IL-1p {Huang et al., 2004), IL-6 (Becker et al,, 2003), IL-8, and COX-2
(Becker et al., 2005). Interaction of AM with bronchial epithelial cells angments the
expression of a variety of cytokines (Ishii et al., 2005). Other effects of particulates
on AM function include production of markers of activation, such as CD11b and
mCD14 HLA expression, increased phagocytosis, and inhibition of bacterial killing
(Becker et al., 2003; Alexis et al., 2006; Mundandhara et al., 2006; Lundborg et al.,
2007; Zhou and Kobzik, 2007).

Alveolar Epithelial Type I and 11 Cells

Alveolar type I epithelial cells (AEC I) are primarily structural in function, and
knowledge of their participation in inflammatory events is limited due to the diffi-
culty of maintaining them in enlture (Chen et al., 2006). Recent in vitro studies have
used an AEC I-like cell line transformed type I (TT1) to demensirate secretion of
proinflammatory eytokines IL-6 and IL-8 following LPS exposure (van den Bogaard
et al., 2009). Borok and colleagues have conducted studies to understand additional
physiological roles of type I cells and have localized sodium ion channels and pumps
to the plasma membrane of AEC I, supporting AEC I's role in maintaining an
appropriate layer of surfactant on cell surfaces (Borok et al., 2002a,b,c; Eaton et al.,
2009). Chen and colleagues have observed upregulation of ApoE, a lipoprotein
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involved in the transport of cholesterol and other lipids, and transferrin, a major
plasma iron transport glycoprotein, by AEC Iin hypoxic lungs, suggesting a protec-
tive response to oxidative stress (Chen et al., 2006).

The highly metabolic and easily cultured alveolar type II cells (AEC II) are
capable of releasing a number of proinflammatory molecules in response to & variety
of inflammatory stimuli (Koyama et al., 1998a,b). AEC 11 is alsc capable of internal-
izing both fine and ultrafine particles (Brandenberger et al., 2009). fr vitro experi-
ments to investigate the induction of inflammation have been conducted with
transformed cell lines derived from type II cells. The most commonly used line,
A459, is a neoplastic human cell derived from a nonsmall cell carcinoma expressing
type II cell characteristics, such as surfactant apoprotein and lamellar bodies, and
contains phospholipids for the production of surfactant (West et al., 1998).
Investigations with A459 have focused on levels of proinflammatory transcription
factors, AP-1 and NF-«xB, and downstream proinflammatory cytokines and chemo-
kines that orchestrate the inflammatory response. Treatment of A459 cells with
collected PM,, activated NF-kB signaling and activated 1L-8 transcription via
histone acetylase activity directed at its promoter site (Jimenez et al., 2000; Gilmour
et al., 2003). This inflasnmatory response was abrogated by antioxidant treatment,

AEC I also contributes to the generation of ROS. Techniques for the isolation
of native type I cells from mice allow the dissection of PM-induced signaling path-
ways through comparisons with genetically modified sirains. Such stadies have
demonstrated PM associated induction of AEC I apoptosis through a p53-mediated
pathway (Urich et al., 2009). These findings have been confirmed in vivo following
intratracheal instillation of PM,; and shown to be dependent on mitochondrial elec-
tron fransport-based ROS generation {Soberanes et al, 2009). The connection
between ROS generation and induction of the apoptotic cascade appears to be
through the redox-sensitive MAP3kinase effector apoptosis signal-regulating kinase
| (ASKI) (Kyriakis and Avruch, 2001). ASK1 homeostasis is maintained through
interaction with thioredoxin-1 with activation through ROS-mediated oxidation of
cysteinyl sulfhydry! groups (Nadeau et al., 2009). PM-induced ROS oxidizes ASK1]
and activates the stress activated protein kinase/c-Jun NH, terminal kinase (SAPK/
JNK) pathway that leads to apoptosis in vitro. Interruption of this pathway prevenis
PM-induced apoptosis and alveolar leak in vivo (Soberanes et al., 2009). In vitro
findings uvsing an AEC line (A549) corresponded with similar in vivo results in 2
mouse and demonstrated a DEP-induced upreguiation of matrix metalloprotease
(MMP)-1, a collagenase involved in alveolar wall degradation via an oxidative
pathway involving NAD(P}H oxidase and NOX4 (Amara et al., 2007).

