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ABSTRACT

Acute ozone exposure increases circulating stress hormones and induces metabolic alterations in animals. We
hypothesized that the increase of adrenal-derived stress hormones is necessary for both ozone-induced metabolic effects
and lung injury. Male Wistar-Kyoto rats underwent bilateral adrenal demedullation (DEMED), total bilateral adrenalectomy
(ADREX), or sham surgery (SHAM). After a 4 day recovery, rats were exposed to air or ozone (1 ppm), 4 h/day for 1 or 2 days
and responses assessed immediately postexposure. Circulating adrenaline levels dropped to nearly zero in DEMED and
ADREX rats relative to SHAM. Corticosterone tended to be low in DEMED rats and dropped to nearly zero in ADREX rats.
Adrenalectomy in air-exposed rats caused modest changes in metabolites and lung toxicity parameters. Ozone-induced
hyperglycemia and glucose intolerance were markedly attenuated in DEMED rats with nearly complete reversal in ADREX
rats. Ozone increased circulating epinephrine and corticosterone in SHAM but not in DEMED or ADREX rats. Free fatty acids
(P¼ .15) and branched-chain amino acids increased after ozone exposure in SHAM but not in DEMED or ADREX rats. Lung
minute volume was not affected by surgery or ozone but ozone-induced labored breathing was less pronounced in ADREX
rats. Ozone-induced increases in lung protein leakage and neutrophilic inflammation were markedly reduced in DEMED
and ADREX rats (ADREX>DEMED). Ozone-mediated decreases in circulating white blood cells in SHAM were not observed
in DEMED and ADREX rats. We demonstrate that ozone-induced peripheral metabolic effects and lung injury/inflammation
are mediated through adrenal-derived stress hormones likely via the activation of stress response pathway.
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Epidemiological studies have demonstrated a positive associa-
tion between air pollution and increases in type 2 diabetes, hy-
perglycemia, glucose intolerance, and increased homeostasis
model assessment index (Brook et al., 2008, 2013; Hu et al., 2015;
Rao et al., 2015; Thiering and Heinrich, 2015). The mechanisms

by which air pollutants impact metabolic processes and change
clinical indicators of insulin resistance are still largely un-
known. Also not known is how air pollutants can induce
changes in pathways involving lipid and amino acid metabo-
lism (Miller et al., 2015), which can contribute to insulin
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resistance and steatohepatitis. It has been hypothesized that
systemic inflammation, endoplasmic reticulum stress, and/or
autonomic activation induced by air pollutant exposure are in-
volved in insulin resistance (Rajagopalan and Brook, 2012).

Ambient ozone has been studied for decades for its pulmo-
nary and cardiovascular effects. Recently, the interest in ozone
health effects has been rejuvenated for 2 reasons: (1) its levels
are anticipated to increase as a result of climate change (Fann
et al., 2015), and (2) it has been increasingly recognized that even
though ozone is less likely to translocate beyond the lung, it
causes a myriad of systemic effects (Miller et al., 2015). While
ambient particulate matter exposures have been linked to the
onset and/or exacerbation of peripheral insulin resistance
(Rajagopalan and Brook, 2012), ozone has also been associated
with the incidence of diabetes (Janghorbani et al., 2014; Ren
et al., 2010). In addition, new studies show that ozone exposure
induces a variety of neurological effects (Akhter et al., 2015;
Calder�on-Garcidueñas et al., 2015; Chounlamountry et al., 2015).
Ozone exposure stimulates afferent vagal sensory nerves that
terminate in stress-responsive hypothalamic regions in the cen-
tral nervous system (Gackière et al., 2011). Acute ozone exposure
has been shown alter neuronal catecholamine biosynthesis and
increase circulating stress hormones (Bass et al., 2013; Miller
et al., 2015; Soulage et al., 2004; Thomson et al., 2013). Our recent
studies have demonstrated that rats exposed acutely to ozone
develop lung injury/inflammation, hyperglycemia, glucose in-
tolerance, and lipidemia, which are associated with increases in
circulating epinephrine and cortisol (Bass et al., 2013; Miller
et al., 2015). We have also shown that acute ozone produces hy-
pothermia and bradycardia (Gordon et al., 2014). Collectively,
these data suggest that ozone peripheral metabolic effects are
likely mediated by central sympathetic and hypothalamus–
pituitary–adrenal (HPA) stress axis activation.

The neuronal stress response, activated as a result of bodily
injury or threat, initiates physiological mechanisms that pro-
vide integrated communication between all organ systems
(Smith and Vale, 2006). The initial event includes the release of
hypothalamic paraventricular nucleus (PVN)-derived corticotro-
phin releasing hormone and the activation of catecholaminer-
gic neurons within the locus coeruleus (LC), which results in the
activation of the HPA axis and sympathetic axis, respectively
(Navarro-Oliveira et al., 2000; Ulrich-Lai and Herman, 2009). The
priority of the neuronal stress response is to channel energy
substrates to appropriate tissues to restore equilibrium, which
is mainly achieved by elevated circulating stress hormones (ie,
induction of gluconeogenesis, glycogenesis, muscle proteolysis,
and adipose lipolysis) (Smith and Vale, 2006). Acute ozone-
induced peripheral metabolic changes we observed in humans
and rats are similar to homeostatic changes in response to
stress (Bass et al., 2013; Miller et al., 2016). However, it is not
known if these stress hormones can contribute to pulmonary
injury and inflammation induced by exposure to air pollutants.

