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‘‘Environmental cardiology’’—the relationship between air
pollution, autonomic control, inflammation, and adverse cardiac
events

A
s cardiologists know to their cost,
the course of coronary artery
disease is highly unpredictable.

Although the disease accounts for about
20% of all deaths in developed countries
and high levels of morbidity, in most
cases the disease is clinically silent.
Autopsy studies reveal that more than
half of all people over the age of 60 and
over a quarter of adults under this age
have coronary artery disease. Even
when this is manifest as angina, the
annual event rate is only about 3%.
When adverse events occur, however,
they usually do so without apparent
cause and without warning. About half
of the deaths due to coronary artery
disease are sudden and, of these, half
are due to plaque rupture and intracor-
onary thrombosis.1 In the remainder,
although severe coronary artery disease
is often present, no evidence of throm-
bus is found at autopsy and the cause of
death is believed to be arrhythmic. If
most adult residents of the western
world are walking around with coronary
artery disease, what are the factors that
determine whether, on any given day,
the disease remains silent or presents
with an acute coronary syndrome or
sudden arrhythmic death? Could exter-
nal environmental factors increase the
chances of plaque rupture or arrhyth-
mia? If so, what are the mechanisms?

AIR POLLUTION AND CORONARY
ARTERY DISEASE
Of the environmental factors examined,
air pollution has become a prime sus-
pect. While modern levels of particulate
and gaseous pollutants are far lower
than those of the 1950s, they continue
to be related to daily total and cardio-
vascular mortality rates.2 A large num-
ber of papers from independent
researchers in geographically and clima-
tically distinct regions of the world have
shown a consistent association between
daily levels of pollution and cardiovas-
cular mortality and morbidity including
strokes, arrhythmia, and myocardial
infarction. The effect size appears small;
an increase of 10 mg/m3 in fine particu-
late pollution is associated with an

increase of less than 1% in daily
cardiovascular mortality (mean 24 hour
levels in urban areas are usually about
20 mg/m3 but can approach 100). On an
individual level, this is an effect much
smaller than smoking but, because it is
an ever present stimulus to the entire
population, the number of deaths attri-
butable to this effect may be very large
indeed.
Two areas of research into coronary

artery disease have begun to shed light
on the mechanisms by which air pollu-
tion might result in adverse cardiac
events. Pulmonary inflammation as a
result of air pollutant exposure might
give rise to a systemic cytokine mediated
inflammatory response. Atherosclerosis
is an inflammatory disease and there is
no doubt that there is a relationship
between levels of inflammation and
cardiovascular risk. An increase in C
reactive protein (CRP) levels is predic-
tive of cardiovascular risk in subjects
with coronary artery disease and in
apparently healthy subjects with or
without conventional risk factors.3

Possible mechanisms include effects on
plaque stability, endothelial function,
platelet activation, and coagulation. A
second mechanism by which airborne
pollution might lead to adverse cardiac
events is via adverse effects on cardiac
autonomic control, either as a result of
airway receptor stimulation or as an
indirect consequence of an inflamma-
tory response. There are robust data
linking high levels of sympathetic tone
and low levels of vagal control—as
assessed by measurement of baroreflex
sensitivity, heart rate variability and
catecholamine levels—to mortality and
the occurrence of arrhythmia in patients
with heart failure, survivors of myocar-
dial infarction, and even in healthy
volunteer groups.4–6 There is also con-
vincing evidence to suggest that this
relationship is causal. Numerous animal
studies have shown that sympathetic
tone increases and vagal tone reduces
the susceptibility to ventricular fibrilla-
tion.7–9

