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We hypothesized that augmentation of antioxidant defenses with
exogenous superoxide dismutase (SOD), an enzyme that provides an
initial defense against oxidative injury, would attenuate allergen-
induced nasal congestion in the canine model of allergic rhinitis.
Nasal congestion was evaluated by the measurements of nasal resis-
tance and the volume of the nasal passage. In five nonsensitized dogs,
30,000 U of SOD from bovine erythrocytes delivered by aerosol to the
nasal passages before histamine challenge reduced the histamine-
induced nasal congestion. At 30 min postchallenge, nasal resistance
was 1.14 £ 0.2 cmH,O-1"'-min ! in the saline pretreatment study
vs. 0.36 = 0.02 cmH,O-1"'*min~" in the SOD pretreatment study
(P < 0.05), and volume of nasal passage was 10.9 = 0.5 cm?® vs.
17.4 = 1.3 cm® (P < 0.05), respectively. In five sensitized dogs,
however, neither an analogous pretreatment with SOD nor intranasal
aerosolized pretreatment with 30,000 U of SOD conjugated to poly-
ethylene glycol attenuated ragweed-induced nasal congestion. Also,
systemic application of SOD did not attenuate responses to challenges
with histamine and ragweed in nonsensitized and sensitized dogs,
respectively. The antioxidant-induced attenuation of nasal congestion
in nonsensitized dogs confirms validity of the model and indicates the
involvement of free radical-mediated damage in the genesis of the
histamine-induced congestion. In sensitized dogs, the data do not
support the hypothesis that oxidative stress is a clinically significant
component of acute ragweed-induced nasal congestion. The data do
not support the use of SOD for acute protection against allergic
rhinitis.
polyethylene glycol-superoxide dismutase; exogenous antioxidants;
histamine; nasal resistance; nasal airway volume

HIGHLY OXIDATIVE MOLECULES known as reactive oxygen species
(ROS) such as free radicals [e.g., hydroxyl radical (OH-),
superoxide anion (O5)] and nonradicals [e.g., hydrogen per-
oxide (H»O,) and hypochlorite (HOCI)] contribute to the
pathogenesis of allergic disorders (38). ROS concentrations are
controlled by antioxidant scavenger systems. Antioxidants that
are found in the epithelial lining fluids and epithelial cells of
the airways include superoxide dismutase (SOD), glutathione
peroxidase, catalase, thioredoxin, the iron-binding proteins
lactoferrin and transferrin, the copper-binding protein cerulo-
plasmin, and the low-molecular-weight antioxidants glutathi-
one, vitamin C (ascorbate), urate, and vitamin E (a-tocopherol)
(7, 33, 38). During homeostasis, a balance exists between the
endogenous production of free ROS and their depletion by
antioxidant defense mechanisms. Oxidant-antioxidant imbal-

ance (an excess of oxidants relative to the antioxidant defenses)
results in an oxidative stress. Supplementation of the antioxi-
dant defense system, therefore, may limit the severity of
allergen-induced physiological responses associated with oxi-
dative stress.

Superoxide dismutases (SODs) provide an initial protection
for cells against oxidative insult. They convert extremely
reactive superoxide radicals to potentially less toxic H,O»,
which in turn is metabolized by catalase and glutathione
peroxidase. The cytosolic metalloenzyme copper-zinc super-
oxide dismutase (Cu,Zn-SOD) comprises 90% of the total
SODs (22). Cu,Zn-SOD activity has been shown to be reduced
in the epithelial lining fluid (9, 30) and in bronchial epithelial
cells (11, 30) of patients with asthma. Otto-Knapp et al. (23)
found increased activities of SOD and glutathione peroxidase
after ozone exposure in cultured human nasal mucosa. How-
ever, SOD levels in upper airways in patients with allergic
rhinitis are still undefined.

