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Introduction

The human lung with a surface area of 40±120 m2 is

constantly exposed to between 10 000 and 20 000 L of

ambient air daily, which consists of a wide range and a

large number of non-biological particles produced by

human inhabitation. The lung's defence mechanisms are

usually adequate to deal with a large number of particles

deposited on to its surface. In brief, these constitute mechani-

cal removal and biochemical neutralization. Larger particles

deposited on the conducting areas such as the trachea and

bronchi are propelled upwards by the mucociliary clearance

mechanisms into the throat and ®nally swallowed, while

smaller particles which reach the oxygen absorbing area of

the lung are removed by scavenging cells called macro-

phages, which either carry the phagocytosed particles up to

the airways towards the mucociliary clearance system or are

transported through the alveolar wall into the lungs' internal

clearance channels, the lymphatic vessels which drain into

the lymph nodes, where they might remain in an inert state,

or be transported into the blood. Particles present in the

ambient air contain transition metals capable of generating

reactive oxygen molecules that produce an oxidant-

mediated damage to cells lining the mucous membrane.

These oxidizing substances are rapidly neutralized by anti-

oxidants which are secreted by epithelial cells lining the

respiratory tract or which passively diffuse from the plasma

into the respiratory lining ¯uid.

Although the healthy lung is capable of dealing effec-

tively with a large number of particles deposited on to its

surface, these defence mechanisms may be overwhelmed by

either particle number overload or by the inherent toxicity of

the particle. In patients compromised with lung functions

such as defective mucociliary clearance or abnormal

immune function, even a small particle load may be suf®-

cient to produce harmful effects on the lung. Recently, there

have been increasing concerns over the adverse health

effects of these ambient non-biological particles. Over 60

epidemiological studies conducted in different geographical

locations of the world have demonstrated a consistent

association between ambient levels of particles with various

health outcome indices, including mortality, exacerbations

of asthma, chronic bronchitis, respiratory tract infections,

ischaemic heart diseases and strokes [1±4]. Similarly, there

has been an increasing understanding into the underlying

biological mechanisms of toxicity of particles over recent

years, which has helped to strengthen the association

between particulate matter and health as causal, as has been

suggested in epidemiological studies. This article reviews

the literature of the various mechanisms of particulate

matter toxicity.

Particle deposition studies

Exposure concentration of respirable particles is central to

determining the dose deposited in the lung. Large numbers

of particles deposit in the lung following exposure to high

airborne mass concentrations. One of the major factors

which determines the toxicity of inhaled particles is their

dosimetry characteristics, which include particle deposition,

clearance, retention, translocation and dissolution within the

different regions of the lung, factors which are important for

their persistence within the lung [5]. The dose of inhaled

particles and the deposition site within the lung vary widely

and are mainly determined by their aerodynamic size and

shape, breathing pattern and lung structure [6]. Generally, as

the particle size and breathing rates increase, particles

deposit more in the proximal areas, whereas enhanced

distal deposition takes place with small-sized particles and

slow breathing rates [7,8]. The ambient particulate cloud

comprises particles of different sizes ranging from a few

nanometres to several tens of micrometers, and amongst

these, particles below 10 mm in diameter have the potential

to reach and be deposited in the alveoli, while those greater

than 10 mm are likely to land in proximal airways and be

removed by the ciliary activity. Within the conducting

airways, particle deposition tends to be greatest at the

carinae, especially those particles > 1 mm in diameter [9].