In keeping with these inflammatory
and autonomic hypotheses, observational

studies have found that there are
associations between daily levels of
particulate pollution and markers of
both inflammation and heart rate
variability (HRV). Levels of CRP and
plasma viscosity increased during an
episode of pollution in Germany in
1985 that was also associated with a
dramatic increase in hospital admis-
sions for cardiac events.10 During the
same episode heart rates were increased,
suggesting an increase in sympathetic
nervous activity and/or vagal withdra-
wal. Subsequently, small panel studies
from Boston,11 Baltimore,12 and Utah13

supported this interpretation, finding
that HRV was reduced during particu-
late pollution episodes. More recently,
larger studies from Mexico14 and from
Utah15 have shown that high frequency
(vagal) components of HRV vary inver-
sely with levels of particulate matter less
than 2.5 mm in diameter (PM2.5), parti-
cularly in at risk subjects with hyperten-
sion. A human challenge study has also
shown that experimental exposure to
concentrated ambient particles results
in reduced HRV.16

Two new papers that further investi-
gate the relationship between ambient
pollutant concentrations and HRV are
published in this issue of Thorax.17 18

Once again they are small studies with
fewer than 40 subjects in each case.
What new information do these papers
provide? Schwartz and colleagues17

working in Boston examined the effect
of locally measured pollutants on HRV
and confirmed the results of their earlier
study, showing an inverse association
between the preceding 24 hour average
PM2.5 and high frequency HRV indices
of cardiac vagal control such as r-MSSD.
A weaker effect on SDNN, a measure
of total variability that includes non-
autonomic influences, was observed. In
a sophisticated analysis they found that
the effects of black carbon were slightly
greater in magnitude than those of
PM2.5, and that these effects were
present in all individuals studied
although they were strongest in the
three subjects with a previous myocar-
dial infarction. The study is perhaps best
viewed as hypothesis generating, but it
does suggest that traffic related particles
exert even more powerful adverse
effects on cardiac autonomic control
than PM2.5 which, in Boston, is com-
posed predominantly of long range
transported sulphates probably derived
from industrial emissions. This result
accords with a recent report that impli-
cates exposure to traffic as a trigger of
myocardial infarction.19 It is also con-
sistent with the hypothesis that subjects
with coronary artery disease are at
particular risk from the adverse effects
of air pollution.
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In contrast, Sullivan and colleagues18

working in Seattle found no association
between 1, 4 or 24 hour outdoor or
indoor exposure to particulate matter
and any frequency or time domain
measure of HRV in 24 elderly indivi-
duals monitored over 10 day periods.
These results are in disagreement with
previous published work. Publication
bias cannot be excluded as an explana-
tion for the absence of previous negative
studies, but could there be methodolo-
gical or other features of this study that
might explain the negative results?
Unlike most previous reports, the mea-
surement of particulates was performed
at each individual’s home rather than at
a local monitoring station. However,
this should be viewed as a major
strength of the study and it is hard to
see how this could have been respon-
sible for anything other than increasing
the strength of any association with
HRV values. The study was performed
on the western coast of the United
States and the authors speculate that
the particulate pollution in this region
may differ in its composition from that
of previous studies in other areas. There
is evidence that the toxicity of particu-
late pollution is related to the content of
reactive metal species and sulphates.
The particles in Seattle may have con-
tained lower levels of these toxic com-
ponents than those from regions such as
Boston and Baltimore, although no
information on this is given in the
paper. A more likely explanation, how-
ever, may lie in the combination of low
PM values and the small range of
concentrations encountered. It is possi-
ble that there were simply too few
periods of high exposure to cause any
detectable effects on HRV and this, in
turn, is probably a reflection of the short
10 day study periods. A further factor
could be the inclusion of 21 patients
with cardiovascular disease in the study,
a large proportion of whom were on
drugs such as b blockers and ACE
inhibitors known to increase HRV and
preserve vagal tone under conditions of
stress.20

