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BACKGROUND: Trends in climate suggest that extreme weather events such as heat waves will
become more common. High levels of the gaseous pollutant ozone are associated with elevated
temperatures. Ozone has been associated with respiratory diseases as well as cardiovascular
morbidity and mortality and can reduce lung function and alter systemic markers of fibrinolysis.
The interaction between ozone and temperature is unclear.

METHODS: Sixteen healthy volunteers were exposed in a randomized crossover study to 0.3 ppm
ozone and clean air for 2 hr at moderate (22°C) temperature and again at an elevated temperature
(32.5°C). In each case lung function was performed and blood taken before and immediately after
exposure and the next morning.

RESULTS: Ozone exposure at 22°C resulted in a decrease in markers of fibrinolysis the next day.
There was a 51.8% net decrease in PAI-1 (plasminogen activator inhibitor-1), a 12.1% net
decrease in plasminogen, and a 17.8% net increase in D-dimer. These significantly differed from
the response at 32.5°C, where there was a 44.9% (p = 0.002) and a 27.9% (p = 0.001) increase in
PAI-1 and plasminogen, respectively, and a 12.5% (p = 0.042) decrease in D-dimer. In contrast,
decrements in lung function following ozone exposure were comparable at both moderate and
elevated temperatures (forced expiratory volume in 1 sec, —=12.4% vs. =7.5%, p > 0.05). No changes
in systemic markers of inflammation were observed for either temperature.

CONCLUSION: Ozone-induced systemic but not respiratory effects varied according to temperature.
Our study suggests that at moderate temperature ozone may activate the fibrinolytic pathway, while
at elevated temperature ozone may impair it. These findings provide a biological basis for the inter-
action between temperature and ozone on mortality observed in some epidemiologic studies.
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Introduction

Over the past decades, air quality in the
United States has improved significantly.
Even so, millions of people in the United
States still live in counties that do not meet
air quality standards for one or more pollut-
ants (American Lung Association 2013).
Ground-level ozone, one of the main culprits,
has been shown to be associated with adverse
pulmonary effects such as worsening or
promoting asthma [U.S. Environmental
Protection Agency (EPA) 2013]. More
recently, associations between long-term
ozone exposure and cardiovascular morbidity
and mortality have been reported (Chen et al.
2007; Forbes et al. 2009).

Ozone is more likely to reach unhealthy
levels in urban environments when the
weather is dry and hot (U.S. EPA 2013).
Over the last century, global temperatures
have risen and are projected to continue
to rise and cause changes in weather and
climate. As a consequence, more frequent
and severe heat waves have been forecast.
However, despite almost 30 years of research
into the effects of ozone, until recently there
have been very few studies of the interaction
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between ozone and temperature on human
health. These recent epidemiologic studies
have suggested that ozone may modify the
associations between temperature and cardio-
vascular mortality (Dear et al. 2005; Filleul
et al. 2006; Pattenden et al. 2010; Ren et al.
2008, 2009). To understand the public
health impact of climate change, we need
to understand how physiological responses
to elevated temperature are affected by the
additional stressor of air pollution.
Controlled human exposure studies of
healthy and asthmatic individuals have been
critical in demonstrating that ozone can
cause decrements in lung function (Adams
2003, 2006; Folinsbee et al. 1988; Hazucha
1987; Horstman et al. 1990; McDonnell
et al. 1991; Silverman et al. 1976) and lung
inflammation (Devlin et al. 1991, 1996;
Schelegle et al. 1991). However, nearly all
of these studies have been conducted at
moderate temperatures (21-23°C). Those
studies performed at higher temperatures
have centered mainly on impairment of
exercise performance in athletes and have
shown inconsistent effects on lung function

(Folinsbee et al. 1977; Foster et al. 2000;

Gibbons and Adams 1984; Gong et al.
1986). None of these studies examined
nonrespiratory outcomes. Yet it is becoming
clear that both ozone and temperature
may have systemic and cardiac effects. The
biological mechanisms by which ozone affects
cardiovascular risk are not clear because ozone
reacts rapidly with respiratory tissues and is
not thought to be absorbed or transported
to extrapulmonary sites. One commonly
proposed mechanism is the promotion of
systemic inflammation, endothelial dysfunc-
tion, and alteration of coagulation pathways
(Brook et al. 2004). In support of this, in a
recent study we demonstrated that controlled
exposure to ozone can cause an increase in
vascular markers of inflammation and alter
markers of fibrinolysis (the physiological
breakdown of blood clots) (Devlin et al.
2012). Although other mechanisms such as
neurogenic modulation may be involved, here
we chose to focus on these systemic pathways
because high heat has also been shown to
be associated with coagulation activation
(Bouchama et al. 2012; Meyer et al. 2013).
Here we report on the first, to our
knowledge, controlled human exposure
study to test vascular and systemic responses
to ozone at an elevated temperature. We
show that although changes in lung function
following ozone exposure are similar at both
moderate and high temperatures, there are
significant differences in markers of vascular
responses to exposure according to tempera-
ture, demonstrating an interaction between
heat and ozone on key agents of fibrinolysis.
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Materials and Methods

Study population. Sixteen (14 males,
2 females) healthy volunteers 21-36 years
of age participated in the study. A detailed
medical history and physical examination was
performed on all participants to ensure that
they had no cardiac, allergic, or pulmonary
disease. Baseline values for all participants
for forced expiratory volume in 1 sec (FEV))
and forced vital capacity (FVC) were at least
80% predicted for sex, height, and age. All
participants were lifetime nonsmokers. Body
mass index (BMI) ranged from 16.6 to 29.8.
For a summary of the study population at
baseline, see Table 1. All aspects of the study
including protocols detailing procedures,
recruitment materials, and consent forms were
reviewed and approved by the Biomedical
Institutional Review Board at the University
of North Carolina at Chapel Hill School of
Medicine and the U.S. EPA. All study partici-
pants were informed of the procedures and
potential risks and gave written consent for
their participation.