In response to HPA activation, the adrenal cortex secretes
glucocorticoids (cortisol in humans and corticosterone in rats).
In contrast, the adrenal medulla can be directly stimulated by
the sympathetic efferent nerves, resulting in the secretion
of epinephrine and/or norepinephrine (Goldstein, 2010).
Adrenalectomy has been used to examine the role of these hor-
mones in (1) neuronal regulation of the HPA-axis (Helmreich
et al., 1996; Kaminski and Watts, 2012; Weidenfeld and Feldman,
2000), (2) regeneration of adrenals over time (Rebuffat et al.,
2007), and (3) endogenous corticosteroid biogenesis (Bykowski
et al., 2007; Freel et al., 2007). Surgical removal of adrenal me-
dulla can allow one to examine the role of epinephrine whereas

total bilateral adrenalectomy (ADREX) can be used for examin-
ing the roles of epinephrine and cortical steroidal hormones.

In this study, we test the postulate that acute ozone-induced
pulmonary and systemic metabolic effects are mediated
through adrenal-derived epinephrine and corticosterone.
Further, that bilateral adrenal demedullation (DEMED) will se-
lectively dampen some effects, whereas ADREX will have more
profound effect on ozone-induced systemic metabolic impair-
ment, and pulmonary injury and inflammation. We examined
pulmonary and systemic metabolic effects of ozone exposure
together with an assessment of adrenal-derived hormones in
rats that underwent sham surgery (SHAM), DEMED, or ADREX.

MATERIALS AND METHODS

Animals. Healthy male Wistar Kyoto (WKY) rats (250–300 g) were
purchased from Charles River Laboratory (Raleigh, North
Carolina) at 6–8 weeks of age. Rats were housed (n¼ 2/cage or as
indicated below) in polycarbonate cages containing beta chip
bedding in an isolated room in an animal facility maintained at
21 6 1�C, 50% 6 5% relative humidity, and held to a 12 h light/
dark cycle. The animal facility is approved by the Association
for Assessment and Accreditation of Laboratory Animal Care
(AAALAC). All animals received standard (5001) Purina pellet rat
chow (Brentwood, Missouri) and water ad libitum unless other-
wise stated. Animal procedures were approved by the US
Environmental Protection Agency (US EPA), National Health and
Environmental Effects Research Laboratory (NHEERL) Animal
Care and Use Committee (IACUC; Permit Number: 16-03-003).
Animals were treated humanely and all efforts were made for
alleviation of suffering.

Animal surgery and recovery protocol. At 12–13 weeks of age, rats
underwent surgical procedures. Anesthesia was achieved using
an intraperitoneal injection of ketamine/xylazine (25 mg/2 mg
in 1 ml saline/kg), followed by a subcutaneous injection of
buprenorphine (0.02 mg/kg) for analgesia. Eye ointment was
applied to rats to prevent drying during surgery. Isoflurane was
also used if any signs of movement were noticed during the pro-
cedure. Following anesthesia, rats were placed in sternal
recumbency for Charles River Surgeons to perform SHAM,
DEMED, or ADREX using surgical protocols established at
Charles River Inc. Both (right and left) glands were removed for
ADREX, whereas the DEMED involved bilateral removal of
medulla only. The SHAM group underwent similar procedures
as DEMED, or ADREX rats except that adrenals were not
removed. The muscle wall incisions were closed with absorb-
able suture. Skin incisions were then closed with stainless steel
surgical wound clips. Immediately following surgery, animals
were placed on heated pads and observed until recovery from
anesthesia. Once recovered from anesthesia, animals were
injected subcutaneously with Meloxicam analgesic (0.2 mg/ml/
kg). Additional 2 doses of Buprenorphine were injected (0.02 mg/
ml/kg) subcutaneously every 8–12 h. All drugs used in surgery
were purchased from Henry Schein Animal Health Inc. (Dublin,
Ohio). Following surgery, the animals were single housed using
Enviro Dry enrichment/nesting material and provided pow-
dered food. The rats that underwent ADREX were provided with
saline (0.9% NaCl) as drinking water to maintain water/salt bal-
ance. All animals were allowed 96 h to recover prior to their
exposure to air or ozone. We believe that 4 days was an appro-
priate time as the weight gain was stabilized (Table 1),
there were no clinical signs of distress noted, food and water
consumption were normal and the recovery appeared near
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complete. Furthermore, a number of studies involving
adrenalectomy previously used a 4 day recovery time
(Osterlund et al., 2013; Sakakibara et al., 2014). We wanted to
avoid the influence of secondary changes that might occur with
a longer recovery time frame in the absence of aldosterone-
mineralocorticoids, which regulate salt-fluid balance, blood vol-
ume, and cardiovascular function. The timeline of the surgery,
ozone exposure, in-life testing, and necropsy are shown in
Figure 1.

