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Hyperthyroidism Increases the Risk of Ozone-Induced Lung
Toxicity in Rats. Huffman, L. J., Judy, D. J., Brumbaugh, K.,
Frazer, D. J., Reynolds, J. S., McKinney, W. G., and Goldsmith,
W. T. (2001). Toxicol. Appl. Pharmacol. 173, 18–26.

The risk of lung injury from ozone exposure has been well
documented. It is also known that various factors may signifi-
cantly influence the susceptibility of animals to the toxic effects of
ozone. In the present study, we investigated the possibility that
hyperthyroidism might be associated with increases in ozone-
induced pulmonary toxicity. To create a hyperthyroid condition,
mature male Sprague–Dawley rats were given injections of thy-
roxine (dose range: 0.1 to 1 mg/kg body wt daily for 7 days).
Control rats received vehicle injections. The animals were then
exposed to air or ozone (dose range: 0.5 to 3 ppm for 3 h). At 18 h
postexposure, bronchoalveolar lavage fluid and cells were har-
vested. In hyperthyroid animals, ozone exposure was associated
with three- to sixfold increases in bronchoalveolar lavage fluid
lactate dehydrogenase activities and albumin levels as well as the
number of polymorphonuclear leukocytes harvested by bronchoal-
veolar lavage above levels observed in ozone-exposed control rats.
Additional results from the present study suggest that these thy-
roid hormone-linked effects cannot be fully explained by differ-
ences in whole-body metabolic rate or changes in the inhaled dose
of ozone. These findings indicate that the risk of ozone-induced
lung toxicity is substantially increased in a hyperthyroid state and
suggest that the susceptibility of the lung to damage from ozone
exposure may be significantly influenced by individual thyroid
hormone status.

Key Words: thyroxine; rat; pulmonary edema.

Ozone is a photochemical oxidant that is found in amb
air and exposure to this gas poses a health hazard.
inhalation, ozone triggers a spectrum of effects that can r
in respiratory toxicity. For instance, the inhalation of h
concentrations of ozone is associated with severe, often
pulmonary edema (Jaffe, 1967). Exposure to lower conce
tions of ozone can also have respiratory effects. Humans
are exposed to near-ambient levels of ozone exhibit ce
and biochemical changes in the lung that are indicativ
injury and inflammation (Devlinet al., 1991; Korenet al.,
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bronchoalveolar lavage fluid lactate dehydrogenase activ
protein levels, and the number of polymorphonuclear le
cytes that are harvested by bronchoalveolar lavage. Exp
of animals to ozone is also associated with lung injury
inflammatory responses that are dose dependent (Hatchet al.,
1986). In general, the pulmonary effects of ozone in var
animal models parallel those seen in humans (Hatchet al.,
1986, 1994).

There is growing awareness that various factors
affect individual susceptibility to ozone toxicity. For
stance, studies in mice suggest that genetic factors p
significant role in the degree of ozone-induced acute
injury (Kleebergeret al., 1997; Prowset al., 1999). In
addition, physical factors and dietary components, suc
age, exercise, and vitamin E intake, appear to affec
susceptibility of animals to the adverse effects of oz
(Fukaseet al.,1978; Menzel, 1979; Nambu and Yokoyam
1981). There is also some evidence that hormonal fa
may influence ozone-induced toxicity. Specifically, thyr
hormone status may determine the severity of respo
Chemical or surgical thyroidectomy resulted in increa
survival rates of mice and rats exposed to otherwise le
doses of ozone (Fairchild and Graham, 1963). Conver
survival rates following ozone exposure were decre
when mice received thyroid hormone preparations. H
ever, how changes in thyroid hormone status might im
pulmonary responses to ozone has not been fully expl
Therefore, the purpose of this investigation was to m
completely examine relationships between hyperthyroid
and ozone-induced lung toxicity. Specifically, we asse
how increases in circulating thyroid hormone levels af
lung cell damage, the permeability of the alveolar capil
barrier, and the influx of polymorphonuclear leukocytes
alveolar regions following ozone exposure in a rat an
model. In addition, we evaluated whether the effects
hyperthyroid state on pulmonary responses to ozone c
be explained by alterations in whole-body metabolic rat
by changes in the inhaled dose of this oxidant.
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19HYPERTHYROIDISM AND OZONE-INDUCED LUNG TOXICITY
Animal treatments to alter circulating thyroid hormone levels.Specific
pathogen-free male Sprague–Dawley rats (Hilltop, Scottdale, PA) were
The animals were maintained on standard laboratory rat chow and tap wad
libitum and were housed in laminar flow hoods under controlled light (
light/12 h dark) and temperature (22–24°C) conditions. The research pr
was approved by the institutional Animal Care and Use Committee. To c
a hyperthyroid condition, thyroid-intact rats (37–40 days of age; 180–2
body wt) were shipped to our animal facility and received daily injection
thyroxine for 7 days (start of injections5 day 1). In these experimen
thyroxine was administered at doses ranging from 0.1 to 1 mg/kg BW
facilitate solubility, thyroxine was initially dissolved in 0.01 N NaOH. T
thyroxine solution was neutralized with an equal volume of Dulbecco’s p
phate-buffered saline (PBS; pH 6.8; 103solution; Sigma, St. Louis, MO) ju
before injection. Age-matched control rats received daily injections of
tralized NaOH (0.2 ml/100 g body wt sc) for 7 days. Inhalation exposures
below) for thyroid hormone-treated or vehicle-treated control rats occurr
day 7.