Study design. Fach individual underwent
two identical randomized crossover studies,
one at moderate temperature (22°C) and one
at elevated temperature (32.5°C). In each
pair of exposures the participant was blinded
to the exposure (clean air or ozone), but we
could not blind participants to the tempera-
ture. In each case the participant was exposed
to 0.3 ppm ozone or clean air for 2 hr; the
exposures were separated by at least 1 week
(range, 7-441 days) within each tempera-
ture exposure; and the elevated temperature
exposure began a minimum of 8 weeks
(range, 57—484 days) after completion of the
moderate temperature exposure pai.

Thus each participant received a total of
two clean air and two ozone exposures. At each
temperature, the order of the clean air and
ozone exposures was randomized and coun-
terbalanced so that half of the test participants
first received ozone and the rest first received
clean air. To improve safety monitoring, the
temperature at which they received exposures
was not randomized. Participants had to
complete both exposures at moderate tempera-
ture with no adverse effects before they were
permitted to continue the study and repeat
the procedures at the higher temperature. All
participants completed the entire study, and
no adverse events were reported. All expo-
sures began at the same time in the morning
to avoid having circadian fluctuations as a
confounding effect.

Exposures were performed as previously
described (Devlin et al. 2012; Hernandez et al.
2010). Briefly, all exposures were conducted at
the U.S. EPA Human Studies Facility on the
campus of the University of North Carolina,
Chapel Hill. The chamber was maintained
at 40% relative humidity for all exposures.
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Ozone was generated by a silent electric
discharge method (model 502; Meckenheim,
Bonn, Germany) and did not deviate beyond
0.001 ppm of the target concentration
(0.3 ppm). Clean air was filtered conditioned
air that had no detectable levels of ozone,
particles, or other pollutants. Temperature
was maintained within 0.3°C of the target
temperature. Because the aim of the study was
to represent pollutant exposure during a heat
wave, we performed exposures only when the
previous day’s mean ambient temperature was
< 24°C in Chapel Hill.

Study protocol and measurements.
Each participant underwent an exposure to
either clean air or ozone (0.3 ppm) for 2 hr
while performing alternating periods of
15-min intermittent exercise and 15 min
of rest. During the exercise, minute venti-
lation was measured, and bike wattage was
adjusted to maintain a constant rate of
VEin = 25 L/min/body surface area (BSA).
Spirometry as well as safety end points
(symptom questionnaire, breath sounds,
and vital signs) were assessed before and
immediately after each exposure, and again
the next morning, 24 hr after the exposure
started; there were no significant changes
in safety end points between the different
exposures. Spirometry (FVC, FEV) was
performed according to American Thoracic
Society guidelines (Miller et al. 2005) using
a Sensormedics Vmax 220 instrument and
software (Sensormedics Corp., Yorba Linda,
CA) as previously reported (Kim et al. 2011).

Venous blood was drawn before the
exposure and again 1 hr after the exposure
ended (post). The participant returned
the following day for the final blood draw
24 hr after the exposure started (follow-up).
Cytokines and coagulation and fibrinolytic
blood markers were measured using the
MesoScale Discovery, multiplex platform
(Gaithersburg, MD). The cytokines

interleukin (IL)-1PB, IL-6, IL-8, and tumor
necrosis factor (TNF) o were measured using
the Human Proinflammatory Panel II kit.
C-reactive protein (CRP) was measured using
the Human CRP kit and all other assays
[D-dimer, tPA (tissue plasminogen acti-
vator), vWEF (Von Willebrand factor), and
plasminogen] were measured using estab-
lished Multiarray plates per manufacturers’
instructions. A differential blood count and
blood lipid panel were performed by LabCorp
(Burlington, NC).

Statistical analysis. To account for intra-
and interindividual heterogeneity and thereby
minimize confounder effects, end points
measured at 1 hr (post) and 24 hr (follow-
up) following exposure were divided by
preexposure values and expressed as percent
of the baseline (preexposure) (Devlin et al.
2012). A p-value of < 0.05 was considered
significant. Random mixed-effects models
with random participant intercepts for each
of the 16 participants were parameterized to
estimate directly the contrasts between clean
air and ozone within temperature strata. A
“day of study” (DOS) factor was added to
disentangle temperature and period because
the temperature was not randomized. The
DOS was calculated for each participant for
each exposure with clean air at 22°C set as
day 0. Because the order within each exposure
pair was randomized, the range of DOS for
ozone at 22°C was from 63 days before clean
air to 441 days after clean air (-63, 441). The
shortest time to complete all four exposures
was 93 days and the longest was 526 days. The
principal outcome variable was the percent
change in outcome of interest between the
sample obtained before exposure and the
sample obtained 1 or 24 hr later. The random
mixed-effects models were fit using R 1386
version 3.0.1 with the Ime4 package version
0.999999-2 (http://www.r-project.org/
foundation/). The CHALLENGE.R code and

Table 1. Subject anthropometric and baseline analyte data.