The relationship between air pollution
and both autonomic control and inflam-
mation clearly requires further study.
There is, however, a key piece of
evidence missing in both of these
mechanistic theories. Paradoxically, the
prognostic value of both HRV and CRP
is established for medium and long term
associations but not for short term

effects over hours or days. Unless it
can be shown that changes in these
markers precede adverse events within an
appropriate time scale, the significance
of reports of changes in response to day
to day fluctuations in pollutant levels
must remain in doubt. On biological
grounds both mechanisms appear
plausible. An inflammatory cytokine
response resulting in a rise in CRP
occurs within hours in response to
infection, inflammation, and tissue
damage—events that occur frequently
throughout life. Similarly, sympathetic
and cardiac vagal activities vary con-
stantly in response to reflex stimuli,
emotion, exertion and, of course,
inflammation and infection. Support
for the concept also comes from the
recent reports that CRP varies markedly
over time in patients with coronary
artery disease,21 even when clinical
infective episodes are excluded, and
from the finding that acute respiratory
and urinary tract infections are asso-
ciated with a transient increase in the
risk of a stroke and myocardial infarc-
tion.22 In addition, a small study of
patients with heart failure showed that
cases of sudden death were preceded by
intra-individual increases in CRP and
falls in HRV.23 As the American Heart
Association has recognised in their
recent statement, further research on
the relationship between air pollution,
autonomic control, inflammation, and
adverse cardiac events is required.2

Funding bodies should be aware of this
new field that has been termed ‘‘envir-
onmental cardiology’’. The results of
research could be of immediate value
to people with coronary disease—and
this includes most of us!
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The endothelin system and its role in
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Endothelin receptor antagonists represent a major advance in the
treatment of PAH but much remains to be learned of their
effectiveness in specific forms of pulmonary hypertension

T
he endothelin system is emerging as
an important mediator in pulmon-
ary arterial hypertension (PAH) and

the endothelin receptor antagonists
represent a major advance in the treat-
ment of this condition. PAH results from
a massive proliferation of myofibroblast
cells in the intima of small pulmonary
arteries. Thickening of the media is also
observed and abnormal proliferation of
endothelial cells may result in plexiform
lesions.
The endothelin system has been

extensively studied over the 15 years
since its initial discovery by Yanagisawa
and co-workers in 1988. It is clear that
endothelin 1 (ET-1) is a key mediator of
pulmonary vascular biology and patho-
physiology. It is a powerful vasocon-
strictor and proliferative cytokine. In the
early 1990s ET-1 was identified as an
important mediator of PAH. Plasma ET-
1 levels were found to be elevated in
patients with pulmonary hypertension
and correlated with the raised pulmon-
ary vascular resistance.1 Furthermore,
expression of ET-1 mRNA and protein
was increased in endothelial cells com-
prising vascular lesions in primary pul-
monary hypertension.2

The availability of ET-1 receptor
antagonists allowed testing of these
compounds in experimental models. In
rat models of experimental pulmonary
hypertension—including pulmonary
hypertension induced by chronic (2–
3 weeks) hypoxia3 and by the alkaloid
monocrotaline—ET-1 antagonists pre-
vent the development of PAH. More
compelling is the finding that ET-1
antagonists can partly reverse estab-
lished PAH in experimental models.4

These observations suggest that ET-1
antagonists can potentially reverse
established pulmonary vascular remo-
delling rather than simply prevent vaso-
constriction.5 In clinical PAH the main
component of the increased pulmonary
vascular resistance is remodelling rather
than vasoconstriction. However, in ani-
mal models the predominant lesion is
medial hypertrophy rather than intimal

thickening, and it is unknown whether
regression of these lesions occurs in
man. Nevertheless, ET-1 antagonists
provide a unique opportunity to target
pulmonary vascular remodelling via
their effects on vascular cell growth.