Inhalation exposures. A whole-body inhalation exposure system w
used to expose the rats to ozone. In these experiments, the doses of oz
were given ranged from 0.5 to 3 ppm and the inhalation exposures laste
The ozone generation system employed feedback control to maintain
stant, user-defined ozone concentration in the exposure chamber. An
Ozone Generator was adjusted to produce up to 10 ppm of ozone
HEPA-filtered air flowed through it at a constant rate of 1.2 L/min.
generator utilized a low-pressure mercury vapor lamp to produce ozone
radiation. A computer controlled stepper motor turned a needle valve
regulated the amount of dried filtered diluent air added to the system
diluent air was then mixed with the air–ozone blend produced by the gen
and introduced into the exposure chamber. An ozone analyzer (API,
400a) continuously monitored the ozone concentration within the cha
The feedback control program used the analyzer output to estimate ch
concentration and adjust the amount of diluent air added to the ozo
achieve the desired exposure concentration. When the ozone levels ex
the desired value, the amount of diluent air was increased, and when the
concentration fell below the desired value, the diluent air was decrease
mixture of ozone gas and air that flowed from the exposure chamber p
through a charcoal filter prior to entering the laboratory exhaust. This s
was used to expose individually housed animals for 3 h to ozone concentr
tions between 0.5 and 3 ppm. Prior to experiments, the ozone analyz
calibrated with a self-contained ozone calibration system. Control rats
exposed to HEPA-filtered air in a whole-body exposure chamber tha
similar to the chamber used for ozone exposures.

The effects of inhalation exposures on indices of lung cell damage
permeability of the alveolar capillary barrier, and the influx of polymorp
nuclear leukocytes into alveolar regions were evaluated 18 h after the
the exposure period. The decision to study the animals at the 18-h postex
point was based upon reports indicating that ozone-induced pulmonary d
and pro-inflammatory effects can be observed across a number of a
species and in human subjects at this time (Hatchet al., 1986, 1994).

Collection of blood and bronchoalveolar lavage fluid and cell samples
lung wet/dry weight measurements.The rats were first anesthetized w
sodium pentobarbital (65 mg ip; Butler, Columbus, OH). Following anesth
blood was collected from the abdominal vein into a syringe and placed
glass tube without anticoagulant. The left renal artery was then cut. I
experiment, the lungs were removed from the animals and placed in
metal pans and weighed before being placed in an oven (65°C) to dr
initial dry weight was taken after 3 days of drying and then all lungs
weighed each day for 4 more days. We found that a constant value ha
reached after the initial 3-day drying period and this value was us
calculate the wet/dry weight lung ratios. In other experiments, a tra
cannula was inserted and an initial bronchoalveolar lavage was performe
6 ml of cold Ca21/Mg21-free PBS (145 mM NaCl, 5 mM KCl, 9.4 m
ed.
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olution was introduced into and withdrawn from the lungs for a total of
imes. The total return of the initial lavage averaged 4 ml per rat. Subse
ronchoalveolar lavages were performed with 8 ml of PBS each until a
olume of 80 ml of lavage fluid was collected. The initial and subseq
avage samples were then centrifuged (500g,5 min, 4°C). The supernatan
rom the initial lavage were processed for analyses of lactate dehydrog
LDH) activities and albumin levels. The cell pellets from the initial
ubsequent lavages were combined and resuspended in 5 ml of PB
amples were centrifuged to pellet the cells and the supernatants were a
o waste. This wash procedure was performed a total of three times. Foll
he final wash, the cells were resuspended in Hepes-buffered medium (1
aCl, 5 mM KCl, 10 mM Hepes, 1 mM CaCl2, and 5.5 mM dextrose, pH 7.4

Determination of bronchoalveolar lavage cell counts and cell profil
Total counts of phagocytes (alveolar macrophages and polymorphon
leukocytes) in the bronchoalveolar lavage cell suspensions were dete
using an electronic cell counter equipped with a cell-sizing attachment (C
Multisizer II, Coulter Electronics, Hialeah, FL). Portions of the harvested
were then deposited on slides using a cytocentrifuge (Shandon Scie
London, England) and stained with a Wright stain (Volu-Sol, Henderson,
The percentages of alveolar macrophages and leukocytes present on th
were determined using light microscopy. Greater than 99% of these cell
either alveolar macrophages or neutrophils.