Characteristic 22°C 32.5°C
No. of subjects (male/female) 16 (14/2) 16 (14/2)
Age [years (range)] 27 (20-35) 27 (21-36)
Race/ethnicity (C/H/AA) (n) 12/1/3 12/1/3
Height [cm (range)] 178 (154-191) 178 (155-191)
Weight [kg (range)] 79.7 (43.6-97.3) 79.8(46.7-97.3)
BSA [m? (range]] 1.97(1.38-2.19) 1.97 (1.42-2.19)
BMI [kg/m? (range)] 25.02 (17.19-32.16) 24.98 (16.57-29.79)
PAI-1 [ng/mL (mean + SD)] 6.96 +16.79 13.58 + 35.62
D-dimer [ng/mL (mean + SD)] 11.7+114.3 132.1+51.1
tPA [ng/mL (mean + SD)] 271294 2.26 +1.66
VWF [% (mean + SD)] 94.4+329 131.7£42.3
Plasminogen [% (mean + SD)] 166.8 +52.8 119.5+30.0
IL-1B [pg/mL (mean + SD)] 0.41+1.05 0.32+0.24
IL-6 [pg/mL (mean + SD)] 1.08+0.63 1.22+0.60
IL-8 [pg/mL (mean + SD)] 271+130 2.74 £0.86
TNFo [pg/mL (mean + SD)] 439+21.15 4.02+0.96
CRP [ng/mL (mean + SD)] 680.12 + 708.87 842.90 + 1135.75
Abbreviations: AA, African American; BSA, body surface area; C, Caucasian; H, Hispanic.
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data used to generate the tables and figures are
available on request. We used the following
equations for our mixed-effects models:

E()/) =0+ BlT+ BzAP

+ B3(T x AP) + B4DOS

+ (1| Participant), (1]
where B; is the main effect of tempera-
ture; B, is the main effect of ozone versus
clean air; B; is the interaction of ozone and
temperature; By is the linear effect of DOS;
and (1|Participant) is a random participant
intercept. The p-value for the interaction was
calculated from the # distribution with 7 — 1
degrees of freedom.

EY)=0a+ B, 7T+ P51 -7 x AP

+ B3(T x AP) + B4DOS

+ (1| Participant). (2]
Here, B is the main effect of temperature;
B, is the stratum-specific effect of ozone
when 7' = 0; B3 is the stratum-specific effect
of ozone when 7 = 1; By is the linear effect
of DOS; and (1|Participant) is a random
participant intercept.

Results

Effect of ozone at different temperatures on
vascular markers of coagulation and fibrino-
Jysis. The effect of ozone on vascular markers
of fibrinolysis varied according to the tempera-
ture. Table 2 shows the 24-hr/preexposure
changes in coagulation and fibrinolysis markers
for clean air and ozone exposure under the
two temperature conditions. The effect size
and confidence intervals (Cls) of ozone at each
temperature for the follow-up (24-hr) values
are shown in Figure 1. Consistent with our
previous report (Devlin et al. 2012), ozone
at moderate (22°C) temperature caused a
significant decrease in values of both PAI-1
(plasminogen activator inhibitor-1) (~51.8%;
95% CI: -90.8, —12.7) and plasminogen
(-12.1%; 95% CI: —22.3, —1.8) 24 hr after
exposure compared with preexposure. In
contrast, at the elevated (32.5°C) tempera-
ture, there was a statistically significant rise
in both of these markers (PAI-1, 44.9%
increase; 95% CI: 5.9, 83.9, p = 0.002; plas-
minogen, 27.9% increase; 95% CI: 17.1, 38.2,
2 =0.001). Correspondingly there was a highly
significant interaction between temperature
and ozone for both PAI-1 (p = 0.002) and
plasminogen (p = 0.001) in our model. There
was a 12.5% decrease (95% CI: -32.7, 7.6)
in 24-hr/preexposure values for the fibrin
degradation product D-dimer under elevated
temperature compared with a 17.8% increase
(95% CI: -2.4, 38.0) under moderate
temperature. Although neither of these
changes alone reached statistical significance,
when taken together there was a significant

312

temperature—ozone interaction (p = 0.042). No
significant changes in 24-hr/preexposure values
at either temperature or any temperature—
ozone interactions were observed for either
tPA or vWE.

Effect of ozone on vascular markers
of inflammation. Several epidemiologic
studies have suggested that ozone can alter
vascular inflammation (Bind et al. 2012;
Chuang et al. 2007; Thompson et al. 2010).
Accordingly, we measured blood concentra-
tions of several factors identified as markers
of systemic inflammation. Table 3 shows the
24-hr/preexposure changes in these markers
for clean air and ozone exposure under the
two temperature conditions. No significant
changes in 24-hr/preexposure values at either
temperature or any temperature—ozone inter-
actions were observed for IL-6, IL-8, and
TNFa. (Figure 2). We had previously reported
an increase in IL-1 after ozone at moderate
temperature at this timepoint (Devlin et al.
2012). Here with a smaller sample size, we
could not find a similar rise because of the

very large heterogeneity in responses and the
corresponding large Cls at either moderate
(95% CI: —100.8%, 685.0%) or elevated
(95% CI: —438.2%, 346.5%) temperatures.
Similarly, for CRP there were very large Cls
at moderate (95% CI: —97.5%, 205.1%) and
high (95% CI: —188.4%, 113.8%) tempera-
tures, which were driven predominantly by
three individuals. For the 1-hr-post time
point, there was a trend for all the inflam-
matory markers to be elevated following
ozone exposure at moderate temperature,
but none reached statistical significance (data
not shown). There was no significant ozone—
temperature interaction observed for any of
the end points at this time point.

Effect of ozone on lung function.
Ozone-induced lung function decrements
immediately following exposure have been
reported consistently in multiple studies.
Here, we confirmed these previous findings
and observed a 12.4% decrease (95% CI:
-17.0, —6.1) at moderate temperature in
post/preexposure FEV| values following

Table 2. Changes in coagulation and fibrinolytic blood markers.

22°C 24-hr/preexposure?

32.5°C 24-hr/preexposure?