ENDOTHELIN RECEPTORS
Endothelin receptors exist in at least
two separate isoforms, ETA and ETB. ETA
receptors are generally present on
smooth muscle cells and are respon-
sible for vasoconstriction and cell pro-
liferation whereas ETB receptors are
found on both endothelial cells and
smooth muscle cells. The role of ETB
receptors is more complex. ETB receptor
can mediate endothelium-dependent
vascular relaxation by inducing nitric
oxide (NO) and prostacyclin (PGI2)
release and are therefore thought to
induce vasodilatation; however, the
potential of ETB receptors to mediate
relaxation is not clear. The proportion of
ETB receptors increases in small periph-
eral pulmonary arteries.6 It is this
peripheral region comprising the resis-
tance arteries of the lung that is the
most important site for vascular remo-
delling in PAH. Pharmacological studies
in human pulmonary resistance arteries
suggest that the ETB receptor, as well as
the ETA receptor, mediate vasoconstric-
tion to ET-1 in man, although there
appear to be species differences in ETB
mediated contraction. Human pulmon-
ary artery smooth muscle cells cultured
from small pulmonary arteries (,1 mm
external diameter) retain a high propor-
tion of ETB binding (33%) and these
receptors can be shown to mediate some
of the growth response to ET-1.6

Patients with severe pulmonary hyper-
tension exhibit increased ET receptor
binding in peripheral pulmonary
arteries.6 In patients with idiopathic
pulmonary arterial hypertension (pre-
viously known as primary pulmonary
hypertension) there appeared to be no
change in the proportion of ETA:ETB
receptors in peripheral pulmonary arteries
as assessed by in vitro autoradiography.6

However, in chronic thromboembolic
pulmonary hypertension, selective upre-
gulation of ETB receptor mRNA has been
reported in lung samples.7 Thus, a case
has been made for dual ETA/ETB receptor
antagonists in the inhibition of pulmon-
ary vascular remodelling. Since ET-1 is
produced by the neighbouring endothe-
lium and in an autocrine manner by
smooth muscle cells in the vascular wall,
dual ETA/ETB receptor antagonism could
block both receptor subtypes shown to be
involved in ET-1 stimulated smooth
muscle cell proliferation. Inhibi-
tion of ETB receptors on the endothelium
could theoretically be detrimental because
of the loss of ETB mediated NO/PGI2
release, although in vivo this effect has
not been observed and the relative bene-
fits of dual ETA/ETB versus ETA antagon-
ism remain to be determined.

THERAPEUTIC POTENTIAL OF
ENDOTHELIN RECEPTOR
ANTAGONISTS
The critical importance of ET-1 in the
spectrum of pulmonary hypertensive
disorders has identified endothelin
receptor antagonists as having obvious
therapeutic potential. The oral dual
endothelin receptor antagonist bosentan
(Tracleer) has been studied in two
randomised, placebo controlled, double
blind studies.8 9 Patients with PAH
(idiopathic or associated with connec-
tive tissue disease) in NYHA functional
class III or IV were included. The
primary end point (6 minute walking
distance) was evaluated at 16 weeks.
Patients treated with bosentan walked
36.4 metres further at 16 weeks com-
pared with a reduction in walking
distance of 7.8 metres in the placebo
group, giving a treatment effect of
44.2 metres (CI 21 to 67 metres, p=
0.0002). Clinical worsening—defined by
death, premature withdrawal from
study, admission to hospital for worsen-
ing of PAH, or escalation of treatment to
intravenous prostacyclin—occurred in
37% of placebo treated patients com-
pared with 11% of bosentan treated
patients (p=0.0015). NYHA functional
class improved significantly in more
patients on bosentan than placebo.
An open label, uncontrolled, single

and multiple dose study has been
performed in children aged 4–17 years
with PAH to assess the pharmacoki-
netics, tolerability, and safety of oral
bosentan. In this preliminary study a
significant improvement in haemody-
namics was observed after 12 weeks of
bosentan treatment in the 18 enrolled
children, either alone or in combination
with intravenous epoprostenol.10

Favourable clinical and haemody-
namic results have recently been
achieved with the use of bosentan in
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11 patients with HIV-associated PAH.11