Previous studies in humans using radioactive particles of

varying sizes have demonstrated that particles with a mass

median diameter of 2.5 mm undergo 83% total lung deposi-

tion, while particles of 8.2 and 11.5 mm diameters undergo

49 and 31% deposition, respectively, suggesting an inverse

relationship between particle size and total lung deposition

[10]. Similarly, smaller-sized particles tend to be retained in

1187q 1999 Blackwell Science Ltd

Clinical and Experimental Allergy, 1999, Volume 29, pages 1187±1194

Correspondence: S. Salvi, University Medicine, Level D Centre Block,

Southampton General Hospital, Southampton SO16 6YD, UK.



the lung for a longer duration (77% retention for particles

2.5 mm in diameter, compared with 15% retention for

particles of diameter 8.2 mm after 24 h) [11]. Recent studies

using Single Photon Emission Computed Tomography

(SPECT) with MRI have demonstrated greater total lung

deposition for particles of mass median diameter 1.8 mm,

compared with particles of size 6.8 mm [12]. Particles

smaller than 2 mm in diameter show a clear tendency to

achieve greater peripheral deposition than those greater than

2 mm in diameter. Interestingly, even in the presence of

moderate to severe airway obstruction, such as bronchial

asthma, particles smaller than 2 mm are capable of reaching

high levels of peripheral deposition when compared with

coarser particles [13]. Overall lung deposition has been

shown to be increased in patients with obstructed airways

and abnormal geometry [14]. A 30% reduction in airway

cross-sectional area results in a deposition increase in the

bifurcating airways by more than 100% [15]. Regional

deposition dose, or local tissue burdens, can be signi®cantly

different among individuals, even if total lung deposition

values are comparable. It is therefore possible that particle

burdens could reach the threshold limits at local lung

regions under exposure conditions that are normally accep-

table, particularly in individuals with compromised lungs

[15].

Most particles obtained from the ambient atmosphere of

urban settings lie in the size range between 0.05 and 0.2 mm

[5]. Their chemical composition varies considerably, but the

ultra®ne fraction (particles # 2.5 mm in mass median dia-

meter, called PM2.5) consists of about half carbon and half

salts, mainly ammonium sulphate and ammonium nitrate

[16]. Amongst the various sources, diesel exhaust is the

single most major contributor to particulate matter in most

urban areas world-wide, accounting for up to 90% of the

total particle mass in some major cities such as London,

mainly because diesel vehicles generate up to 100±150

times more particles than those discharged from catalyst-

equipped petrol vehicles of similar performances [17]. The

mass median diameter of diesel exhaust particles is approxi-

mately 0.2 with over 90% being < 1 [18]. Recent electron

microscopy studies suggest that over 80% of the number of

diesel exhaust particles are in the size range around 0.1 mm

[19], adsorbed onto which are an estimated 18 000 different

high molecular weight organic compounds [20]. Studies

carried out at Birmingham University have demonstrated

that particles in this size range have around 50% lung

deposition [5].

Experimental studies in rats have shown that ultra®ne

particles sustain more lung injury and pathology than those

exposed to the same deposited mass of ®ne respirable

particles of the same material [21,22]. It has therefore

been suggested that particle numbers and size appear to be

more important than the mass in producing a biological

response [23]. This mainly appears to be due to the large

surface area available on smaller-sized particles. The mass

of a 1-mm particle is equivalent to the mass of 1000 0.1-mm

particles, however, the surface area of the same mass of a

0.1-mm particle is 10 times that of a 1-mm particle. There-

fore a 10% increase in PM10 would represent a very large

percentage change of both the number of particles and their

surface area [5]. Therefore, as particles get smaller, their

surface area for the same mass becomes greater, and hence

their capacity to carry toxic substances and free radicals

increases. More free radicals are detected in ultra®ne

particulate samples compared with coarser samples of the

same substance [22,24] and hence the differences in their

ability to cause lung in¯ammation can be explained on the

basis of different amounts of free radical activity.