Ozone generation and animal exposures. Ozone was produced from
oxygen by a silent arc discharge generator (OREC, Phoenix,
Arizona), and its entry into the Rochester style “Hinners” cham-
bers was controlled by mass flow controllers (Coastal
Instruments Inc., Burgaw, North Carolina). The ozone concen-
trations in the chambers were recorded continuously by photo-
metric ozone analyzers (API Model 400, Teledyne Instruments;
San Diego, California). Mean chamber air temperature and rela-
tive humidity were 23.3�C (74�F) and 46%, respectively. Each sur-
gery group (SHAM, DEMED, ADREX; n¼ 20–24/surgery group)
was randomized and subdivided into air or 1.0 ppm ozone

exposure, 4 h/day for either 1 day or 2 days (n¼4 for SHAM-air,
n¼6 for all other exposure groups). This ozone concentration is
much higher than what one would expect environmentally.
However, ozone concentrations as high as 0.4 ppm can be
expected in tropical hot climates with high anthropogenic pol-
lution (WHO, 1978). It has been shown that in rats once inhaled,
ozone deposition in the lung is 3–4 times less than what
humans will experience (Hatch et al., 1994). We have shown that
humans experience metabolic effects of ozone at 0.3 ppm
(Miller et al., 2016).

For the 1 day group, rats were necropsied immediately fol-
lowing a 1 day, 4 h exposure (1-D group), whereas for the 2 day
group, rats were necropsied immediately following the second
day of a 4 h ozone exposure (2-D group). Only the 2-D group
underwent glucose tolerance testing (GTT) immediately follow-
ing the first day of exposure. As observed in our prior study, the
ozone effects are evident immediately following the first and
also second day exposure. Since GTT takes approximately 3 h
and a large bolus of glucose is injected in the animals, which
may require several hours for blood glucose levels to return to
baseline, we decided to do GTT immediately following first day
exposure in rats assigned for 2-D exposure. Another group of
rats, which did not undergo GTT, was necropsied immediately
following first day of exposure (1-D) to correlate with changes in
GTT. Since lung injury and inflammation generally takes sev-
eral hours to peak after ozone exposure, and the ozone effects
are maximum on the second day, we believed that 2-D exposure
was necessary to determine the extent of lung damage/injury,
while at the same time determining systemic responses imme-
diately following the second day.

Glucose tolerance test. Immediately following the first day of
ozone exposure, rats assigned to the 2-D exposure group under-
went GTT (rats were fasted for approximately 6 h prior to test-
ing). Baseline blood glucose concentrations were measured by
pricking the distal surface of rats’ tails using a sterile needle. A
Bayer Contour glucometer (Leverkusen, Germany) was used to
determine blood glucose levels using test strips. After the first
measurement, rats were given an intraperitoneal injection of
glucose (20% D-glucose; 10 ml/kg in saline; Sigma-Aldrich, St
Louis, Missouri). Measurement with the glucometer was
repeated every 30 min over the course of 2 h.

Whole-body plethysmography. Pulmonary ventilatory parameters
were examined prior to the first day of exposure in the morning
(6:00 AM), immediately following first ozone exposure (11:30 AM)
and in the morning prior to second day of exposure (6:00 AM) in
the 2-D group. A four chamber whole-body plethysmography
system using Buxco BioSystem XA software (Buxco Electronics,
Wilmington, North Carolina) was used to measure minute

TABLE 1. Effect of Surgery and Ozone Exposure on Body Weights in Rats

Time Point of
Body Weights (g)

Prior to Surgery Prior to Day 1 Exposure After Day 1 Exposure Prior to Day 2 Exposure After Day 2 Exposure

Group Air Ozone Air Ozone Air Ozone Air Ozone Air Ozone

SHAM 321 6 32 318 6 18 322 6 39 320 6 13 314 6 31 307 6 15 324 6 30 313 6 25 309 6 26 299 6 15
DEMED 318 6 16 321 6 17 319 6 14 327 6 15 310 6 12 315 6 9 318 6 14 316 6 17 305 6 13 305 6 12
ADREX 321 6 15 321 6 18 305 6 16 299 6 16a 292 6 13 292 6 9 297 6 13 296 6 14 291 6 11 281 6 9a

SHAM, sham surgery; DEMED, bilateral adrenal demedullation; ADREX, total bilateral adrenalectomy.
aSignificant (P� .05) ADREX effect relative to SHAM (mean 6 SEM).