Marker Air Ozone

Air Ozone

PAI-1 34.5% (7.0, 62.1) -18.2% (—45.8, 9.3)
D-dimer -10.7% (-25.2, 3.9) 7.1% (7.4, 21.6)
tPA 9.8% (—7.9,27.4) 3.0% (-14.6,20.7)
vWF 11.3% (—4.5, 27.0) 46% (-11.7,20.8)
Plasminogen 2.8%(-5.4,11.0) -9.5% (-17.7,-1.3)

3.0% (-24.6, 30.5) 47.8% (20.3, 75.4)

2.6% (-11.9,17.1) -10.0% (~24.5, 4.6)
~2.6% (~20.3,15.0) 18.7% (1.0, 36.3)
10.1% (-5.7, 25.8) 9.5% (6.3, 25.2)

8.3% (0.1, 16.5) 36.3% (28.1, 44.5)

aMean values (95% Cls) at follow-up visit 24-hr after exposure compared with preexposure values for 16 subjects.
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Figure 1. Markers of coagulation after 2 hr ozone exposure at 0.3 ppm, with effects for moderate (22°C)
and high (32.5°C) temperatures; the effect of ozone on coagulation markers on the late time point is
shown. The point estimate of the mean (effect size) and 95% Cls for 16 subjects are shown. p-Values are
for ozone—temperature interaction.

Table 3. Changes in systemic inflammation markers.
22°C 24-hr/preexposure?

32.5°C 24-hr/preexposure?

Marker Air Ozone Air Ozone

IL-1B 52.6% (-222.5, 327.8) 343.66% (68.5, 618.8) 43.1% (-232.0, 318.3) —2.8% (—277.9, 272.4)
IL-6 21.6% (—2.4,45.2) 28.7% (4.7, 52.6) 7.4% (-16.5, 31.4) -11.0% (-35.0, 13.0)
IL-8 -2.3% (-12.7,8.1) -10.7% (-21.1,-0.3) 0.1% (-10.3, 10.5) —4.6% (—14.9,5.9)
TNFo 3.2%(-5.9,12.4) 8.8% (-0.4,17.9) 44% (-4.7,13.6) -3.7% (-12.8, 5.5)
CRP 56.2% (-50.5, 162.8) 106.5% (-0.1,213.2)  94.0% (-12.6, 200.7) 56.5% (-50.1, 163.2)

aMean values (95% Cls) at follow-up visit 24-hr after exposure compared with preexposure values for 16 subjects.
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ozone compared with that seen in the same
individuals following clean air exposure
(Figure 3A). At elevated temperature we saw
a 7.5% decrease (95% CI: —-13.1, -2.3) in
post/preexposure FEV; values. However,
there was no statistical difference between the
two temperatures and no ozone—temperature
interaction (p > 0.05). Similarly, tempera-
ture did not modulate the effect of ozone on
FVC (Figure 3B). There was a 7.5% decrease
(95% CI: —-10.4, -3.5) in post/preexposure
FVC values following ozone compared with
clean air at moderate temperature and a 5.9%
decrease (95% CI: -9.3, —2.4) at elevated
temperature. Again, no ozone—temperature
interaction (p > 0.05) was observed. These
findings agree with a study of well-trained
endurance athletes who completed a time-
trial 8-km run in moderate and high tempera-
tures with and without ozone and did not
have changes in lung function between the
conditions (Gomes et al. 2010).

Discussion

The relationship between temperature and
cardiac disease is unclear. Here, we chose to
perform a controlled human exposure study
because it can safely provide direct evidence
of mechanistically relevant biological changes
without the confounders inherent in epide-
miologic studies (Buckley et al. 2014; Rom
et al. 2013). By exposing the same person to
both clean air and ozone at a moderate and
a high temperature we provide the first direct
evidence of an interaction between ozone and
temperature that results in changes in the
fibrinolysis pathway. We show the ability of
ozone at an elevated temperature to affect
factors that are involved in preventing blood
clots growing and causing thrombosis.

A sudden increase in ambient tempera-
tures has been associated with increased
mortality in multiple epidemiology studies
(reviewed by Basu 2009), particularly
in cardiovascular disease and respiratory
mortality. For example Basu and Malig
(2011) found a 4% (95% CI: 3.4%, 5.2%)
increase in cardiovascular mortality associated
with a 5.6% increase in mean daily apparent
temperature in California. This mortality
can occur even at moderate temperatures;
it appears it is not the absolute temperature
but the degree of change that is important
(Niyhi 2007). Similarly, multiple studies
have shown associations between ozone
and daily mortality (Bell et al. 2004; Ito
et al. 2005), and several have used multicity
comparisons and established positive asso-
ciations between short-term ozone exposure
and cardiovascular mortality (Katsouyanni
et al. 2009; Stafoggia et al. 2010; Zanobetti
and Schwartz 2008). Furthermore, several
studies of population-based data have also
demonstrated a correlation between ozone
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and cardiovascular morbidity and mortality,
including ischemic stroke and out-of-hospital
cardiac arrest (Henrotin et al. 2007; Raza
et al. 2014; Rosenthal et al. 2013).
Epidemiology studies assessing the ozone—
temperature—cardiac relationship have gener-
ally proven problematic because high-ozone
days normally occur during hot weather. In
addition, the strength of the correlation of
ozone with other pollutants such as particu-
late matter is seasonal and may be tempera-
ture dependent. Traditional methods have
not proven suitable to discriminate between
the effects of ozone and temperature, let alone
their interaction. Those that have studied the
relationship have produced conflicting results,
often because they have treated ozone as a
confounder (Reid et al. 2012). When ozone
and temperature were treated as co-exposures,
researchers have sometimes shown a negative
association between temperature and ozone—
mortality (Katsouyanni et al. 2009) that
may be ascribed to the increased use of air
conditioning during hot weather. Recent

25

i

studies, however, have used novel approaches
to determine whether there are joint or
interactive effects of ozone and temperature.
Ren et al. (2009) examined whether ozone
modified the associations between tempera-
ture and cardiovascular mortality in 95 large
communities in the United States during
the summers between 1987 and 2000. They
found that a 10°C increase in temperature on
the same day was associated with an increase
in mortality by 1.17% and 8.31% for the
lowest and highest levels of ozone concen-
trations in all communities, respectively
(Ren et al. 2009). Reid et al. (2012) have
applied directed acyclic graphs and concluded
that ozone is a causal intermediate that is
affected by temperature and that can also
affect mortality, rather than a confounder.
Burkart et al. (2013), using various Posisson
regression models, showed interactive effects
between air pollution and temperature in
Berlin, Germany, and Lisbon, Portugal, that
were positively associated with increased
excess mortality.
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Figure 2. Markers of inflammation after 2 hr ozone exposure at 0.3 ppm, with effects for moderate (22°C)
and high (32.5°C) temperatures; the effect of ozone on systemic inflammation markers on the late time
point is shown. The mean (effect size) and 95% Cls for 16 subjects are shown. p-Values are for ozone—

temperature interaction.