Although their contribution to particle mass is quite

small, ultra®ne particles are typically present in the air in

very high numbers. For a given weight of ambient particles,

the large majority of the mass resides in the fraction greater

than 1±2 mm in diameter, but the greatest number of

particles by far will be below this size. Fixed site particulate

monitors which record the total mass of suspended particles

in the ambient air, measured as PM10 (particles with a mass

median diameter # 10 mm) disproportionately represents

the largest-sized particles, and may therefore not be effec-

tively measuring the most important particulate size fraction

associated with adverse health effects [25,26]. Similarly,

area sampling data from ®xed site monitors may be of

limited value in the investigation of the biological effects

of exposure to PM10, since some studies have demonstrated

that the levels measured by personal PM10 monitors measure

values on average up to 2±5 times higher than those recorded

at ®xed site monitors [27,28].

Laboratory-based studies

In vivo animal exposure studies

A number of animal models have been developed to

investigate the toxicological mechanisms of particles.

These have generally involved instillation of suspensions

of particles collected from ambient air or particles of

speci®c composition, such as diesel particles, residual oil

¯y ash, carbon particles or titanium dioxide. Following

deposition in the lung, alveolar macrophages rapidly phago-

cytose particles in an opsonin-independent manner, using

scavenger-type receptors [29] and migrate towards the

bronchoalveolar junction, where they tend to accumulate

and aggregate [30±33]. Large numbers of ultra®ne particles,

however, pose a substantial burden for the macrophage

phagocytic system and result in increased numbers of

particles coming in contact with the respiratory epithelium.

Earlier studies in animals exposed to high levels of particles
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generated from diesel exhaust have reported damage to

alveolar macrophage membranes and depressed phagocytic

activity followed by damage to ciliated epithelial cells

lining the trachea and large airways [34±36]. Morrow [37]

demonstrated that impairment of clearance by macro-

phages begins when the particles occupy 6% of the macro-

phage volume and is completely inhibited at 60% of

macrophage volume, while Oberdorster et al. [21] demon-

strated impairment of clearance at 2.6% macrophage

volume, especially with ultra®ne particles when the particle

retention time in the lung increases eightfold. Oxidative

damage mediated by particles then leads to activation of

macrophages with the subsequent release of potent pro-

in¯ammatory mediators such as IL-1, IL-6 and TNFa

[38,39]. Instillation of ®ne carbon particles in the lungs of

rabbits stimulates the bone marrow to release neutrophils

into the peripheral blood and shorten their transit time to

the lung [40], an effect mediated by the production and

release of in¯ammatory mediators from activated alveolar

macrophages.

One of the earliest changes of lung toxicity in guinea pigs

mediated by particles is damage to capillary endothelial

cells and type II pneumocytes of the alveolar epithelium,

which leads to alveolar oedema and a subsequent cellular

in¯ammatory response involving neutrophils [41]. In guinea

pigs scanning electron microscopy has demonstrated that

the particulate component of diesel exhaust causes alveolar

destruction in a concentration- and duration-dependant

manner [42]. Rodents chronically exposed to particles

produce increased levels of cytoplasmic and lysosomal

enzymes and total proteins, suggesting cellular injury,

which is followed by increased synthesis and deposition

of collagen [43,44] producing thickening of the alveolar

septa and blood vessels and the development of interstitial

®brosis [31,45±48].