FIG. 1. Experimental timeline. Four days prior to air or ozone exposure, WKY

rats underwent SHAM, DEMED, or ADREX. After 4 days of recovery, rats were

exposed to air or ozone for 4 h/day for 1 day (A, 1-D) or 4 h/day for 2 consecutive

days (B, 2-D). GTT was performed in the 2-D exposure group only after the first

day of exposure. Immediately following each exposure, rats were necropsied for

analysis of lung injury and inflammation, neurohormones, and metabolic bio-

markers. WKY, Wistar Kyoto; SHAM, sham surgery; DEMED, bilateral adrenal

demedullation; ADREX, total bilateral adrenalectomy; GTT, glucose tolerance

test.
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volume, tidal volume, breathing frequency, and the enhanced
pause (Penh), which is presumed to provide an index of airflow
limitation and often used as a surrogate for bronchoconstriction
(Hamelmann et al., 1997). Each rat was placed in a plethysmo-
graph chamber and allowed 1 minute to adapt prior to 5 min of
assessing the respiratory parameters. Respiratory parameters
were computed as described earlier (Kodavanti et al., 2005).

Necropsy and sample collection. The 1-D and 2-D groups were
necropsied immediately following the first and second 4 h
ozone exposure, respectively. Rats were weighed and anesthe-
tized with an overdose of Nembutal (Virbac AH, Inc., Fort
Worth, Texas; 50–100 mg/kg, i.p.). Blood samples were col-
lected through an abdominal aortic puncture. Complete blood
counts were performed using a Beckman-Coulter AcT blood
analyzer (Beckman-Coulter Inc., Fullerton, California). All
blood samples were centrifuged and aliquots of serum and
plasma stored at �80�C until analysis. Bronchoalveolar lavage
(BAL) was performed through tracheal tubing using 37�C phos-
phate buffer saline at a volume of 28 ml/kg body weight.
Aliquots of BAL fluid were used to determine total cell counts
with a Z1 Coulter Counter (Coulter, Inc., Miami, Florida) and
cell differentials were performed on cytospin slides stained
with Diff-quick (Fischer Scientific, Pittsburgh, Pennsylvania) as
previously described (Bass et al., 2013). The cell-free BAL fluid
(BALF) was used to analyze protein, albumin, and lactate
dehydrogenase (LDH) activity as previously described (Bass
et al., 2013).

Plasma and serum analysis. Adrenaline and noradrenaline plasma
levels were measured using kits from Rocky Mountain
Diagnostics (Colorado Springs, Colorado) per the manufacturer’s
protocol. Serum corticosterone concentrations were analyzed
employing an immunoassay kit (Arbor Assay, Ann Arbor,
Michigan) per the manufacturer’s protocol. Total cholesterol
and triglycerides were measured in serum samples using kits
from TECO Diagnostics (Anaheim, California). Nonesterified
free fatty acids (FFA) were measured in serum by a coupled
enzymatic reaction and the resultant hydrogen peroxide detec-
tion using a colorimetric probe as per the manufacturer’s proto-
col (Cell Biolabs, Inc, San Diego, California). The kit protocols for
measuring lipids were modified for use on the Konelab Arena 30
system (Thermo LabSystems, Espoo, Finland). Branched chain
amino acids (BCAA) were measured in serum using ELISA kits
and the protocol based on chemiluminescence detection
(Abcam, Cambridge, Massachusetts).

Statistics. GTT data were analyzed using a 2-way repeated meas-
ure multivariate analysis of variance where serial blood glucose
measurements were incorporated in the analysis (Graphpad
prism 4.03 software). Area under the curve (AUC) for GTT was
determined by the trapezoidal method and analyzed for statisti-
cal significance by ANOVA followed by a Duncan’s multiple
range test. Other variables were analyzed using a 2-way ANOVA
model (independent variables being exposure and surgical
manipulation). The 2 assumptions associated with ANOVA
models are equality of variances and normality of errors (resid-
uals). We used Levene’s test to assess the equality of variances
and Shapiro Wilk’s test to examine the normality of errors. The
ANOVA assumptions for serum adrenaline, serum corticoster-
one, serum cholesterol, serum FFA, BALF protein, BALF albumin,
BALF LDH, BALF neutrophils, BALF eosinophils, and PenH did
not satisfy desired equal variance and/or normality. These data
were then transformed to satisfy 2 assumptions (log or square

root as appropriate). Pairwise comparisons were performed as
subsets of the overall analysis of variance (ANOVA). The level of
significance was set at 0.05. No adjustments were made for mul-
tiple comparisons.

RESULTS

Body Weights
Body weights were closely examined after surgery, throughout
recovery, and during ozone exposure. The SHAM and DEMED
groups did not lose body weight as a result of surgery as deter-
mined 4 days after surgery or during the course of air exposure
over 2 days (Table 1). In general, ADREX group showed a slight
but significant decrease in body weight gain after surgery com-
pared with other surgery groups. Ozone exposure on the second
day tended to reduce body weight in all rats; however, this
effect was not significant relative to time-matched air groups.