15
Al .
10 4
54 ‘am hg
= @ ome o
w 0 i <= 8 | ()
8 T = %
£ X A +o %
o 54 v
g Om N
s *
5 101 S .
-
@
8 151 i
&
_20 B
2% X
—25 A
o (e}
-30
Air 0zone Air 0zone

22° 32.5°

e
54 . &
AL m’l

[Ty 0 o e ef m va
= (] 7 e d=
£ De 8 .0
© 54 A
> s v
g ° * *x
= * v
© 104 AL
-
=
@
£ 15 X
2 X

—201 o o

-25

Air 0Ozone Air 0Ozone
22° 32.5°

Figure 3. Lung function after 2 hr ozone exposure at 0.3 ppm. Percent changes in (A) FEV, and (B) FVC after
2 hr exposure to clean air and 0.3 ppm ozone at either moderate (22°C) or high (32.5°C) temperature. Each
participant is denoted by the same shape for each arm. The black horizontal bars are the means for each

condition.
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The physiological mechanisms by which
either heat or ozone affect cardiovascular events
are still not well elucidated. Although multiple
mechanisms may be involved, including local-
ized lung inflammation without systemic
inflammation or neurogenic modulation, in
this study we focused on the role of systemic
inflammation and a subsequent disruption
of fibrinolysis pathways because both heat
and ozone can alter coagulation (Bouchama
et al. 2012; Meyer et al. 2013). Endothelium
disruption and increased risk of thrombosis
has been suggested as a mechanism by which
high temperature increases cardiovascular
mortality (Ndyhd 2005). Heat stress highly
activates fibrinolysis and increases levels of
D-dimer and decreases levels of plasminogen
(Bouchama and Knochel 2002). In this study,
although participants were closely monitored
so that heat stress did not occur, we believe a
similar process is occurring. Consistent with
this, our previous complementary time-series
panel study looked at the effect of tempera-
ture decreases on these markers (Schiuble et al.
2012). We observed that a drop in tempera-
ture of 5°C was associated with a significant
increase in fibrinogen and PAI-1. Ozone has
also been suggested to cause systemic inflam-
mation secondary to lung injury. Multiple
epidemiologic studies have examined asso-
ciations between ozone concentrations and
markers of coagulation and inflammation
(Chuang et al. 2007; Liao et al. 2005; Rudez
et al. 2009). The results from these studies have
been inconsistent and have depended on the
health of the study population, their ages, and
the approach of the authors in disentangling
ozone effects from that of other pollutants.
Using a controlled human study design to
minimize these confounders, we have previ-
ously reported that ozone exposure can cause
an increase in systemic inflammation, as
evidenced by IL-1B and CRP (Devlin et al.
2012). Here, although both markers were
also elevated, the very large heterogeneity
in responses in this study did not permit us
to detect any significant changes with our
smaller number; however, an increase in the
proinflammatory cytokine IL-6 postexposure
was observed.

Although we cannot rule out the possibility
that our observations are a result of chance
given our multiple comparisions, in both the
previous study and here we observed changes
consistent with modulation of the fibrino-
lytic pathway 24 hr after ozone exposure.
Plasminogen is the substrate for plasmin,
which breaks down fibrin clots. Plasminogen
is converted to plasmin by tPA, which is in
turn inhibited by PAI-1. A consequence of
this process is the formation of fibrin degrada-
tion products, of which D-dimer is the most
studied. At moderate temperature, the decrease
in PAI-1, the parallel decrease in plasminogen
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and the increase in D-dimer observed are
all consistent with activation of fibrinolysis.
However, at elevated temperature exactly the
opposite response was observed: an increase
in PAI-1 and a concomitant increase in plas-
minogen and decrease in D-dimer. Although
we did not observe significant changes in tPA,
it is normally released into the blood very
slowly by damaged endothelium over several
days, so 24 hr may be too early to detect differ-
ences. In normal conditions, excessive fibrino-
lysis is prevented by PAI-1 which is an acute
phase reactant protein. We hypothesize that
the effect of the combined stimulation of the
fibrinolytic pathway by both ozone and heat
results in the triggering of this compensatory
mechanism and the overproduction of PAI-1.
The fibrinolytic pathway is complex and the
clinical consequence of the disruption is hard
to predict. While this may have no symp-
tomatic importance in healthy individuals, in
susceptible populations this reduction in the
ability to dissolve clots may result in clinically
significant outcomes.

The ability of ozone to impair lung
function has been noted in numerous studies.
Here we confirmed those findings but
saw no difference in lung function changes
between moderate and high temperatures.
Earlier studies have reported different results
depending on the concentration of ozone,
level of exercise, the humidity and the popula-
tion studied. Our study is in agreement with
Foster et al. (2000), who found no difference
in FEV| responses to 0.5 ppm ozone between
25 and 31°C. Folinsbee et al. (1977), also at
0.5 ppm ozone, examined pulmonary function
at different temperatures and found that the
greatest decrease in FVC occurred at the
highest temperature (33°C). However, in that
study the participants were exercising vigor-
ously under high humidity. Gibbons and
Adams (1984), at the same concentration of
ozone (0.3 ppm) used in this study, reported
a non-statistically significant trend towards an
ozone—temperature interaction in regards to
FEV, and FVC. Epidemiology studies have
equally been nondefinitive with few studies
showing an interaction of temperature and
ozone for lung function; those that have appear
to indicate that elevated temperature may
result in improved children’s respiratory health
perhaps because of behavioral modifications
(Li et al. 2012).