Considering the similarities of allergic rhinitis and asthma as
processes possessing common pathophysiological mechanisms
(3, 8, 24), oxidative stress is expected to play an important role
in the pathogenesis of both diseases (7). Vitamin C, bromelain,
quercetin, and N-acetylcysteine have been suggested as thera-
pies in allergic rhinitis (16, 31). Although Cu,Zn-SOD has
been studied in the treatment of several ROS-mediated condi-
tions including allergic inflammation (1, 13), to our knowl-
edge, there has been no antioxidant enzyme therapy suggested
for the treatment of rhinitis.

We hypothesized that allergen-induced nasal congestion
would be alleviated by prior or concurrent administration of
SOD. We used canine models of nasal congestion and allergic
rhinitis (32) to test /) the extent to which bovine Cu,Zn-SOD
would attenuate histamine-induced nasal congestion, and 2) the
potential therapeutic effects of SOD and SOD conjugated with
polyethylene glycol (PEG-SOD) on ragweed-induced nasal
congestion.

Recent studies indicate that topically administered SOD may
be therapeutically superior to other routes of SOD administra-
tion (10, 19). Therefore, three delivery strategies (intranasal,
intramuscular, and intravenous) were compared in our study.
Also, because it is likely that pretreatment with SOD is more
protective in the reduction of induced oxidative stress than
treatment with SOD administered after the challenge, we
administered SOD before the challenge in the experiments
employing intramuscular and intranasal routes of SOD delivery
and immediately after the challenge in the experiments em-
ploying intravenous route of SOD delivery. To prolong the
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SOD FAILED TO ATTENUATE NASAL CONGESTION

enzyme’s half-life, which is less than 10 min after intravenous
administration, and to improve its uptake, several modifica-
tions of SOD have been proposed, including polyethylene
glycol conjugation, liposome encapsulation, and genetic ma-
nipulations (reviewed in Ref. 21). We elected to compare the
effects of unmodified (native) SOD and PEG-SOD after intra-
nasal route of administration.

METHODS
Description of Animals and Their History

Ten adult beagle dogs weighing 10.5-15.0 kg were used for all
experiments. Five dogs were neonatally sensitized to ragweed, and the
other five were not sensitized to ragweed (naive). The method used to
sensitize the dogs (39) was adapted from the method described by
Becker et al. (4). In a previous series of experiments, the ragweed-
sensitized dogs exhibited an anaphylactic reaction on inhalation of
ragweed extract. They also exhibited nasal congestion on exposure of
the nasal passages to ragweed extract. The dogs were not challenged
with ragweed extract between the series of experiments conducted in
2001 (32) and the experiments conducted in 2003 described herein.
Sensitized dogs had a positive skin prick test response to ragweed
extract performed 2 wk before the beginning of experiments. The
naive dogs had been previously used for other experiments that would
not be expected to influence the responses observed in this study. The
protocols for animal use in these experiments were approved by the
institutional Animal Care Committees.

Protocols

Two studies were conducted. The first study was conducted in five
nonsensitized dogs (four male, one female) and was designed to
determine whether SOD, delivered by two different routes, intramus-
cular or intranasal, would ameliorate histamine-induced nasal conges-
tion. Nasal congestion was induced by delivery of 0.25 ml of 2.5%
histamine (81 mM solution in saline) into both nasal passages by a
Micro Sprayer catheter (Penn-Century, Philadelphia, PA). The syringe
of the Micro Sprayer was loaded with 0.25 ml of solution. The tip of
the Micro Sprayer catheter was positioned into the left and right nasal
passage in turn to a length of 4 cm to provide aerosol deposition
within the nasal passage and anterior nasopharynx. The plunger was
completely depressed such that the same mass of aerosol was deliv-
ered, independent of the solution with which it was charged.

The second study was conducted in five ragweed-sensitized dogs
(one male, four female) and was designed to determine the relative
effectiveness of treatment with SOD, delivered by either intramuscu-
lar, or intravenous, or intranasal routes. For the intranasal route, we
performed two variants of SOD treatment: with unmodified SOD and
with PEG-SOD. Nasal congestion was induced by spraying 1.27 units
of ragweed extract (Greer Laboratories, Lenoir, NC) dissolved in
0.25 ml of saline into each nasal passage using the technique de-
scribed for histamine aerosolization. To induce greater responses, the
dose of ragweed administered was more than twice the dose previ-
ously used (32).