Guinea pigs and mice exposed to diesel particles follow-

ing allergen challenge demonstrate increased nasal mucosal

hyperresponsiveness to histamine, with enhanced sneezing

and increased nasal secretions [49,50], which is associated

with increase in vascular permeability, stiffness of lung

parenchyma and airway resistance and a reduction in lung

volumes and lung compliance [51]. In a mouse model of

allergic airways disease, with features similar to human

asthma, intratracheal instillation of ®ne particulate matter

obtained from ambient urban atmosphere has demonstrated

to increase airway hyperreactivity associated with increase

lavage eosinophil numbers and IL-4 levels [52]. Similarly,

instillation of diesel particles in mice has demonstrated

aggravation of allergen-induced airway in¯ammation, char-

acterized by an eightfold increase in IL-5 levels in broncho-

alveolar lavage ¯uid, a 35-fold increase in eosinophilic

in®ltration and a sixfold increase in lymphocytes in the

lung tissue, along with increase in the numbers of goblet

cells in the bronchial epithelium [52,53]. Increased levels of

mRNA for IL-2, IL-4 and GM-CSF have also been reported

in the airway tissue following inhalation of diesel particles

[52]. Co-administration of diesel particles with allergen

increases the levels of IL-4, a TH2-type cytokine along

with a concomitant decrease in IFNg, a TH1-type cytokine

in the mediastinal lymph nodes of mice [54,55]. Recently,

the carbon core of diesel particles has been shown to have a

signi®cant adjuvant effect on the local immune-mediated

in¯ammatory response as well as on the systemic-speci®c

IgE response to allergen [56], while polycyclic aromatic

hydrocarbons have been shown to promote greater IgE-

epsilon («) RNA transcription and translation [57]. Particles

generated from diesel exhaust have an adjuvant activity on

the production of IgE and IgG1 antibodies against dust mite

allergen in mice immunized intranasally with mite allergen

[58]. Diesel particles have also been shown to adsorb

allergens from grass pollen onto their surface and therefore

act as potential carriers to increase their deposition in the

respiratory tract [59]. This would have the effect of greatly

increasing the allergen dose that reaches the lung and at the

same time enhancing its antigenicity [60].

In vitro cell culture studies

Airway epithelial cells and macrophages are the initial

target cells for particle interaction and deposition, and are

therefore the cells most likely to be affected by the toxic

effects of particles. Most in vitro particle exposure studies

have therefore focused their work on these cells. Particles

have been shown to produce dose-dependant membrane

damage to epithelial cells [61,62]. Primary human airway

epithelial cells when exposed to particles obtained from

diesel exhaust in vitro actively phagocytose them followed

by increased production of several pro-in¯ammatory cyto-

kines such as IL-6, IL-8 and GM-CSF [61±64]. This

suggests that epithelial cells can perform phagocytic func-

tions as do macrophages and neutrophils, and also act as

initiators of in¯ammatory responses by secreting various

in¯ammatory mediators. Release of these pro-in¯ammatory

cytokines appears to be more pronounced in epithelial cells

obtained from mild asthmatic subjects compared with

healthy subjects [65]. Similarly, particles collected from

ambient urban air have been demonstrated to activate the

transcription factor NFkB and enhance the expression of

IL-6, IL-8 and ICAM-1 in secondary-transformed human

airway epithelial cells [66]. Residual oil ¯y ash, an important

contributor to urban ambient particulate matter, when

exposed to human airway epithelial cells in vitro induces

the production of increased levels of IL-6, IL-8 and TNFa,

as well as mRNA coding for these cytokines, which is

inhibited by the inclusion of either a metal chelator or free

radical scavenger, suggesting that metals present in the

Particulate matter pollution 1189

q 1999 Blackwell Science Ltd, Clinical and Experimental Allergy, 29, 1187±1194



particles produce an oxidative stress, which may be respon-

sible for the production and release of in¯ammatory media-

tors [67]. Emission source and ambient particles contain

signi®cant concentrations of ®rst row transition metals

which have the capacity to support electron exchange and

catalyse free radical production [68,69].

Diesel exhaust particles upregulate the expression of

histamine H-1 receptor mRNA in human airway epithelial

and endothelial cells in vitro and enhance histamine-

induced increase in IL-8 and GM-CSF production [70].

Upregulation of histamine H-1 receptors is an important

factor associated with nasal and bronchial hyperresponsive-

ness, features characteristic of allergic rhinitis and bronchial

asthma and may therefore explain the increased incidence of

asthma and rhinitis observed during particulate pollution

episodes.

Peripheral blood mononuclear cells obtained from atopic

subjects and cultured with particles obtained from diesel

exhaust in vitro increase IgE levels which is associated with

increased numbers of IgE secreting B cells [71]. Similarly,

puri®ed B cells when cultured with extracts from diesel

exhaust particles demonstrate increased IgE production in

the presence of costimulatory molecules such as IL-4 and

CD40 [57]. It has been suggested that polyaromatic hydro-

carbons present in diesel particles promote greater «RNA

transcription and translation via acting on aryl hydrocarbon

receptors present on B lymphocytes [57].