ADREX, DEMED, and Ozone Impacted Circulating Adrenal-Derived
Hormones
To determine ozone-induced changes in adrenal-derived hor-
mones and the effectiveness of surgical intervention, we eval-
uated levels of circulating adrenaline, noradrenaline, and
corticosterone. Concentrations of adrenaline, derived from the
medulla, were markedly reduced in all DEMED and ADREX rats,
regardless of exposure (Figure 2A). Ozone significantly increased
adrenaline plasma levels in SHAM rats on day 1 and day 2 com-
pared with air exposure (Figure 2A). Noradrenaline plasma lev-
els were not altered by exposure or surgical interventions
(Figure 2B). DEMED caused a slight reduction in the levels of cir-
culating corticosterone, which was significant only in 2-D air-
exposed rats. Ozone exposure in SHAM rats tended to increase
levels of serum corticosterone on day 1, but the difference was
statistically insignificant when compared with time-matched
air group (Figure 2C). Corticosterone levels dropped to nearly
zero in all ADREX rats. Ozone did not affect corticosterone levels
in the DEMED and ADREX groups (Figure 3C).

Acute Ozone-Induced Glucose Intolerance Is Inhibited by ADREX
GTT was conducted in SHAM, DEMED, and ADREX groups
immediately following the first day of ozone exposure in the
2-D group to determine the relative contribution of adrenal-
derived hormones to acute ozone-induced glucose metabolic
effects. Glucose tolerance was not affected by ADREX or DEMED
in air-exposed rats (Figure 3). The SHAM group exposed to ozone
demonstrated significant fasting hyperglycemia and glucose
intolerance compared with its matching air group (Figure 3A) as
observed in our previous study (Miller et al., 2015). The DEMED
rats showed marked suppression of ozone–induced hyperglyce-
mia and glucose intolerance throughout the testing period
(Figure 3A). There was nearly a complete reversal of ozone-
induced fasting hyperglycemia and glucose intolerance in
ADREX rats (Figure 3A). AUC calculations further revealed that
ozone-induced glucose metabolic effects were almost com-
pletely eliminated in ADREX rats (Figure 3B).

Acute Ozone-Induced Increases in Circulating Lipids and Protein
Metabolites Are Reduced in Rats With Prior ADREX
The activation of the stress response pathway and subsequent
release of adrenal stress hormones are central to changes in
peripheral metabolism. Our prior study demonstrated that
exposure to ozone resulted in increased circulating FFA and
BCAA in rats (Miller et al., 2015). Although prior metabolomic
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assessment showed a small increase in serum cholesterol after
a 6 h ozone exposure in our previous study (Miller et al., 2015), in
this study 4 h ozone exposure for 1-D or 2-D did not affect serum
cholesterol levels in any group regardless of prior surgical pro-
cedure (Figure 4A). ADREX rats exposed to air had increased tri-
glycerides at 1-D compared with SHAM rats (Figure 4B). Serum
triglycerides were significantly increased after day 1 of ozone
exposure in SHAM rats (Figure 4B). Ozone-induced triglyceride
increase was smaller in DEMED rats whereas ADREX was associ-
ated with nearly a complete negation of ozone effect in the 1-D
group (Figure 4B). Circulating FFA were not affected by DEMED

or ADREX as evident in air-exposed rats. FFA tended to
increase in SHAM rats (P¼ .15) when exposed to ozone on 1-D;
however, this increase was not observed in DEMED or ADREX
rats (Figure 4C).

Air-exposed ADREX group showed significant increases in
circulating BCAA on 1-D relative to SHAM rats. On day 1, BCAA
also tended to increase (P¼ .13) in the SHAM ozone-exposed
group but the difference remained insignificant. On day 2, how-
ever, BCAA levels significantly increased in the SHAM rats
exposed to ozone. Importantly, this ozone-induced increase in
BCAA did not occur in the ADREX group (Figure 4D).

FIG. 2. Changes in the levels of circulating hormones after air or ozone exposure in SHAM, DEMED, or ADREX rats. Adrenal cortex and medulla-derived hormones were

measured in the serum and plasma, respectively, from rats exposed to air or ozone at both time points (1-D, 2-D), A, Adrenaline (Epinephrine), B, Noradrenaline

(Norepinephrine), and C, Corticosterone. Values indicate mean 6 SEM (n¼4–6/group). *Indicates ozone effect when compared with matching air group at a given time

point (P� .05). †Indicates surgery effect within matching exposure group at a given time point (P� .05).

FIG. 3. Changes in glucose tolerance after air or ozone exposure in SHAM, DEMED, or ADREX rats. GTT was performed only after the first day of exposure in the 2-D

group (A). The 0 min time point shows fasting glucose levels in each group postexposure. Panel B shows the graph for the AUC for the GTT data. Values indicate

mean 6 SEM (n¼4–6/group). *Indicates ozone effect when compared with matching air group (P� .05). AUC, area under the curve.
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Ozone-Induced Ventilatory Changes Are Reduced in
Adrenalectomized Rats
Whole-body plethysmography was used to assess breathing
parameters. DEMED or ADREX did not significantly affect breath-
ing frequency, tidal volume (data not shown), minute volume, or
PenH as determined prior to exposure in all rats or in the air
groups postexposure (Figure 5). Ozone exposure did not change
body weight-normalized minute volume in any group (Figure 5A).
Immediately following 1-D of ozone exposure, PenH was markedly

increased in SHAM and DEMED rats. This ozone-induced increase
in PenH was significantly lower in ADREX rats compared with
SHAM rats (Figure 5B). The morning after the first ozone exposure,
the ozone-induced increases in PenH were still apparent in SHAM
and DEMED rats but the levels were much lower compared with
the measurement taken immediately after the first ozone expo-
sure. In the morning after the first ozone exposure, the ADREX
ozone-exposed group did not present significant increases in
PenH compared with surgery-matched air control.