SOD Treatment

Bovine erythrocyte SOD, possessing a specific activity of 3,770
U/mg protein, and SOD from bovine erythrocytes coupled to meth-
oxy-polyethylene glycol, molecular weight 5,000, through secondary
amine linkage, PEG-SOD, possessing an activity of 3,390 U/mg
protein, were purchased from Sigma-Aldrich (St. Louis, MO). The
products were stored at —20°C and dissolved in sterile 0.9% saline
directly before use.

The time of SOD administration was chosen with the consideration
of the enzyme’s pharmacokinetics after intramuscular, intravenous,
and intratracheal delivery. For intramuscular administration of native
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SOD, the peak of its maximum concentration occurred 2.5 h after
administration (34). After intravenous administration, SOD clearance
time was less than 10 min (reviewed in Ref. 21). There are no data
available regarding SOD concentrations after intranasal route of SOD
delivery; however, it has been shown that after intratracheal admin-
istration of human recombinant Cu,Zn-SOD, SOD activity in the lung
cells was increased by 100% and remained elevated for several hours
(26). In our study, doses of SOD were derived from the literature and
modified on the basis of our preliminary experiments.

Each of five naive dogs received two forms of SOD treatment: /)
pretreatment with SOD 5,000 U/kg body wt, dissolved in 0.35 ml/kg
body wt of saline, administered intramuscularly 2.5 h before hista-
mine aerosolization into nasal passages; and 2) pretreatment with
SOD, 15,000 U in 0.25 saline, aerosolized into each nasal passage 10
min before histamine intranasal aerosolization.

Each of five sensitized dogs underwent four forms of SOD treat-
ment: /) pretreatment with SOD, 5,000 U/kg body wt in saline (0.35
ml/kg), administered intramuscularly 2.5 h before ragweed extract
aerosolization into nasal passages; 2) pretreatment with SOD aerosol,
15,000 units in 0.25 ml of saline, delivered into each nostril 10 min
before ragweed intranasal aerosolization; 3) pretreatment with PEG-
SOD, 15,000 U in 0.25 ml of saline, aerosolized into each nasal
passage 10 min before ragweed intranasal aerosolization; and 4)
treatment with SOD, 5,000 U/kg in 0.35 ml/kg saline, administered
intravenously immediately after ragweed intranasal aerosolization.

Nasal congestion was estimated by continuous measurements of
nasal resistance (R,,,) in combination with intermittent measurements
of the volume of nasal passages using acoustic rhinometry (V,,) (32).

In each of the two studies, all dogs underwent the analogous
experimental protocols with equal volumes of saline replacing each
enzyme intervention. Saline rather than inactivated SOD was used
because 15,000 U of SOD (4 mg of protein in 0.25 ml saline) would
have a negligible effect on the osmotic pressure or the mass of protein
in the nasal passages, especially considering wide variations in the
normal volume of secretion and much larger changes in the osmotic
pressure experienced in the nasal passages during normal breathing.

In each study, the order in which the experiments were conducted
was randomized, with the exception of the PEG-SOD treatment and
its respective saline treatment, which was performed after the other
experiments were completed.

Measurement of Ry,

Rna was determined by measuring the air pressure required to
achieve a constant flow through the nasal passage (32). Humidified
airflow of 4.9 I/min was applied through a catheter in the left nostril.
Rna in the left nasal airway, along with ECG and respiratory flow
signals, was recorded continuously. Measurements were made at four
time points: /) baseline at 5 min before the first intervention (treat-
ment or provocation); 2) 5 min after the challenge deposition into
nasal passages; 3) 15 min after challenge deposition; and 4) 30 min
after challenge deposition.

‘/na

Geometric parameters of the right nasal passage were measured
with the Eccovision acoustic rhinometry system (Hood Laboratories,
Pembroke, MA). The V,, of the right nasal airway was estimated by
acoustic measurements that were performed four times during each
experiment, as described for R,..