Endothelial Cells

Recognition that NPs may be likely to enter the systemic circulation has stimulated
research evaluating the direct effects of NPs on endothelinum (Nemmar et al., 2002).
The role that the endothelium plays in thrombus formation and atherogenesis has
been focused on the context of health effects of PM. However, endothelial cells play
a central role in the regulation of hemostasis through secretion of cytokines, chemo-
kines, vasoactive mediators that balance constriction, and relaxation of smooth
muscle cells that line the vasculature and coagulation signaling cascades.
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A great deal of understanding of the pulmonary endothelial involvement in
inflammation and coagulation has been derived from studics of acute lung injury
associated with the ARDS. A somewhat simplified synopsis of these studies is that,
under conditions of inflammatory stimulation, pulmonary microvascular endothe-
lium switches from a predominantly anti-inflammatory phenotype that also inhibits
coagulation to an activated state that promotes teukocyte adhesion and activation
and initiates the coagulation cascade. A key component in this activation process
appears to be the coincident activation of platelets. A central role for the LPS of
gram-negative bacteria has been demonstrated for the induction of alveolar capillary
inflammation in acute lung injury. LPS, in conjunction with circulating CD14, a
receptor for LPS, interacts with endothefial cells through TLRs to upregulate leu-
kocyte adhesion molecules including VCAM, ICAM, and E-selectin as well as
stimulating the transport of P-selectin to the cell surface and the release of vWF
from intraceliular stores in Weibel-Palade bodies (Fig. 17.2). Local interactions with
polymorphonuclear leukocytes (PMNs) and platelets can enhance this response by
a variety of mechanisms including secretion of receptor cofactors and platelet—
leukocyte-endothelial adhesion (for a detailed review, seec Martinez and Zimmerman,
2007). Endothelial cells participate in the recruitment of leukocytes to injured tissue
through surface expression of constitutive and cytokine inducible adhesion mole-
cules (West et al., 1998). Expression of adhesion molecules, such as ICAM and
VCAM, constitutively expressed on vascular endothelium and induced by LPS,
supports the migration of leukocytes to injured tissues and are triggered by exposure
to proinflammatory cytokines, such as TL-1f (Terry et al., 1993; Panes et al., 1993).
Ultrafine particles were shown to induce microvascular endethelium production of
ROS generation directly through NAD(P)H oxidase Jeading to activation of MAP
kinase cascades and ultimately production of proinflammatory mediators such as
IL-6 (Mo et al., 2009). Recent cellular studies have suggested a role for NPs in the
induction of gene and protein levels of endothelial adhesion molecules ICAM,
VCAM, and endothelial-leukocyte adhesion molecule (ELAM)-1 followed by