Analysis of circulating thyroid hormone levels. Blood samples collecte
from the rats were centrifuged (1010g,10 min, 4°C). The serum was separa
from the blood and stored at220°C prior to analysis. Serum thyroxine lev
were measured using a commercially available radioimmunoassay kit
nostic Products Corp., Los Angeles, CA). The results are expressed asmg/dl.

Analyses of LDH activities and albumin levels in bronchoalveolar lava
fluid samples. LDH activities in supernatants from initial bronchoalveo
lavage fluid samples were analyzed using the Roche Reagent for LDH u
COBAS FARA II chemistry system (Roche Diagnostic Systems, Nutley,
The results are expressed as U/L. Albumin levels in supernatants from
bronchoalveolar lavage fluid samples were measured using a dye-b
assay procedure (Sigma Diagnostic Procedure 631; Sigma) on a C
FARA II chemistry system (Roche Diagnostic Systems). The result
expressed as mg/ml.

Whole-body metabolic rate measurements.Metabolic rates were dete
mined just prior to inhalation exposures by measuring heat release fro
rats. A calorimeter box (SEC-A-1201; Thermonetics, San Diego, CA)
sured radiative heat losses that were conducted through the box. Tempe
humidity probe (HMP35E; Vaisala, Boston, MA) measurements on th
input and output were used to calculate the sensible and latent heat adde
ventilation air. The sum of the radiative, sensible, and latent heat was
alent to the heat release of the animal. Heat release was normalize
respect to the surface area of each animal. Surface area was estimated u
following relationship:

Area ~m2! 5
9.0 3 3Î@body weight~g!# 2

10,000

(Evans et al., 1958). Sensor readings were continuously acquired w
computer and the average metabolic output was recalculated at 5-s in
Animals were placed in the calorimeter box until equilibration. Equilibra
time was defined as the time when the metabolic output was level (,
Cal/h/m2 variation) for 1 min, after an initial waiting period of 10 min. T
average heat release at the equilibration time was equivalent to the me
rate of the rat.

Ventilation measurements. Breathing rate, tidal volume, and minute v
tilation measurements were made just prior to the inhalation exposures a
after the end of the exposure period. The animals were placed in a he
plethysmograph. A latex seal separated the animal’s head from the t
Flow produced by movement of the animal’s thorax was measured b



pressure drop across a pneumotach (Fleisch #000) with a pressure transducer
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20 HUFFMAN ET AL.
(Model E239,60.25 in H2O; Setra Systems, Inc., Boxborough, MA). T
ressure signal was digitized at 1000 Hz using a National Instruments
oard in a PC running a custom Labview program. The pneumotach
alibrated using a set of steady flows measured by a DryCal DC-Lite
rimary Meter (Model DCLT 12K; Bios International, Pompton Plains,
hree 6-s segments of data were collected for each animal at each time
rom these data, breathing rate, tidal volume, and minute ventilation
alculated.
Breathing frequency was calculated using a spectrum-based metho

ower spectral density of each segment was calculated using a sliding w
f 1024 samples zero padded to a length 8192 with an overlap of 67%

requency at which the peak of the spectrum occurred was then taken
reathing frequency for each segment. A flow zero-crossing based meth
sed to validate the results of the spectrum method.
Tidal volume was found by integration of the flow signal. Each data seg
as first separated into inhalation/exhalation pairs. Extraneous signal
eginning and end of each of the three flow segments was eliminated. Th

ime span from first inhalation until last exhalation was noted. The
volume) under each inhalation curve was calculated by numerical integr
he average of all the areas was then taken as tidal volume. Minute ven
as calculated by dividing the sum of all the inhalation volumes by the

ime span. Multiplication of tidal volume and breathing frequency was us
quality control check of the calculations.

Estimation of the inhaled dose of ozone.The minute ventilation value fo
given rat was used to estimate the inhaled dose of ozone for that a
tandard conditions of temperature and pressure were first used to con
zone concentration from ppm to mg/m3. The total inhaled dose of ozone w

hen calculated using the formula dose (mg)5 ozone concentration3 minute
entilation3 minutes exposed3 (m3/106 ml).

Statistical analyses. Using SAS, two separate two-way analyses of v
ance were conducted to determine if the factors of hormone treatme
ozone exposure would result in a significant difference on (1) thyroxine l
and (2) lung weight ratios (Figs. 1 and 2).

The differences between thyroid hormone-treated and control groups a
level of ozone exposure were tested using appropriate contrasts in a tw
analysis of variance model. To determine if there was a significant incre
LDH, albumin, and polymorphonuclear leukocytes levels above the i
thyroid effect, a linear regression model was fit with interactions betwee
hormone treatment and each ozone exposure level. Using linear regres
model increased levels allowed the analysis to adjust for trends in the c
group over ozone levels (Figs. 3 and 4).

A one-way analysis of variance was conducted to determine if diff
doses of thyroid hormone would result in significant differences in thyro
levels. The Dunnett’s Procedure was used to compare each thyroid dos
with the zero dose (Fig. 5).