FIG. 4. Changes in circulating metabolites after air or ozone exposure in SHAM, DEMED, or ADREX rats. Serum metabolites were measured after air or ozone exposure

in rats at each time point (1-D, 2-D): A, Total cholesterol, B, triglycerides, C, FFA, and D, BCAA. Values indicate mean 6 SEM (n¼4–6/group). *Indicates ozone effect

when compared with matching air group at a given time point (P� .05). †Indicates surgery effect within matching exposure group at a given time point (P� .05). P¼ .15

for FFA air and ozone, 1-D and P¼ .13 for BCAA air and ozone 1-D in the SHAM rats. FFA, free fatty acids; BCAA, branched chain amino acids.

FIG. 5. Ozone-induced changes in lung minute volume and PenH, an index of labored breathing, in SHAM, DEMED, and ADREX rats. The plethysmography was per-

formed the morning prior to first ozone exposure (1-D Morning), immediately following first ozone exposure (1-D Afternoon), and prior to the start of second exposure

(2-D Morning). A, Minute volume was calculated based on breathing frequency and tidal volume and the values were normalized to body weight. B, PenH values were

computed from all ventilatory parameters measured during plethysmography. Values indicate mean 6 SEM (n¼4–6/group). *Indicates ozone effect when compared

with matching air group at a given time point P� .05. †Indicates surgery effect within matching exposure group at a given time point P� .5.
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Ozone-Induced Lung Injury and Inflammation Are Diminished by
DEMED and ADREX
Ozone exposure for 1-D increased markers of vascular protein
leakage including BALF total protein and albumin in SHAM and
DEMED groups compared with surgery-matched air controls
(Figures 6A and B). Ozone-induced protein and albumin
increases in the SHAM rats were more pronounced on 2-D when
compared with 1-D. The ADREX group did not display any
ozone-induced increases in protein or albumin following 1-D
ozone exposure. Likewise, ozone exposure did not increase
BALF protein or albumin in DEMED and ADREX rats on 2-D
(Figures 6A and B). Ozone exposure led to increases in BALF LDH
activity (a marker of lung cell injury) on day 1 in SHAM rats
(Figure 6C). Ozone-exposed DEMED and ADREX rats did not
show any increase in BALF LDH activity.

Lung inflammatory responses to ozone were assessed by
determining BALF cell differentials. The number of macro-
phages in BALF did not change significantly as a result of
DEMED or ADREX in air exposed rats. Ozone exposure also did
not change the number of BALF macrophages (data not shown).
The baseline levels of neutrophils were slightly higher in
ADREX rats exposed to air when compared with other surgery
groups (Figure 7A). Significant increases in BALF neutrophils
occurred on 1-D and 2-D in SHAM rats after ozone exposure.
This ozone-induced increase in neutrophils was much more
pronounced on day 2 when compared with day 1 in SHAM rats
(Figure 7A). The increase in neutrophils following ozone expo-
sure was significantly reduced in DEMED (SHAM>DEMED) rats.
Surprisingly, the effect of ozone on neutrophils was nearly abol-
ished in ADREX rats, especially on 2-D. On day 1, only the
ADREX rats exposed to ozone showed increases in BALF eosino-
phils compared with air controls (Figure 7B). On day 2, eosino-
phil levels in ADREX rats exposed to ozone remained higher
than the air group.

To determine systemic inflammatory response, hematologi-
cal parameters were assessed. The circulating white blood
cells (WBC) were significantly decreased after ozone exposure
on 1-D and 2-D in SHAM rats (Figure 7C). Ozone exposure led to
a small decrease in WBC on day 1 also in DEMED rats, but
did not decrease WBC in ADREX rats at any time point.
ADREX DEMED and ADREX caused an increase in circulating
platelets (Figure 7D). Ozone exposure led to increases in circu-
lating platelets in SHAM and DEMED rats but not in ADREX rats
on 1-D.

DISCUSSION

We have recently shown that acute ozone-induced peripheral
metabolic alterations are associated with elevated adrenal-
derived stress hormones in humans and animals (Bass et al.,
2013; Miller et al., 2016). The goal of this study was to evaluate if
the adrenal-derived stress hormones are essential for mediating
acute ozone-induced metabolic and pulmonary effects in rats.
We used surgical DEMED to remove the medulla, which produ-
ces catecholamines in response to sympathetic stimulation,
and ADREX where the medulla as well as the cortex are
removed in rats. The cortex produces corticosteroids in
response to pituitary-derived adrenocorticotropic hormone
(ACTH) via the HPA-axis. When exposed to ozone, SHAM rats
produced typical systemic metabolic effects and lung injury
similar to that observed in our previous study (Miller et al.,
2015). These effects were characterized by hyperglycemia, glu-
cose intolerance, increased levels of epinephrine, corticoster-
one, circulating FFA, BCAA, and decreased circulating WBC,
together with increased pulmonary ventilatory changes, vascu-
lar leakage, and neutrophilic inflammation. All these ozone
effects were partially or fully blocked in rats with DEMED or
ADREX. Thus, we demonstrate that not only ozone-induced
metabolic impairment, but also pulmonary injury and inflam-
mation are largely modulated through adrenal-derived stress
hormones likely through sympathetic stimulation and activa-
tion of the HPA-axis.