A study to assess the effects of bosentan
in patients with Eisenmenger’s disease
is also ongoing.
The most important adverse event

described in patients taking bosentan is
an increase in serum hepatic transami-
nase levels in 11% of patients. Abnormal
hepatic function was found to be dose
dependent, being more frequently
reported in patients receiving 250 mg
twice daily or higher than in those
receiving 125 mg twice daily (14% and
5%, respectively). Due to the potential
increase in liver enzymes, the US Food
and Drug Administration (FDA) requires
that liver function tests be performed at
least monthly. Bosentan use may also be
associated with mild anaemia.
Careful attention must be paid to the

use of adequate contraception in women
of childbearing age because of potential
teratogenic effects. In addition, bosen-
tan may decrease the efficacy of hormo-
nal contraceptive techniques and, for
this reason, they should not be used
alone. There is concern that the
endothelin antagonists as a class may
be capable of causing testicular atrophy
and male infertility. Younger men who
may consider conceiving should be
counselled regarding this possibility
before taking these drugs.
Most recent data from two rando-

mised, placebo controlled studies and
two long term extensions show that
bosentan treated patients in NYHA class
III have improved survival at 2 years
compared with that estimated by NIH
equation.12

Bosentan has been approved for the
treatment of NYHA class III and IV PAH
in the USA and Canada. In Europe it has
been approved by the EMEA for the
treatment of NYHA class III PAH,
specifying that efficacy has been
demonstrated only in patients with
IPAH patients and those with PAH
associated with scleroderma without
significant lung fibrosis.
The success of bosentan has seen the

emergence of further endothelin recep-
tor antagonists for the treatment of
pulmonary hypertension. These include
the selective ETA receptor antagonists
sitaxsentan13 14 and ambrisentan15

which are currently undergoing phase
III clinical trials. There is much debate
as to whether ETA selectivity or dual
ETA/ETB blockade possesses any clinical
advantage. Sitaxsentan, a selective
orally active ETA receptor antagonist,
has a long duration of action (half life

5–7 hours) and is approximately 6500
times more selective as an antagonist for
ETA than for ETB receptors. It has been
assessed in one randomised clinical trial
on 178 patients with PAH in NYHA class
II, III and IV. The study showed
improvements in exercise capacity com-
pared with placebo, increased 6 minute
walking distance of 35 metres and
33 metres with doses of 100 mg and
300 mg, respectively (p,0.01), haemo-
dynamics and clinical events.14 An addi-
tional pilot study with this compound in
20 patients with PAH has shown similar
results.13 However, a recent study
showed an increase in the 6 minute
walking distance of 65 metres
(p=0.0002) in patients with PAH in
NYHA class III and IV.15 As with
bosentan, liver function abnormalities
occurred with sitaxsentan (10% in the
300 mg group).13

Ambrisentan, another selective orally
active ETA receptor antagonist, has been
evaluated in a pilot blinded dose com-
parison study in 64 patients with PAH.16

Two randomised clinical trials are cur-
rently ongoing.
Clearly, endothelin receptor antago-

nists represent a major advance in the
treatment of PAH. However, much
remains to be learned of their effective-
ness in specific forms of pulmonary
hypertension—for example, patients
with inoperable chronic thromboem-
bolic pulmonary hypertension.
As with systemic hypertension, it is

likely that the optimum approach in
pulmonary hypertension will involve the
use of drug combinations, so more
information is needed on the combined
effects of endothelin receptor antago-
nists with other emerging and available
treatments.17 In addition, we need to
know whether these agents could pre-
vent the progression of disease in
patients with NYHA I/II symptoms.
The studies with the orally active non-

selective endothelin receptor antagonist
bosentan are a welcome addition to our
therapeutic formulary. Early data on
selective ETA blockade are encouraging
and may result in alternative treat-
ments.

Thorax 2005;60:443–444.
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