A one-way analysis of variance was conducted to determine if diff
doses of thyroid hormone would result in significant differences in L
albumin, and polymorphonuclear leukocytes levels. The Tukey–Kr
method was used to adjust for multiple comparisons (Figs. 6 and 7).

Log transformations of all response variables were used to satisfy as
tions of normality and homogeneity of variance in conducting analys
variance tests. Means and standard errors were reported in the origina
The significance level was set atp # 0.05.

Linear regression analyses were used to determine possible relatio
between whole-body metabolic rate and bronchoalveolar lavage fluid lev
LDH activity, albumin levels, or the numbers of polymorphonuclear le
cytes harvested by bronchoalveolar lavage. The square of the corr
coefficient for each of these analyses was then calculated and reflec
proportion of variance in these pulmonary responses that could be attribu
differences in metabolic rate.
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RESULTS

Effect of thyroid hormone treatment on circulating thyrox
levels and lung edema following ozone exposure.The effec
of thyroid hormone treatment on serum thyroxine levels
lung wet/dry weights under basal conditions and follow
ozone exposure were initially determined. Administration
thyroid hormone (1 mg thyroxine/kg BW sc daily for 7 da
elevated circulating thyroxine levels in treated rats app
mately eightfold above values in control rats (Fig. 1). Expo
to ozone (3 ppm, 3 h), did not significantly affect ser
thyroxine levels when these levels were measured 18 h fo
ing the end of the exposure.

The effect of thyroid hormone treatment on lung ed
formation is shown in Fig. 2. A marked increase in lu
wet/dry weights occurred only in animals that had been tre
with thyroid hormones and then exposed to ozone (3 ppm
exposure ending 18 h before the time of study). These re
indicate that, if thyroid hormone levels are elevated, then
is a more severe pulmonary reaction to subsequent o
exposure.

Effect of thyroid hormone treatment on lung cell dama
permeability of the alveolar–capillary barrier, and polym
phonuclear leukocyte recruitment following exposure to v
ing doses of ozone.We next determined what effect thyro
hormone treatment might have on indices of lung cell dam
the permeability of the alveolar–capillary barrier, and
recruitment of polymorphonuclear leukocytes into bronch

FIG. 1. Effect of thyroid hormone treatment on circulating thyrox
levels. Animals were treated with thyroid hormone (1 mg thyroxine/kg bod
sc daily for 7 days) or vehicle injections (control) and then exposed to
ozone (3 ppm; 3 h) by inhalation as described under Methods. Blood sa
were collected 18 h after the end of the inhalation exposures. Blood
obtained by venipuncture and the serum was separated for analyses.
thyroxine levels were then measured by radioimmunoassay. Values a
means6 SE for five or six determinations in each group. Different letters
ignificantly different,p # 0.05.
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21HYPERTHYROIDISM AND OZONE-INDUCED LUNG TOXICITY
veolar areas following exposure to ozone. In these ex
ments, the effects of varying doses of ozone were als
sessed. Thyroid hormone treatment (1 mg thyroxine/kg BW
daily for 7 days) again resulted in approximately eight
increases in serum thyroxine levels compared with values
control rats (data not shown). Significant increases in wh
body metabolic rates also occurred in rats receiving thy
hormone treatment (83.16 1.1 cal/h/m2) relative to value
rom vehicle-injected controls (63.56 1.9 cal/h/m2).

The effects of thyroid hormone treatment on LDH activi
and albumin levels in bronchoalveolar lavage fluid sample
shown in Fig. 3. LDH is an intracellular enzyme and
presence in bronchoalveolar lavage fluid is an indicator of
cell damage. Albumin is normally confined to the intravasc
space. However, albumin levels in bronchoalveolar la
samples increase when the alveolar–capillary barrier is
rupted. In the absence of ozone exposure, a slight signi
increase in bronchoalveolar lavage fluid LDH activity w
observed in animals that had been treated with thyroid
mone compared to control animals (Fig. 3, top). Follow
ozone exposure, LDH activities and albumin levels in b
choalveolar lavage fluid samples from control rats were
slightly elevated at the highest ozone concentrations st
(2.5–3 ppm, 3-h exposure ending 18 h before the tim
study). In contrast, pulmonary damage in animals that had
treated with thyroid hormone was much greater follow
ozone exposure and, in these animals, LDH activities
albumin levels in bronchoalveolar lavage fluid were mark
increased after exposure to ozone concentrations of 1.5–3

The effect of thyroid hormone treatment on the numbe

FIG. 2. Effect of thyroid hormone treatment on lung wet/dry weight ra
Animals were treated with thyroid hormone (1 mg thyroxine/kg body w
daily for 7 days) or vehicle injections (control) and then exposed to a
ozone (3 ppm; 3 h) by inhalation as described under Methods. Lungs
collected 18 h after the inhalation exposures and both wet and dry w
measured. Values are the means6 SE for five or six determinations in ea
group. *p # 0.05 vscontrol/air.
ri-
s-

sc

m
e-
id

re

g
r
e

is-
nt

r-
g
-
ly
ed
of
en

d
y
m.
f

lavage was also examined in this experiment. Polymorph
clear leukocytes are not normally found in bronchoalve
areas, but the numbers of these cells that can be harves
bronchoalveolar lavage increase during acute lung inflam
tion. Thyroid hormone treatment was associated with ma
increases in the number of polymorphonuclear leukocytes
vested by bronchoalveolar lavage from rats exposed to o
compared to the number harvested from vehicle-treated
trols (Fig. 4). The pattern of this response was similar to