PM +/~ IL-8 TNF-ct
ROS TGF-B GM-CSF
IL-IBLPS

Figure 17.2 Diagram of the upregulation of endothelial adbesion molecules and
proinflammatory activities that stimulate leukocytes and platelets in the pulmonary
microvasculature that may be the key to both pulmonary and systemic inflammatory
responses to inhaled particulate matter.
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increased adhesion of activated monocytes (Oesterling et al.,, 2008). Exposure to
DEPs has been shown to increase levels of IL-1B and ICAM-1 in mice (Takano
et al., 2002). These measures are important because an increase in endothelial adhe-
siveness is involved in the development of vascular diseases such as atherosclerosis
(Oesterling et al,, 2008). Additionally, a varisty of signaling molecules have been
colocalized to endothelial caveclae, which are involved in the process of micropi-
nocytosis. Signaling molecules involved in the regulation of vascular contractility
and proliferation and interfacing with inflammatory stimuli include epidermal growth
factor (EGF), platelet-derived growth factor (PDGF), insulin receptors, protein
kinase C (PKC), protein kinase A (PKA), adenyl cyclase, TGF-B family receptors,
intermediates of MAP kinase signal transduction, and eNOS (Ramos et al., 2007).
The function of the endothelium as a barrier has been investigated in the nmbil-
ical vein endothelium (Nadadur et al., 2009). In endothelium treated with residuat oil
fy ash, multiple genes associated with ion transport as well as intracellular signal
regulation and extracellular matrix were identified that are likely to influence endo-
thelial barrier function (Nadadur et al., 2009). While relatively little information on
the potential direct effects of particulate exposure for endothelial barrier function has
been published, several ROS-mediated signaling pathways regulate endothelial cyto-
skeleton and/or junctional protein assembly. ROS effects on cytoskeletal contractil-
ity include inhibition of myosin light-chain kinase, p38 MAP kinase-induced
phosphorylation of the actin binding heat shock protein HSP27, and activation of
RhoGTPases (Boueiz and Hassoun, 2009). ROS also influences the integrity of
endothelial cell-cell junctions, specifically by activating tyrosine kinases that modify
components of the adherens junctions (Boueiz and Hassoun, 2009} (Fig. 17.3).
Endothelium of the pulmonary vasculature is a major target of injury by oxi-
dants but can alse contribute to reactive oxygen species (ROS) levels (West et al,,
1998). Vascuolar endothelinm is a known source of ROS preduction via mitochon-
dria; xanthine oxidase; arachidonic metabolizing enzymes; heme-containing peroxi-
dases; NAD(P)H oxidases, including NOX2 and NOX4 isoforms; and nitric oxide
synthases (NOS) (West et al., 1998). In the case of NOX2, the phosphorylation of
p47™* leads to membrane transport and activation of the complex. Whether this
serves an antimicrobial action or as a signaling mechanism remains uncertain. It is
now increasingly accepted that NOX-derived ROS provides a spatially and tempo-
rally limited mechanism for compartmentally restricted signaling (Terada, 2006}, In
vitro experiments with mouse pulmonary microvascular cells demonstrate activation
of the NOX2 complex and ROS generation that is associated with MAP kinase
pathways (Mo et al., 2009). Vascular endothelial growth factor (VEGF)-mediated
activation of NOX2-associated complexes is involved in regulation of focal
adhesion contacts, formation of lamellipodae, and regutation of intercellular junction
integrity (Ushio-Fukai, 2007). This is largely mediated through NOX2-derived
ROS-inhibiting tyrosine phosphatases (Ushio-Fukai, 2009). Endothelial cells express
NOX4 in the endoplasmic reticulum (ER) and NOX4-mediated ROS generation
drives V-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog (K-ras) activation
leading to endothelial protective responses to chemical stressors (Wu et al., 2010).
NOX4 also plays an important role in angiogenesis, again through VEGF signaling
pathways. ROS produced by activation of NOX4 subsequent to VEGF signaling
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Figure 17.3 Regulation of the coagulant system by resting or activated endothelium.
Resting endothelium inhibits platelet activation through synthesis of NO, CO, and PGI, as
welk as uptake or metabolism of platelet-derived 5-HT and ADP. Normal endothelium also
inhibits thrombin activity through binding to thrombomodulin (TM), activation of protein C
(APC) through coliaborative interactions of TM with endothelial cell protein C receptor
(EPCR), and heparin-enhanced binding of thrombin by antithrombin 111 (AT TIT).
Endotheliuim activaied by endotoxin (LPS) or TNF-ct and possibly nanoparticles switches to
a pracoagulant state with upregulation of E-selectin, ICAM-1, and expression of platelet
endothelial cell adhesion molecule (PECAM) and vWF from intracellular stores in Weibel—
Palade bodies. Endothelial cell (EC) surface receptors bind platelets that are further activated
by EC-derived cytokines, such as IL-6, platelet activating factor (PAF), and TL-1o. Activated
and bound platelets externalize platelet granules and bind fibrinogen. These primed platelets
can be released to the circulation where they may enhance systemic coagulant responses,
Activated EC also modulates regulation of fibrin degradation by inhibiting plasminogen
activator through decreased production of tissue plasminogen activator (tPA) and urokinase
(uPA) as well as secretion of plasminogen activator inhibitor (PAT).