This study has several limitations.
Although the order in which participants
received ozone or air was randomized, as a
safety precaution exposures at lower tempera-
tures always preceded those at higher tempera-
tures. It is possible that there is an order effect
although this has not been noted in previous
studies and ozone effects do not persist after
48 hr (McDonnell et al. 1997). We adjusted
for the period within the constraints of

the experimental design by using a DOS
factor, which was possible because of varia-
tion between participants for the length of
time between exposures; although this DOS
factor does not eliminate the period effect,
we believe that it improves the model.
However, now that we have completed this
study without adverse events, future studies
should randomize temperature. Again,
for safety reasons, young healthy partici-
pants were chosen as the study population.
However, epidemiologic studies suggest that
the vulnerable subpopulations to heat-related
mortality are those with specific cardiovascular
diseases, children, and the elderly (Basu 2009).
Similarly, studies suggest that our popula-
tion is at little or no risk to the cardiovascular
effects of air pollutants (Pope 2000). The level
of ozone used here (0.3 ppm) is comparable
with that used in many previous controlled
human exposure studies. Nevertheless,
improvements in air quality over the last
decades means that this level is no longer
reached in cities in the United States, although
peak hourly concentrations in heavily polluted
cities such as Beijing can approximate them
(Xu et al. 2008). The amount of ozone that
our participants received in 2 hr is equiva-
lent to 8 hr at the current U.S. EPA NAAQS
(National Ambient Air Quality Standards)
8-hr ozone standard of 0.076 ppm (U.S.
Environmental Protection Agency 2008).
Future studies will be performed at lower
levels to confirm there is no high-dose effect.

Exposures at elevated temperatures were
not performed when the previous day’s mean
ambient temperature was > 24°C. No acclima-
tization was therefore allowed, to approximate
the conditions during a heat wave. Several
studies have shown that morbidity and
mortality are maximal when the temperature
is 5°C above the mean for 3 consecutive days
(Gasparrini and Armstrong 2011). Our study
design does not mimic this scenario, and the
responses we found are likely more muted
that those in the real world. The aim of these
studies however, is not to induce clinical
effects but rather to observe physiological
effects that are benign and transient in our
study individuals, but when extrapolated to
the population level could have clinical conse-
quences in susceptible groups such as those
with cardiac or respiratory diseases.

In conclusion, our results suggest that
ozone at moderate temperatures activates
fibrinolysis, whereas at elevated temperature
it may impair this pathway. Extrapolated to
the population level, this reduction in the
efficiency of preventing clot formation and
clearance may represent a risk in certain
susceptible individuals such as those at risk
for thrombosis. These results provide biolog-
ical plausibility for increased risk from ozone-
induced mortality at high temperatures.

vOLUME 123 | NumBer 4 | April 2015 - Environmental Health Perspectives



REFERENCES

Adams WC. 2003. Comparison of chamber and face
mask 6.6-hour exposure to 0.08 ppm ozone via
square-wave and triangular profiles on pulmonary
responses. Inhal Toxicol 15:265-281.

Adams WC. 2006. Comparison of chamber 6.6-h expo-
sures to 0.04-0.08 ppm ozone via square-wave and
triangular profiles on pulmonary responses. Inhal
Toxicol 18:127-136.

American Lung Association. 2013. State of the Air®
2013. Available: http://www.stateoftheair.org/2013/
assets/ala-sota-2013.pdf [accessed 20 November
2014].

Basu R. 2009. High ambient temperature and mortality:
a review of epidemiologic studies from 2001 to 2008.
Environ Health 8:40; doi:10.1186/1476-069X-8-40.

Basu R, Malig B. 2011. High ambient temperature and
mortality in California: exploring the roles of age,
disease, and mortality displacement. Environ Res
111:1286-1292.

Bell ML, McDermott A, Zeger SL, Samet JM, Dominici F.
2004. Ozone and short-term mortality in 95 US urban
communities, 1987-2000. JAMA 292:2372-2378.

Bind MA, Baccarelli A, Zanobetti A, Tarantini L, Suh H,
Vokonas P, et al. 2012. Air pollution and markers of
coagulation, inflammation, and endothelial function:
associations and epigene-environment interactions
in an elderly cohort. Epidemiology 23:332-340.

Bouchama A, Al-Mohanna F, Assad L, Baturcam E,
Eldali A, Owaidah T, et al. 2012. Tissue factor/factor
Vlla pathway mediates coagulation activation in
induced-heat stroke in the baboon. Crit Care Med
40:1229-1236.

Bouchama A, Knochel JP. 2002. Heat stroke. N Engl J
Med 346:1978-1988.

Brook RD, Franklin B, Cascio W, Hong Y, Howard G,
Lipsett M, et al. 2004. Air pollution and cardio-
vascular disease: a statement for healthcare
professionals from the Expert Panel on Population
and Prevention Science of the American Heart
Association. Circulation 109:2655-2671.

Buckley JP, Samet JM, Richardson DB. 2014.
Commentary: does air pollution confound studies
of temperature? Epidemiology 25:242—245.

Burkart K, Canario P, Breitner S, Schneider A,
Scherber K, Andrade H, et al. 2013. Interactive
short-term effects of equivalent temperature and air
pollution on human mortality in Berlin and Lisbon.
Environ Pollut 183:54-63.

Chen GH, Song GX, Jiang LL, Zhang YH, Zhao NQ,
Chen BH, et al. 2007. Interaction between ambient
particles and ozone and its effect on daily mortality.
Biomed Environ Sci 20:502-505.