FIG. 3. Effect of thyroid hormone treatment on LDH activity (top) a
albumin levels (bottom) in bronchoalveolar lavage fluid following exposu
varying doses of ozone. Animals were treated with thyroid hormone (
thyroxine/kg body wt sc daily for 7 days) or vehicle injections (control)
then exposed to air or ozone by inhalation as described under Me
Bronchoalveolar lavage fluid samples were obtained 18 h after the inha
exposures. LDH activities and albumin levels in initial acellular bronch
veolar lavage fluid samples were analyzed using commercially availab
agents. Values are the means6 SE for four to six determinations in ea
group, except for the group receiving thyroid hormone treatment and 3
ozone (N 5 2). In this experiment, some of the hormone-treated rats exp
o 3 ppm ozone died overnight. *p # 0.05,hormone-treated vs control rats

given ozone exposure. For the hormone-treated group, ozone leve
ifferent letters are different from each other,p # 0.05.
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22 HUFFMAN ET AL.
observed for LDH activity and albumin levels, as descr
above. In contrast, numbers of alveolar macrophages we
significantly altered by thyroid hormone treatment or oz
relative to the number obtained from control rats (12.86 2.43
106 alveolar macrophages; mean6 SE).

Collectively, these results demonstrate that greater pu
ary epithelial barrier disruption and increased number

ung inflammatory cells occur following exposure of hypert
oid rats to relatively moderate doses of ozone.

Effect of treatment with varying doses of thyroid hormon
ung responses to ozone exposure.In the previous exper

ents, the dose of thyroid hormone that was adminis
esulted in marked elevations in circulating thyroxine lev

e next gave varying doses of thyroid hormones in orde
etermine how more modest alterations in circulating thy
ormone levels might affect pulmonary responses to oz
he effect of treatment with thyroid hormone at doses ran

rom 0.1 to 1 mg thyroxine/kg BW (sc daily for 7 days)
irculating thyroxine levels is shown in Fig. 5. Dose-rela
ncreases in circulating thyroxine levels were observed, r
ng from an approximately twofold increase for the low
mount of thyroid hormone given to an approximately ei

FIG. 4. Effect of thyroid hormone treatment on the number of polym
phonuclear leukocytes harvested by bronchoalveolar lavage following
sure to varying doses of ozone. Animals were treated with thyroid hormo
mg thyroxine/kg body wt sc daily for 7 days) or vehicle injections (control)
then exposed to air or ozone by inhalation as described under Me
Bronchoalveolar lavagable cells were harvested 18 h after the inha
exposures. The numbers of total cells that were harvested by bronchoa
lavage were determined using an electron cell counter equipped with
sizing attachment. Values obtained from differential analysis of the pe
ages of alveolar macrophages and leukocytes present in the cell popu
were used to then calculate the number of polymorphonuclear leuko
Values are the means6 SE for four to six determinations in each group, exc
for the group receiving thyroid hormone treatment and 3 ppm ozone (N 5 2).
In this experiment, some of the hormone-treated rats exposed to 3 ppm
died overnight. *p # 0.05, hormone-treated vs control rats at a given oz
exposure. For the hormone-treated group, ozone levels with different lett
different from each other,p # 0.05.
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ehicle-injected animals. It should be noted that the circula
hyroxine levels presented in Fig. 5 were measured in rats
ad been exposed to ozone (2 ppm, 3-h exposure ending
efore the time of study). However, based upon results
ented from initial experiments, this exposure and sam
egime appears to have no effect on circulating thyro
evels.

The effect of the different thyroid hormone treatment do
n LDH activities and albumin levels in bronchoalveolar
age fluid samples following ozone exposure (2 ppm,
xposure ending 18 h before the time of study) are show
ig. 6. Pulmonary damage, as assessed by elevations in
hoalveolar lavage fluid LDH activity, and albumin levels, w
reater in all animals that had been treated with thyroid
ones compared to animals that received only vehicle i

ions. In addition, the number of polymorphonuclear leu
ytes harvested by bronchoalveolar lavage was increased
hyroid hormone-treated rats (Fig. 7). Alveolar macroph
umbers were not affected by thyroid hormone treatment
ot presented).
These results indicate that even modest elevations in c

ating thyroxine levels are associated with greater pulmo
amage and inflammatory responses to ozone.