inhibits protein tyrosine phosphatases thus enhancing phosphorylation of PDGF and
extracellular signal-regulated kinase (ERK) 1 and 2 (Datla et al., 2007). Whether
overactivation of these endogenous signaling systems leads to oxidative stress and
whether PM exposure in the pulmonary microvasculature activates these systems
remains undetermined,

Endothelial cells participate in the regulation of coagulation cascades.
Coagulant cascades are facilitated by the initial activation of platelets iriggered by
damaged vascular endothelium followed by activation of enzymatic cascades to
produce fibrin to strengthen the clot and facilitate cellular repair. If these cascades
are disrupted, an increased risk for clotting, or thrombosis, exists. Mechanistically,
this disruption may be facilitated by exposure to ambient particles as physiological
studies have revealed changes in several key coagulant mediators (Rueckerl et al.,
2006; Bigert et al., 2008). Upregulation of the procoagulant activity of tissue factor
(TF) and correlative downregulation of the thrombolytic activity (PA demonstrated
procoagulant responses in PM-treated umbilical vein endothelium (Gilmour et al.,
20035). TE is also elicited from cultured bronchial epithelium and monocytes and
vascular smooth muscle cells treated with collected ambient PM (Sun et al., 2008).
A principal shift in endothelial regulation of the coagulation cascade is a shift from
synthesis of the anticoagulant prostacylin I, (PGI,) to procoagulant thromboxane A2
(TBX2). These mediators are synthesized from arachidonic acid precursors by the
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Figure 17.4 Diagram of interactions between epithelial cell-derived signals and dendritic
cell responses attracting and inducing TH-1 lymphocytes and their associated
immunomodulatory IFN-y secretion or proallergenic TH-2 responses.

COX enzymes COX-1 and COX-2. Several additional factors interface in the regula-
tion of coagulation including vWF expression and secretion, thrombomodulin, TF
pathway inhibitor, antithrombin J1II, and proteins C and S. These proteins regulate
the activation of the coagulation cascade as well as endothelial signaling through
the thrombin-activated, protease-activated receptor system (Fig. 17.4).

Research has demonstrated a role for particles in the alteration of the activity
of vasoregulatory substances such as NO, endothelial-derived relaxing factor
(EDRF), and endothelin-1 (ET-1). Principal among these are alterations in NO
homeostasis and synthesis of ET-1 {Brook et al., 2002; Urch et al., 2005; Brook,
2008). Children exposed to ambient PM demonstrate elevated plasma ET-1 and mean
pulmonary arterial pressure (Calderon-Garciduenas et al., 2007). Inhalation of urban
PM has been demonstrated to increase vascular tone in small pulmonary arterioles
(Batalha et al., 2002). This process appears, in part, to be a consequence of altered
NO-mediated vasorelaxation. Direct PM treatment of isolated pulmonary artery
segments and segments isolated from PM-instilied rats results in decreased NO-
dependent relaxation in response to acetylcholine (Courtois et al., 2008).