Ozone produces nociceptive stimuli and activates pulmonary
vagal C-fibers that trigger various cardiopulmonary reflexes (Jimba
et al., 1995; Schelegle et al., 1993). Ozone activates the nucleus trac-
tus solitarius (NTS) and also stimulates various hypothalamic
stress-responsive regions-including the PVN and LC (Gackière
et al., 2011). Consequently, activation of these limbic regions could
lead to changes in heart rate, peripheral vasoconstriction, pulmo-
nary arterial hypertension, and increased capillary permeability
(Kubin et al., 2006; Nicolaides et al., 2015). However, these neuro-
hormonal pathways have not been linked to ozone-induced pul-
monary injury and systemic metabolic effects.

Diminution of circulating epinephrine and corticosterone
confirmed successful removal of adrenals. As expected, ozone-
induced increases in epinephrine and corticosterone in SHAM
rats were not apparent in either DEMED or ADREX rats. This
confirms our earlier findings that acute ozone increases the
release of stress hormones likely through activation of

FIG. 6. Lung injury in rats as determined by analysis of BALF after ozone exposure in SHAM, DEMED, or ADREX rats. Rats were necropsied immediately after each expo-

sure time point (1-D, 2-D). BALF was analyzed for lung injury markers: A, Total protein, B, albumin, and C, LDH activity. Values indicate mean 6 SEM (n¼ 4–6/group).

*Indicates ozone effect when compared with matching air group at a given time point. †Indicates surgery effect within matching exposure group at a given time point

P� .05. BALF, bronchoalveolar lavage fluid; LDH, lactate dehydrogenase.
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sympathetic adrenomedullary and the HPA axis (Bass et al.,
2013; Miller et al., 2015). Since approximately 80% of circulating
noradrenaline is released from peripheral sympathetic nerve
terminals and only 20% produced by the adrenal medulla (Esler
et al., 1990; Patel et al., 2000), DEMED or ADREX did not affect
those levels. The lack of ozone effect on noradrenaline raises
the question as to the role of efferent sympathetic stimulation
in mediating systemic metabolic and pulmonary effects.
Because it is technically not feasible to remove the cortex and
leave the medulla intact, the question about the contribution of
cortex-derived hormones in response to the release of medul-
lary epinephrine remains.

During the stress response, epinephrine initiates a transient
increase in circulating glucose by the stimulation of hepatic gly-
cogenolysis and gluconeogenesis, and inhibition of glucose dis-
posal by insulin-dependent tissues (Sherwin and Sacca, 1984;
Sherwin et al., 1980). Similarly, cortisol suppresses insulin-
mediated glucose uptake through the glucocorticoid receptors
(Steiner et al., 2014). The ozone-mediated increase in circulating
epinephrine and cortisol in SHAM rats, together with the dimin-
ution of ozone-induced hyperglycemia and glucose intolerance
in ADREX and DEMED rats, demonstrates that the adrenal-
derived stress hormones are essential for the observed
impairment in glucose metabolism. This corroborates with
previous findings where adrenal demedullation suppressed
hypoxia-induced hyperglycemia and insulin secretion (Shin
et al., 2014). The stress hormones are known to prompt adipose
tissue lipolysis, leading to the release of FFAs in the circulation,
which are known to interfere with insulin signaling and contrib-
ute to insulin resistance (Shulman et al., 2000). We show that
ozone-induced increases in FFA and triglycerides were

diminished in ADREX and DEMED rats, further confirming the
role of stress hormones in the observed lipidemia. Activation of
glucocorticoid receptors in response to increases in stress hor-
mones results in muscle protein catabolism and release of
BCAA in the circulation (Braun and Marks, 2015). An increase in
serum BCAA levels were apparent in this study in SHAM rats
exposed to ozone, similar to our previous study (Miller et al.,
2015), but not in ADREX and DEMED rats. These data provide
further confirmation that ozone induces stress hormone-medi-
ated muscle protein catabolism. Accumulation of BCAA has
been implicated in initiating pancreatic b-cell dysfunction,
inflammation, endoplasmic reticular stress, and apoptosis
(Lynch and Adams, 2014). Since metabolic effects of ozone were
found to be reversible upon termination of exposure (Miller
et al., 2015), the long-term consequences remain to be
investigated.