Chuang KJ, Chan CC, Su TC, Lee CT, Tang CS. 2007. The
effect of urban air pollution on inflammation, oxida-
tive stress, coagulation, and autonomic dysfunc-
tion in young adults. Am J Respir Crit Care Med
176:370-376.

Dear K, Ranmuthugala G, Kjellstrom T, Skinner C,
Hanigan I. 2005. Effects of temperature and
ozone on daily mortality during the August 2003
heat wave in France. Arch Environ Occup Health
60:205-212.

Devlin RB, Duncan KE, Jardim M, Schmitt MT,
Rappold AG, Diaz-Sanchez D. 2012. Controlled
exposure of healthy young volunteers to ozone
causes cardiovascular effects. Circulation
126:104-111.

Devlin RB, McDonnell WF, Becker S, Madden MC,
McGee MP, Perez R, et al. 1996. Time-dependent
changes of inflammatory mediators in the lungs
of humans exposed to 0.4 ppm ozone for 2 hr: a
comparison of mediators found in bronchoalveolar

Environmental Health Perspectives -

Elevated temperature alters ozone responses

lavage fluid 1 and 18 hr after exposure. Toxicol
Appl Pharmacol 138:176—185.

Devlin RB, McDonnell WF, Mann R, Becker S,
House DE, Schreinemachers D, et al. 1991.
Exposure of humans to ambient levels of ozone for
6.6 hours causes cellular and biochemical changes
in the lung. Am J Respir Cell Mol Biol 4:72-81.

Filleul L, Cassadou S, Médina S, Fabres P, Lefranc A,
Eilstein D, et al. 2006. The relation between
temperature, ozone, and mortality in nine French
cities during the heat wave of 2003. Environ Health
Perspect 114:1344-1347; doi:10.1289/ehp.8328.

Folinsbee LJ, Horvath SM, Raven PB, Bedi JF,
Morton AR, Drinkwater BL, et al. 1977. Influence
of exercise and heat stress on pulmonary function
during ozone exposure. J Appl Physiol Respir
Environ Exerc Physiol 43:409-413.

Folinsbee LJ, McDonnell WF, Horstman DH. 1988.
Pulmonary function and symptom responses
after 6.6-hour exposure to 0.12 ppm ozone with
moderate exercise. JAPCA 38:28-35.

Forbes LJ, Patel MD, Rudnicka AR, Cook DG, Bush T,
Stedman JR, et al. 2009. Chronic exposure to
outdoor air pollution and markers of systemic
inflammation. Epidemiology 20:245-253.

Foster WM, Brown RH, Macri K, Mitchell CS. 2000.
Bronchial reactivity of healthy subjects: 18-20 h
postexposure to ozone. J Appl Physiol (1985)
89:1804-1810.

Gasparrini A, Armstrong B. 2011. The impact of heat
waves on mortality. Epidemiology 22:68-73.

Gibbons SI, Adams WC. 1984. Combined effects of
ozone exposure and ambient heat on exercising
females. J Appl Physiol Respir Environ Exerc Physiol
57:450-456.

Gomes EC, Stone V, Florida-James G. 2010.
Investigating performance and lung function in a
hot, humid and ozone-polluted environment. Eur J
Appl Physiol 110:199-205.

Gong H Jr, Bradley PW, Simmons MS, Tashkin DP.
1986. Impaired exercise performance and pulmo-
nary function in elite cyclists during low-level ozone
exposure in a hot environment. Am Rev Respir Dis
134:726-733.

Hazucha MJ. 1987. Relationship between ozone
exposure and pulmonary function changes. J Appl
Physiol (1985) 62:1671-1680.

Henrotin JB, Besancenot JP, Bejot Y, Giroud M.
2007. Short-term effects of ozone air pollution on
ischaemic stroke occurrence: a case-crossover
analysis from a 10-year population-based study in
Dijon, France. Occup Environ Med 64:439-445.

Hernandez ML, Lay JC, Harris B, Esther CR Jr,
Brickey WJ, Bromberg PA, et al. 2010. Atopic
asthmatic subjects but not atopic subjects without
asthma have enhanced inflammatory response to
ozone. J Allergy Clin Immunol 126:537-544.e1.

Horstman DH, Folinshee LJ, Ives PJ, Abdul-Salaam S,
McDonnell WF. 1990. Ozone concentration and
pulmonary response relationships for 6.6-hour
exposures with five hours of moderate exercise
to 0.08, 0.10, and 0.12 ppm. Am Rev Respir Dis
142:1158-1163.

Ito K, De Leon SF, Lippmann M. 2005. Associations
between ozone and daily mortality: analysis and
meta-analysis. Epidemiology 16:446—457.

Katsouyanni K, Samet JM, Anderson HR, Atkinson R,
Le Tertre A, Medina S, et al. 2009. Air Pollution and
Health: a European and North American Approach
(APHENA). Res Rep Health Eff Inst: 142:5-90.

Kim CS, Alexis NE, Rappold AG, Kehrl H, Hazucha MJ,
Lay JC, et al. 2011. Lung function and inflamma-
tory responses in healthy young adults exposed to
0.06 ppm ozone for 6.6 hours. Am J Respir Crit Care
Med 183:1215-1221.

VOLUME 123 | Numger 4 | April 2015

Li S, Williams G, Jalaludin B, Baker P. 2012. Panel
studies of air pollution on children’s lung function
and respiratory symptoms: a literature review.
J Asthma 49:895-910.

Liao D, Heiss G, Chinchilli VM, Duan Y, Folsom AR,
Lin HM, et al. 2005. Association of criteria pollut-
ants with plasma hemostatic/inflammatory markers:
a population-based study. J Expo Anal Environ
Epidemiol 15:319-328.