Vasoregulatory mediators are released by endothelial cells. NO is an important
endogenous regulator of pulmonary vascular tone. NO is synthesized and released by
endothelial cells, causing relaxation of vascular smooth muscle cells and inhibiting
platelet activation. NO sets basal vascular tone and contributes io hypertension when
inhibited. Biosynthesis and release of NO is known to be impaired at an eatly stage in
a variety of vascular disorders (West et al., 1998). NO plays a role in the accumula-
tion of cyclic guanosine monophosphate (cGMP) leading to smooth muscle relax-
ation, but it is uncertain how indicative measurement of cGMP levels are for NO
production by endothelial cells (West et al,, 1998). Vasodilator drugs act on
membrane-bound G-protein-coupled receptors on the vascular endothelium and
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stimulate calcium influx and NOS (eNOS) activation. This increases local NO levels
to act on adjacent smooth muscle cells causing vasodilation and increased blood flow.

In addition to NO, endothelins are proteins involved in vasoconstriction through
constriction of blood vessels and elevations in blood pressure. Overproduction of
endothelin {(ET-1) in the lungs may cause pulmonary hypertension when the bakance
between conslrictors, such as endothelin, and dilators, such as NO and prostacyclins,
is disrupted. The endothelium regulates local vascular tone and integrity through the
coordinated release of vasoactive molecules. Secretion of ET-1 from the endothelivm
signals vasoconstriction and influences local cellular growth and survival. ET-1 has
been implicated in the development and progression of vascular disorders, such as
atherosclerosis and hypertension. Endothelial cells upregulate ET-1 in response to
hypoxia, oxidized LDL, proinflammatory cytokines, and bacterial toxins. Initial
studies on the ET-1 promoter provided some of the earliest mechanistic insight into
endothelial-specific gene regulation. Numerous studies have since provided valuable
understanding of ET-1 promoter regulation under basal and activated cellular states.

Lung capillaries express a high level of angiotensin-converting enzyme—
sufficient to clear all circulating bradykinin and to activate all angiotensin I to
angiotensin II. They also actively synthesize serotonin and transport it to vascular
smooth muscle cells. Similarly, endothelial cells are prominent sources for endothe-
lin synthesis and its metabolism to its active ET-1 form. Since ET-1 is primarily
synthesized and partially cleared in the lungs, alterations in its secretion provide a
clear link between pulmonary changes induced by PM within the pulmonary vascu-
lature that may contribute to systemic responses. Ling tissue damaged due to acute
and chronic inflammation and cellular damage reduces ET-1 production to provide
adequate balance to vasoconstrictors. Rats exposed to inhaled urban PM had
increased gene expression of lung endothelin system genes, which are the primary
source of circulating ET-1, and detectably increased circulating ET-1 and blood
pressure (Thomson et al., 2004, 2005, 2006}, This increase was attributed to the
soluble fraction of urban particulates and was not induced by DEPs. Thomson and
colleagues provided extensive rescarch supporting a role for endotheling in the
mechanism for induction of cardiovascular effects by inhaled particles.

UNIFYING HYPOTHESES

Pulmonary inflammation induced by particulates has important consequences for
airway-associated diseases, such as asthma and chronic bronchitis, and as a stimulus
for systemic proinflammatory and procoagulant effects that provide a mechanistic
explanation for PM-associated CVD, such as myocardial infarction and atherogen-
esis. The responses of individual cells, as reviewed above, leads to interactive signal-
ing of diverse and often divergent inflammatory pathways. These include both innate
and immune defense systems with the interplay between them potentially directing
aliernative disease outcomes (Fig. 17.1).

In the case of airway diseases, the interface between airway epithelial cell
responses and the immune system is predicated on selective induction of TH-1- or
TH-2-like responses and the recruitment of cither neutrophils that will drive bron-
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chitis or dendritic cells that influence airway immune responses and asthma. Both
pathways can stimulate mucus hypersecretion through diverse signals. The interac-
tion between PM-generated ROS, receptor activation, differential TLR signaling,
and resultant patterns of bronchial epithelial cytokine secretion is important in char-
acterizing differential inflammatory and immune responses for particulates from
differing sources. Future studies should contrast characteristic TH-1 patterns of
secretion of IL-12, IL-18, TNF-¢, and IFN-y with TH-2 responses, such as IL-4,
IL-5, and IL-13. These effector cell signals should be interpreted in context of
inflammatory cell recruitment patterns and activation of receptor (epithelial) cell
signaling through TLR and growth factor activation and secretion of IL-6, IL-8,
TNF-o, and CCL20.