The contribution of pulmonary neural refluxes mediated by
different areas within the NTS in ozone-induced ventilatory
changes has been described (Chen et al., 2003; Schelegle and
Walby, 2012; Schelegle et al., 1993; Taylor-Clark and Undem,
2010). It has been shown that ozone exposure induces reflux
bronchoconstriction (Schelegle and Walby, 2012). In our study,
PenH, which is often linked to airflow limitation, was increased
in SHAM rats exposed to ozone. This might be due to changes in
airway smooth muscle contractility. b Receptors, which are
heavily distributed in large and small airways, have been shown
to play a major role in regulating smooth muscle tone by epi-
nephrine and corticosterone (Bossé, 2014). DEMED had no effect
on PenH responses after ozone, whereas the reduction in
ozone-induced increases in PenH by ADREX suggests that corti-
costerone, epinephrine and other circulating factors might be

FIG. 7. Lung inflammation as determined by analysis of cells in BALF after air or ozone exposure in SHAM, DEMED, or ADREX rats. BALF cell differentials were per-

formed to quantify macrophages, neutrophils, and eosinophils at both time points after air or ozone exposure (1-D, 2-D). A, Neutrophils and B, Eosinophils. Data for

macrophages are not shown. Circulating white blood cells (WBC) and platelets were also quantified. C, WBC and D, Platelets. Values indicate mean 6 SEM (n¼4–6/

group). *Indicates ozone effect when compared with matching air group at a given time point. †Indicates surgery effect within matching exposure group at a given

time point P� .05.
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directly or indirectly playing a role in mediating the ozone-
induced ventilatory changes.

There are likely a number of mechanisms influencing the
development of pulmonary edema after ozone exposure in
SHAM rats. First and foremost, ozone exposure can directly
injure capillary walls, leading to leakage of protein in the alveoli
(Banks et al., 1990; Vella et al., 2015). Pulmonary edema can also
occur through acute sympathetic activation (neurogenic), which
may lead to baroreflex-induced bradycardia. The resulting
enhancement of venous return can cause pulmonary vascular
congestion and increase hydrostatic pressure, which can dam-
age the capillary wall causing fluid leakage (Šedý et al., 2015).
Increased circulating epinephrine can also cause systemic capil-
lary pressure increase, which may contribute to pulmonary
edema after ozone exposure (Krishnamoorthy et al., 2012).
Increases in circulating epinephrine and corticosterone, and
ozone-induced cardiac depression together might affect the
protein leakage. We have previously shown that ozone induces
bradycardia and hypothermia (Gordon et al., 2014). Ozone has
also been shown to decrease blood pressure (Uchiyama et al.,
1986) and produce cardiac depression (Wagner et al., 2014),
which may contribute to lung protein leakage. The finding that
pulmonary protein leakage and lung cell injury are nearly abol-
ished in ADREX and DEMED rats suggests that release of stress
hormones, likely through sympathetic and HPA-activation,
were critical in ozone-induced protein leakage.

Ozone-induced extravasation of inflammatory cells into the
lung through activation of signaling mechanisms involving
transendothelial migration has also been well characterized
(Alexis and Carlsten, 2014; Hollingsworth et al., 2007). Consistent
to these studies, ozone exposure in SHAM rats caused neutro-
philic lung inflammation and depletion of circulating WBC,
likely due to their extravasation into the lungs. It is generally
believed that corticosteroids inhibit inflammation (Edwards,
2012); however, numerous studies have shown that acute
stress-mediated increases in corticosterone and epinephrine
can stimulate leukocyte trafficking and extravasation at the site
of injury in an immune cell-specific manner (Dhabhar, 2009;
Dhabhar et al., 2012). The precise mechanisms by which distinct
types of chronic stresses modulate inflammatory processes still
remain an area of intense research. The selective diminution of
ozone-induced neutrophil influx but stimulation of eosinophil
influx, together with the lack of an ozone-induced decrease in
circulating lymphocytes in ADREX and DEMED rats suggests
contribution of the dynamic and temporal changes in cortico-
steroids and epinephrine (Dhabhar et al., 2012). Interestingly,
ozone-mediated thymus atrophy was reduced in adrenalectom-
ized mice (Dziedzic and White, 1986), suggesting that adrenal
hormones might modulate ozone-induced inflammatory
response through changes in thymus function. These data
together provide the insights into the contribution of central
neurohormonal mechanisms in modulating pulmonary inflam-
matory responses induced after ozone exposure.

In this study, we show that acute ozone exposure induced
a classical stress-associated systemic metabolic response
and pulmonary injury/inflammation in SHAM rats, similar to
what was seen in our previous studies (Bass et al., 2013; Miller
et al., 2015). This response is characterized by increased levels
of epinephrine and corticosterone, hyperglycemia, glucose
intolerance, increased circulating FFA, increased BCAA, and
decreased circulating WBC as has been observed in our previous
study (Miller et al., 2015). Surgical removal of the adrenal
medulla or whole adrenal glands resulted in nearly complete
inhibition of these ozone-induced metabolic and pulmonary

effects. Thus, we show adrenal-derived hormones mediate sys-
temic metabolic impairment and acute pulmonary injury/
inflammation likely through sympathetic and HPA-activation.
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