Effect of thyroid hormone treatment on breathing rate, t
olume, minute ventilation, and the inhaled dose of oz
ne mechanism by which thyroid hormone treatment c

esult in more severe pulmonary reactions to ozone might

FIG. 5. Effect of treatment with varying doses of thyroid hormone
circulating thyroxine levels. Animals were treated with varying dose
thyroid hormone (thyroxine sc daily for 7 days) or vehicle injections (con
and then exposed to ozone (2 ppm; 3 h) by inhalation as described
Methods. Blood samples were collected 18 h after the end of the inha
exposures. Blood was obtained by venipuncture and the serum was se
for analyses. Serum thyroxine levels were then measured by radioimm
say. Values are the means6 SE for five or six determinations in each gro
except for the group receiving 1 mg/kg thyroxine and ozone (N 5 3). In this
latter group, some of the rats died overnight. In this experiment, s
thyroxine levels in control rats not exposed to ozone were 4.16 0.3 mg/dl
(N 5 6). *p # 0.05 vs 0 mgthyroxine/kg body wt group.
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23HYPERTHYROIDISM AND OZONE-INDUCED LUNG TOXICITY
altering the inhaled dose of ozone. In order to assess
possibility, breathing rate and tidal volume were measured
these values were then used to calculate minute ventila
These measurements were made on rats that had re
thyroid hormone treatment (1 mg thyroxine/kg BW sc daily
7 days) or vehicle injections and the measurements were
prior to exposure to varying doses of ozone. The result
breathing rate, tidal volume, and minute ventilation for
control or thyroid hormone-treated rats are shown in Tab
Thyroid hormone treatment was associated with an increa
tidal volume and, as a consequence, minute ventilation

FIG. 6. Effect of treatment with varying doses of thyroid hormone
LDH activity (top) and albumin levels (bottom) in bronchoalveolar lavage
following ozone exposure. Animals were treated with varying doses of th
hormone (thyroxine sc daily for 7 days) or vehicle injections (control) and
exposed to air or ozone (2 ppm; 3 h) by inhalation as described under Me
Bronchoalveolar lavage fluid samples were obtained 18 h after the inha
exposures. LDH activities and albumin levels in initial acellular bronch
veolar lavage fluid samples were analyzed using commercially availab
agents. Values are the means6 SE for six determinations in each gro
except for the group receiving 1 mg/kg thyroxine and ozone (N 5 3). In this
latter group, some of the rats died overnight. In this experiment, LDH acti
and albumin levels in initial acellular bronchoalveolar lavage fluid sam
from control rats not exposed to ozone were 776 10 U/L and 0.256 0.03
mg/ml, respectively (N 5 6). *p # 0.05 vs 0 mgthyroxine/kg body wt group
is
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r
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e
1.
in

as

increased in these animals relative to values of vehicle-tr
control rats.

We then determined how changes in minute ventila
might be related to changes in the total inhaled dose of o
To accomplish this, the inhaled dose of ozone was estim
for the groups of vehicle or thyroid hormone-treated anim
exposed to varying concentrations of ozone. These results
then plotted against the values obtained for bronchoalv
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FIG. 7. Effect of treatment with varying doses of thyroid hormone on
number of polymorphonuclear leukocytes harvested by bronchoalveolar
following ozone exposure. Animals were treated with varying doses of th
hormone (thyroxine sc daily for 7 days) or vehicle injections (control) and
exposed to ozone (2 ppm; 3 h) by inhalation as described under Methods
were harvested from the lung by bronchoalveolar lavage 18 h afte
inhalation exposures. The total numbers of cells that were harvested
determined using an electron cell counter equipped with a cell-sizing a
ment. Subsequently, values obtained from differential analysis of the pe
ages of alveolar macrophages and leukocytes present in the cell popu
were used to calculate the number of polymorphonuclear leukocytes. V
are the means6 SE for five or six determinations in each group, except fo
group receiving 1.0 mg/kg thyroxine and ozone (N 5 3). In this latter group
some of the rats died overnight. In this experiment, no polymorphonu
leukocytes were detected in the number counted from control rats not ex
to ozone (N 5 6). *p # 0.05 vs 0 mgthyroxine/kg body wt group.

TABLE 1
Effect of Thyroid Hormone Treatment on Breathing Rate,

Tidal Volume, and Minute Ventilation

Measurement Control Thyroid hormone treatme

Breathing rate (breaths/min) 2036 6 1986 5
Tidal volume (ml/breath) 1.736 0.09 2.096 0.12*
Minute ventilation (ml/min) 3496 18 4086 19*

Note.Animals were treated with thyroid hormone (1 mg/kg body wt sc d
for 7 days) or vehicle injections (control) as described under Methods. B
ing rates and tidal volumes were measured and these values were then
calculate minute ventilation. These measurements were made just
exposure to air or varying doses of ozone. Values are the means6 SE for 19
r 20 determinations in each group.
* p # 0.05 vscontrol.
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24 HUFFMAN ET AL.
lavage fluid LDH activities (Fig. 3) and are presented in Fig
As can be seen, LDH activity was still increased in thy
hormone-treated rats relative to vehicle-treated controls
normalization for the total inhaled dose. Similar results w
observed for bronchoalveolar lavage fluid albumin levels
numbers of polymorphonuclear leukocyte harvested by b
choalveolar lavage (data not shown). These results sugge
the increased pulmonary damage and inflammatory res
that is observed in thyroid hormone-treated rats follow
ozone exposure is not primarily a consequence of the de
of greater amounts of ozone to the lung.