Differential dendritic cell activation and consequences on TH-1 or TH-2
immunomodulatory responses may be the key in the relationship between inhaled
PM and asthma or bronchitis. Dendritic cells (DC) recrnited from monocytes
(myeloid DC), the plasmacytoid series, or induced to become Langerhans-type cells
drive differing responses relative to interferon secretion and TH induction (Upham
and Stumbles, 2003). Recrvitment and differentiation of differing dendritic cell
populations may depend on the epithelial cell-derived cytokine milieu. Similarly,
epithelial cell-derived signals may direct dendritic cell responses attracting and
inducing TH-1 Iymphocytes and their associated immunomodulatory IFN-y secre-
tion or proallergenic TH-2 responses (Fig. 17.4).

PM influences on the alveolar wall have the potential to influence alveolar
integrity, edema formation, and perhaps interstitial matrix synthesis associated
with fibrosis. The alveolar capillary network also seems a likely region for the
secretion of cytokines and activation of circulating inflammatory cells including
platelets. An understanding of predicted patterns of deposition and clearance for
particles with a variety of physicochemical characteristics leads to the development
of hypotheses regarding signaling and response paiterns. Soluble cytokines secreted
by AMs and epithelial cells may interact directly through endothelial cell receptors
or even be modulated by extracellular matrix. Transport of particles through
the alveolar wall to directly interact with microvascular endothelium is highly
plausible, especiaily for those in the ultrafine size range. This seems to be the
most logical site for the activation of the circulating elements of blood, especially
given the inherent metabolic capacity of alveclar endothelium relative to inflamma-
tory mediators. Upregulation of endothelial adhesion molecules and secretion
of proinflammatory activities that stimulate leukocytes and platelets (Fig. 17.2)
in the pulmonary microvasculature may be the key to both pulmonary and
systemnic inflarmmatory responses to inhaled PM. Specific activities of importance
for priming of platelets and activation of monocytes include the expression of endo-
thelial cell adnesion molecules, such as ICAM-1, E-selectin, P-selectin, and VCAM-
1, and the secretion of proinflammatory cytokines activating circulating leukocytes
and platelets, such as MIP-1, monocyte chemotactic protein (MCP)-1, IL-lo,
RANTES, ET-1, and TF. Additionally, alterations in endothelial-derived anti-
inflammatory activities of PGI,, inducible nitric oxide synthase (iNOS), (PA, and
other thromboregulatory proteins may be important in the complex response {0
particulate-induced cardiovascular effects.
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SUMMARY AND ONGOING RESEARCH QUESTIONS

The cytokine milieu of pulmonary airways and alveolar spaces is a highly intercon-
nected network of epithelial-, endothelial-, and leukocyte-derived activities with
potential to influence both pulmonary and systemic responses to inhaled particles.
These responses involve much of particle toxicology, including deposition patterns,
size, composition, copollutant contamination and genetic variation in the responses
of individuals. Individual cells use many of the mechanisms evolved in response to
infectious agents and thus include mediators affecting both nonspecific and immune
defense systems. Recent evidence provides new clues connecting the chemical-
biological interactions between diverse source particles and innate stress response
signaling pathways, particularly in relation to oxidant response elements. The inter-
face between pulmonary inflammation, pulmonary microvascular responses, and
systemic inflammation is an area for continuing investigation. The unigue chemical
and physical characteristics of ambient and engineered NPs present a challenge
toward understanding the toxicity and downstream health effects.
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