Human alveolar macrophages obtained from healthy

human subjects following acute short-term exposure to

diesel particulates show greatly impaired phagocytosis of

yeast particles in vitro [72]. Exposure of particles obtained

from ambient air to freshly isolated human alveolar macro-

phages for 24 h induces apoptosis and changes their pheno-

type towards a higher immune-active state capable of

releasing a large number of in¯ammatory mediators [73].

Similarly, diesel particles when incubated with alveolar

macrophages obtained from mice stimulate the release of

TNFa and IL-6 [39].

Diesel particles when inoculated with allergen in mouse

bone marrow-derived cultured mast cells have shown to

greatly increase the production of IL-4 and IL-6 [74]. In

vitro exposure of ambient particles collected from different

urban settings to phagocytic cells demonstrates induction of

oxidative stress which correlates with the iron content of the

particles [75], while PM2.5 collected from the ambient air

induces the expression of stress-related genes such as heat

shock proteins hsp70, the magnitude of which correlates

with the amount of soluble copper in the particulate prepa-

rations [76]. It is therefore suggested that the lung dose of

bioavailable transition metal and not instilled particulate

mass is the primary determinant of the acute in¯ammatory

response for both the ambient and combustion source

particulate matter samples [77]. Recently, particles from

diesel exhaust have also shown to activate the alternative

pathway of the complement system and increase the pro-

duction of biologically active degradation products of

complement proteins such as C3a [78].

Human in vivo studies

The marked effect of inhaled particles on the human airways

was highlighted in the 1990s by the ®nding that healthy

human volunteers when exposed to diesel exhaust particles

for 1 h demonstrated an increase in the number of alveolar

macrophages, neutrophils and T lymphocytes in the broncho-

alveolar lavage ¯uid [72]. Subsequently, diesel particles have

been shown to produce an acute cellular and mediator

in¯ammatory response in the airway tissue and peripheral

blood of healthy human subjects [79]. These in¯ammatory

indices included peripheral blood neutrophilia and thrombo-

cytosis, increase in histamine, ®bronectin, neutrophils, and

B lymphocytes in the airway lumen and an increase in the

number of in¯ammatory cells (neutrophils, lymphocytes

and mast cells) in the bronchial tissue. This was mediated

by an upregulation in the expression of adhesion molecules

on the capillary endothelial cells and leucocyte cell surfaces.

Similarly, diesel particles have also been shown to increase

gene transcription and the expression of IL-8 protein in the

human bronchial epithelium [80].

Nasal instillation of diesel particles in atopic human

subjects has been shown to produce a 25-fold increase in

IgE mRNA and a ®vefold increase in IgE levels in nasal

lavage [81]. When these particles are co-administered with

allergen in atopic rhinitic subjects they produce a 50-fold

increase in allergen-speci®c IgE, when compared with

instillation of allergen alone [82]. Diesel particles also

signi®cantly increase the number of proliferating IgE-

secreting B cells in the nasal mucosa [81], and recently it

has been demonstrated that the combination of nasal muco-

sal stimulation with diesel exhaust particles and ragweed

allergen is capable of driving an in vivo isotype switch to

IgE in humans with ragweed allergy [83]. These results

suggest that diesel particles induce a qualitative and quanti-

tative increase in IgE levels, and can therefore contribute to

the enhancement of mucosal allergy.