Relationship between whole-body metabolic rate and
monary responses to ozone exposure.As noted above, thy
roid hormone treatment was associated with increase
whole-body metabolic rate. In order to evaluate possible
tionships between whole-body metabolic rate and pulmo
responses to ozone exposure, metabolic rate measure
were made on rats that had received varying doses of th
hormones (0.1 to 1 mg thyroxine/kg BW sc daily for 7 days
vehicle injections. These measurements were made pr
exposure to ozone. These results were then plotted again
values obtained for bronchoalveolar lavage fluid LDH ac
ties after ozone exposure and are presented in Fig. 9. L
regression analysis indicates that only 28% of the varian
LDH activities can be attributed to differences in metab
rate. Similar estimates for bronchoalveolar lavage fluid a
min levels and numbers of polymorphonuclear leukocytes
vested by bronchoalveolar lavage were 53 and 23%, re

FIG. 8. Relationship between the inhaled dose of ozone and LDH ac
in bronchoalveolar lavage fluid from thyroid hormone-treated and contro
The total inhaled dose of ozone was estimated for animals that had been
with thyroid hormone (1 mg thyroxine/kg body wt sc daily for 7 days
vehicle injections (control) and that were then exposed to air or va
amounts of ozone as described under Methods. The values shown
means6 SE for three or four determinations in each group, except fo
groups receiving 1.5 ppm ozone and the control group receiving 3 ppm
(N 5 2).
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damage and inflammatory responses that are observed i
roid hormone-treated rats following ozone exposure are
solely linked to changes in whole-body metabolic rate.

DISCUSSION

This study demonstrates that hyperthyroidism substan
increases the risk of ozone-induced lung toxicity. This
evidenced by increases in lung cell damage, the permeabi
the alveolar–capillary barrier, and the number of polymorp
nuclear leukocytes in bronchoalveolar areas in thyroid
mone-treated rats relative to that in euthyroid controls fol
ing the inhalation of ozone. In these experiments, we
explored dose–response relationships between a hypert
state and ozone-induced lung toxicity. We observed that
a twofold rise in circulating thyroid hormone levels was a
ciated with enhanced pulmonary toxicity to the short-t
inhalation of 2 ppm ozone using the rat as an animal m
This finding is of potential significance in evaluating the o
all relevance of this phenomenon. Two- to threefold incre
in circulating thyroid hormone levels are routinely observe
hyperthyroid humans (Kunget al., 1992; Philippouet al.,
992). In addition, the biologic effects of a short-term expo

o 2 ppm ozone in rats appear to be relatively equivale
xposure levels of 0.4 ppm ozone in exercising human sub
Hatchet al., 1994). These observations suggest that the

ceptibility of the lung to ozone toxicity may be significan
influenced by individual thyroid hormone status.

Our results provide some pathophysiological basis for

FIG. 9. Relationship between whole-body metabolic rate and LDH a
ity in bronchoalveolar lavage fluid from thyroid hormone-treated and co
rats. Animals were treated with varying doses of thyroid hormone (thyro
sc daily for 7 days) or vehicle injections (control). Metabolic rates w
determined prior to ozone exposure (2 ppm; 3 h) as described under Me
LDH activities in bronchoalveolar lavage fluid samples were measured o
same animals 18 h after the end of the inhalation exposure. The line dep
best-fit relationship between these two variables using linear regression
ysis.
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25HYPERTHYROIDISM AND OZONE-INDUCED LUNG TOXICITY
been treated with thyroid hormone preparations prior to o
exposure (Fairchild and Graham, 1963). In fact, we noted
some rats that had received combinations of the highest
of thyroid hormone and ozone died during the night follow
the ozone exposure period and is the reason for the low nu
of animals in some of the experimental groups in the pre
study. Our findings concerning thyroid hormone effects
ozone-induced pulmonary toxicity and edema also com
ment those of Sen and colleagues (1993). In that stud
isolated lung perfusion system was used. They observe
pulmonary vascular perfusion pressure was significantly
creased in lungs from rats that had been previously treated
thyroid hormone and exposedin vitro to 1 ppm ozone for 24
relative to that of lungs from ozone-exposed controls and
associated with visual evidence of pulmonary edema.