McDonnell WF, Kehrl HR, Abdul-Salaam S, Ives PJ,
Folinsbee LJ, Devlin RB, et al. 1991. Respiratory
response of humans exposed to low levels of ozone
for 6.6 hours. Arch Environ Health 46:145-150.

McDonnell WF, Stewart PW, Andreoni S, Seal E Jr,
Kehrl HR, Horstman DH, et al. 1997. Prediction of
ozone-induced FEV, changes. Effects of concentra-
tion, duration, and ventilation. Am J Respir Crit Care
Med 156:715-722.

Meyer MA, Ostrowski SR, Overgaard A,
Ganio MS, Secher NH, Crandall CG, et al. 2013.
Hypercoagulability in response to elevated body
temperature and central hypovolemia. J Surg Res
185:€93-e100.

Miller MR, Hankinson J, Brusasco V, Burgos F,
Casaburi R, Coates A, et al. 2005. Standardisation
of spirometry. Eur Respir J26(2):319-338.

Néyha S. 2005. Environmental temperature and
mortality. Int J Circumpolar Health 64:451-458.
Nayha S. 2007. Heat Mortality in Finland in the 2000s.

Int J Circumpolar Health 66:418-424.

Pattenden S, Armstrong B, Milojevic A, Heal MR,
Chalabi Z, Doherty R, et al. 2010. Ozone, Heat and
mortality: acute effects in 15 British conurbations.
Occup Environ Med 67:699-707.

Pope CA Ill. 2000. Epidemiology of fine particulate
air pollution and human health: biologic mecha-
nisms and who's at risk? Environ Health Perspect
108(suppl 4):713-723.

Raza A, Bellander T, Bero-Bedada G, Dahlquist M,
Hollenberg J, Jonsson M, et al. 2014. Short-term
effects of air pollution on out-of-hospital cardiac
arrest in Stockholm. Eur Heart J 35:861-868.

Reid CE, Snowden JM, Kontgis C, Tager IB. 2012. The
role of ambient ozone in epidemiologic studies of
heat-related mortality. Environ Health Perspect
120:1627-1630; doi:10.1289/ehp.1205251.

Ren C, Williams GM, Mengersen K, Morawska L,
Tong S. 2009. Temperature enhanced effects of
ozone on cardiovascular mortality in 95 large
US communities, 1987-2000: assessment using
the NMMAPS data. Arch Environ Occup Health
64:177-184.

Ren C, Williams GM, Morawska L, Mengersen K,
Tong S. 2008. Ozone modifies associations
between temperature and cardiovascular
mortality: analysis of the NMMAPS data. Occup
Environ Med 65:255-260.

Rom WN, Boushey HA, Caplan A. 2013. Experimental
human exposure to air pollutants is essential to
understand adverse health effects. Am J Respir
Cell Mol Biol 49:691-696.

Rosenthal FS, Kuisma M, Lanki T, Hussein T, Boyd J,
Halonen JI, et al. 2013. Association of ozone
and particulate air pollution with out-of-hospital
cardiac arrest in Helsinki, Finland: evidence for two
different etiologies. J Expo Sci Environ Epidemiol
23:281-288.

Rudez G, Janssen NA, Kilinc E, Leebeek FW, Gerlofs-
Nijland ME, Spronk HM, et al. 2009. Effects of
ambient air pollution on hemostasis and inflam-
mation. Environ Health Perspect 117:995-1001;
doi:10.1289/ehp.0800437.

Schauble CL, Hampel R, Breitner S, Riickerl R, Phipps R,
Diaz-Sanchez D, et al. 2012. Short-term effects of air
temperature on blood markers of coagulation and

315



Kahle et al.

inflammation in potentially susceptible individuals.
Occup Environ Med 69:670-678.

Schelegle ES, Siefkin AD, McDonald RJ. 1991. Time
course of ozone-induced neutrophilia in normal
humans. Am Rev Respir Dis 143:1353-1358.

Silverman F, Folinsbee LJ, Barnard J, Shephard RJ.
1976. Pulmonary function changes in ozone-
interaction of concentration and ventilation. J Appl
Physiol 41:859-864.

Stafoggia M, Forastiere F, Faustini A, Biggeri A,
Bisanti L, Cadum E, et al. 2010. Susceptibility
factors to ozone-related mortality: a population-
based case-crossover analysis. Am J Respir Crit
Care Med 182:376-384.

Thompson AM, Zanobetti A, Silverman F, Schwartz J,
Coull B, Urch B, et al. 2010. Baseline repeated
measures from controlled human exposure
studies: associations between ambient air pollu-
tion exposure and the systemic inflammatory
biomarkers IL-6 and fibrinogen. Environ Health
Perspect 118:120-124; doi:10.1289/ehp.0900550.

U.S. Environmental Protection Agency (EPA). 2008.
National Ambient Air Quality Standards for Ozone;
Final Rule. Fed Reg 73(60):16436—16514. Available:
http://www.gpo.gov/fdsys/pkg/FR-2008-03-27/html/
E8-5645.htm [accessed 5 March 2015].

U.S. Environmental Protection Agency (EPA). 2013.
Integrated Science Assessment of Ozone and

Related Photochemical Oxidants (Final Report). EPA
600/R-10/076F. Washington, DC:U.S.EPA. Available:
http://cfpub.epa.gov/ncea/isa/recordisplay.
cfm?deid=247492#Download [accessed 5 March
2015].

Xu J, Zhang Y, Fu JS, Zheng S, Wang W. 2008.
Process analysis of typical summertime ozone
episodes over the Beijing area. Sci Total Environ
399:147-157.

Zanobetti A, Schwartz J. 2008. Mortality displace-
ment in the association of ozone with mortality:
an analysis of 48 cities in the United States. Am J
Respir Crit Care Med 177:184-189.

316

vOLUME 123 | NumBer 4 | April 2015 - Environmental Health Perspectives