Apart from the physical property of ultra®ne size, particle

toxicity has also been linked to its pH [84] and metal content

[77]. A large number of transition metals appear to be

adsorbed onto the surface of particles, which are capable of

generating reactive oxygen intermediate species from various

airway cells. These in turn activate redox-sensitive transcrip-

tion factors such as NFkB, AP-1 and AP-2 which induce

gene transcription of a large number of pro-in¯ammatory

molecules such as cytokines, cell adhesion molecules and

in¯ammatory mediator receptors [85]. These mechanisms

may underlie the in¯ammatory effects of particles.
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Particles and cardiovascular system

Ambient particles have been associated with cardiovascular

mortality and morbidity, especially among the elderly popu-

lation [2,86]. Seaton et al. [87] have suggested that low-

grade in¯ammation caused by ultra®ne particles deposited

in the alveoli might lead to increased coagulatability and

that the altered blood rheology might therefore be a part of

the pathological mechanism linking particulate pollution

with cardiovascular mortality and morbidity. Several haema-

tological factors, including plasma viscosity, ®brinogen,

factor VII and plasminogen activator inhibitor occurring

as a consequence of in¯ammatory reactions are predictive of

cardiovascular disease. To support this hypothesis, Peters

et al. [88] have recently demonstrated increased plasma

viscosity in a large population sample which correlated

with particulate matter levels in the ambient atmosphere.

Similarly, instillation of ultra®ne carbon black in the lungs

of rats has been demonstrated to increase the levels of

coagulation factor VII [89]. A 1-h exposure to diesel

exhaust particles in healthy human volunteers in chamber

studies has demonstrated an increase in the number of

circulating platelets and neutrophils in the peripheral

blood, along with an acute cellular and mediator in¯amma-

tory response in the airways [79]. An increase in the number

of leucocytes and platelets in the systemic circulation, even

without apparent signs of cell activation, may impair the

¯ow of blood cells through the microcirculation and

increase the haemodynamic resistance to ¯ow in many

organs [90]. There is increasing evidence to suggest that

neutrophils play a key role in reducing myocardial function

as part of the systemic response to in¯ammation [91].

Release of IL-6 from macrophages following particle phago-

cytosis, as has been demonstrated in vitro [39], could

stimulate hepatocytes to secrete ®brinogen [92] and increase

blood viscosity. Similar but less-severe systemic responses

to ultra®ne particle-associated lung in¯ammation could

result in chronic activation of circulating neutrophils,

which could in turn lead to cardiovascular damage in

patients with already compromised myocardial function.

Summary

The ambient atmosphere contains a large number of non-

biological particles produced by human inhabitation. Follow-

ing inhalation, ultra®ne particles deposit in large numbers in

the conducting and gas exchange areas of the lung. By virtue

of their extremely small size, they have a large surface area

capable of carrying large numbers of toxic substances and

free radicals on their surface. This provides the opportunity

for surface chemistry of the particles to have a profound

biological effect on the cells which come in contact with

them. Alveolar macrophages rapidly phagocytose particles

which deposit in the airways, however, their phagocytic

capacity decreases when the particle load is high. This

results in their prolonged retention in the lung and increased

interaction with epithelial and other cells [93]. Free radicals

generated via transition metals associated with particles lead

to oxidative damage and activation of macrophages result-

ing in the release of several pro-in¯ammatory mediators,

which initiate an acute cellular and mediator in¯ammatory

response in the airways. Epithelial cells on coming in

contact with ultra®ne particles actively phagocytose them,

followed by increased production and release of a large

number of pro-in¯ammatory cytokines, which further amplify

the in¯ammatory response. Particles generated from diesel

exhaust on reaching the airway submucosa produce a qualita-

tive and quantitative increase in IgE levels, which further

trigger an allergic in¯ammatory response. Ultra®ne parti-

cles which penetrate the interstitium make contact with

interstitial macrophages and other sensitive cell populations

and release in¯ammatory mediators which can enter the

blood stream to produce a low-grade systemic in¯ammatory

response, with effects on blood platelets and clotting factors,

thereby increasing plasma viscosity. This could lead to

cardiovascular dysfunction, especially in patients with an

already compromised cardiovascular status.
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