In the present study, we investigated two mechan
whereby thyroid hormone treatment might have resulte
more severe pulmonary reactions to ozone. Specifically
assessed whether alterations in either whole-body meta
rate or the total inhaled dose of this gas could account fo
observed increases in ozone-induced lung toxicity follow
thyroid hormone treatment. It is well known that thyroid h
mones exert a calorigenic effect and that elevated circul
thyroid hormone levels are associated with increases in w
body metabolic rate in mammalian species, including th
(Gemmill and Browning, 1965). In the present study, poss
relationships between changes in whole-body metabolic
induced by thyroid hormone treatment and the conseq
pulmonary effects of ozone were explored using regres
analyses. While our results suggest that a proportion o
pulmonary effects of ozone might be related to alteration
whole-body metabolic rate, it is evident that this phenome
cannot fully account for the increased pulmonary damage
inflammatory response to ozone following thyroid horm
treatment. These findings are similar to those of Fairchild
Graham (1963), who observed that the induction of a hy
metabolic state per se using a metabolic stimulator, 2,4-
trophenol, was not associated with an increase in ozone-
ciated mortality.

We also investigated whether alterations in ventilation
have occurred in a hyperthyroid state and, as a consequ
resulted in increases in the total inhaled dose of ozon
tendency for tidal volume and minute ventilation to be elev
following thyroid hormone treatment in the rat has been n
by other researchers (Ianuzzoet al., 1984). In our study, w
found that treatment with the highest dose regime of thy
hormone (1 mg thyroxine/kg BW sc daily for 7 days) w
associated with significant increases in both tidal volume
minute ventilation. However, our results indicate that ind
of ozone-induced lung toxicity were still increased in thyr
hormone-treated groups even after normalization for the
inhaled dose of ozone. These observations suggest th
increased pulmonary damage and inflammatory respons
e
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treated rats cannot be explained solely as a consequence
delivery of greater amounts of ozone to the lung. It shoul
noted that the ventilation measurements used in our evalu
were made just prior to exposure to ozone. It has been rep
that significant decreases in minute ventilation in normal
can occur during ozone exposure (Mautz and Bufalino, 1
Wiester et al., 1987). In order to assess how alteration
ventilation during the course of exposure might impact
conclusions drawn in our study, ventilation measurem
were also made at the end of the exposure period. These
were then used to provide separate estimates of the in
dose of ozone for both the control and thyroid hormone-tre
groups of rats. Results from these estimates also sugge
the increase in ozone-induced pulmonary toxicity in thy
hormone-treated rats was not caused by the delivery of g
amounts of ozone to the lung (unpublished observation
should be noted that the ventilation measurements in
present study do not provide information concerning cha
in specific respiratory patterns that might have occurre
hyperthyroid or control rats during the period of ozone ex
sure. In this regard, it has been shown that, at equiv
inspired doses of ozone, a rapid, shallow breathing pa
during the exposure period is associated with less lung da
than that seen with a slow, deep breathing pattern (Joadet al.,
2000). In addition, our measurements do not provide info
tion concerning possible differences in the pulmonary d
bution of the inhaled ozone between hyperthyroid and co
rats. It is known significant site-specific differences in a
epithelial injury can be associated with exposure to o
(Plopperet al.,1998). Exploration of both ventilatory patter
during ozone exposure and the specific pattern of distrib
of ozone within the lung in hyperthyroid animals would p
vide important additional information.

It is possible that direct cellular effects of thyroid hormo
may underlie the observed potentiation of ozone-induced
monary toxicity. For instance, thyroxine has been show
substantially enhance the osmotic fragility of erythrocytes
posed to ozonein vitro (Wong and Hochstein, 1981). This w
attributed to modifications of membrane proteins as a res
thyroid hormone deiodination within the erythrocyte me
brane in the presence of ozone. If such effects also occ
lung cells, then this could contribute to the increased pu
nary damage that is seen following ozone in hyperthy
animals. In addition, thyroxine has been reported to dire
stimulate the production of superoxide anion by human a
olar neutrophils and macrophages (Nishizawaet al., 1998).
Such prooxidant effects of thyroid hormones at these, or o
specific lung cell types could also contribute to the ampli
tion of ozone-induced lung toxicity. Investigation of th
possible mechanisms warrants attention in future studies

It is of interest to note that thyroid hormone status
appears to influence the susceptibility of animals to prolo
exposure to 100% oxygen. For instance, thyroid horm
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26 HUFFMAN ET AL.
rates of rats exposed to high oxygen levels relative to t
of exposed controls (Grossman and Penrod, 1949; Smet

l., 1960; Yam and Roberts, 1979). The lung appears t
primarily target organ in that gross pathological exam

ion at autopsy revealed more severe pulmonary damag
ulmonary edema, as measured by lung wet weight to
eight ratios and the amount of pleural fluid, in thyro

reated animals. The finding that thyroid hormone treatm
ncreases both ozone and oxygen-induced lung toxic
uggests that pulmonary sensitivity to oxidants, in gen
ay be influenced by thyroid hormone status. If this is

ase, then pulmonary damage from oxidant stressors de
rom diverse sources, such as drugs or inhaled particu
nd surgical procedures, e.g., cardiopulmonary bypas

ung transplantation, may also be negatively influence
yperthyroidism.
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