Animal Preparation

Before each experiment, dogs were fasted overnight but allowed
water ad libitum. The dog was placed in the upright position in a sling
and secured. Each dog was anesthetized with a combination of
propofol (500-600 wg-kg™'-min~!, Zeneca Pharmaceuticals, Wil-
mington, DE) and etomidate (5 pwg-kg™ !-min~!, Abbott Laborato-
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ries, North Chicago, IL) administered intravenously. The dog was
intubated. A nasal catheter was placed into the left nostril to facilitate
the measurements of Rn.. Physiological monitoring included ECG
(Burdick EK/5A interfaced to personal computer), respiratory rate
(pneumotachograph Fleisch no. 1, OEM Medical, interfaced to per-
sonal computer), arterial blood pressure by use of a pressure cuff on
the foreleg, heart rate and hemoglobin oxygen saturation (pulse
oximeter Novametrix 505 with a sensor placed on the dog’s tongue),
and rectal temperature (DigiTec 5800). Nasal secretions were esti-
mated by visual observations of the open right nostril and posterior
oropharynx. After a 10-min stabilization period, baseline measure-
ments of Ry, and V,, values were performed. Animals received either
SOD or saline treatment according to the above-mentioned delivery
and dosing strategies. Nasal congestion was induced with histamine
(nonsensitized dogs) or ragweed extract (sensitized dogs) delivered by
aerosol to each nasopharynx. The drugs were well tolerated; no
unpredicted side effects were detected. Ry, in the left nasal airway and
Via in the right nasal airway were measured simultaneously. Dogs
were allowed to recuperate for at least 1 wk between experiments.

Data Analysis

R,. and V,,, data sets were analyzed with the SigmaStat statistical
software package for Windows (Jandel Scientific). Difference be-
tween groups was determined by one-way ANOVA with treatment as
the independent factor. Data were tested for normal distribution and
equal variance. When the normality test failed, a Kruskal-Wallis
one-way ANOVA on ranks was used. Additionally, a two-way
ANOVA factoring for time and treatment and for dog and treatment
was performed. The Student-Newman-Keuls test was employed for
post hoc multiple pairwise comparison if statistical significance was
indicated by ANOVA.

Differences in changes in respiratory rate, heart rate, mean blood
pressure, and hemoglobin oxygen saturation for the studies with
intranasal route of SOD administration were evaluated by Student’s
t-test (Excel).

All data are given as means * SE. A value of P < 0.05 was
considered statistically significant.

RESULTS
Nonsensitized Dogs

Treatment with SOD administered intramuscularly before
histamine intranasal deposition. Figure 1A shows that hista-
mine delivered to the nasal passages caused a rapid increase in
Ry, values in both saline and SOD intramuscular pretreatment
studies: within the first 5 min, R,, increased from 0.32 = 0.03
to 0.79 + 0.2 cmH,O:1"'"*min~"! and from 0.34 + 0.05 to
0.72 = 0.1 cmH,0-1""-min~!, respectively. Throughout the
remaining observation period, R,, values demonstrated a sus-
tained increase. They were 0.85 *= 0.2 cmH,0-1"'*min~! in
the saline pretreatment study and 0.65 %= 0.1 in the SOD
pretreatment study 30 min after histamine challenge. However,
comparison of the Ry, values in the SOD pretreatment study
and those in the respective saline study revealed no significant
differences in nasal resistance (P > 0.05) (Fig. 1A).

The decreases in Vy, in the right nasal cavity were reflective
of increases in Ry, in the left nasal passage (Fig. 1). In the
saline pretreatment study, histamine administration resulted in
a more than twofold decrease in V,, within the first 5 min:
from 26.1 = 0.9 cm? observed at baseline to 12.2 *+ 1.4 cm?
registered 5 min after histamine challenge. Throughout the
remaining observation period, V,, values demonstrated a sus-
tained decrease and were 9.2 + 1.1 cm? at 30 min. In the SOD
pretreatment study, there was a rapid decrease in V,, from
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Fig. 1. Effect of intramuscular pretreatment with SOD on histamine-induced
increases in nasal resistance (Rna; A) and decreases in volume of the nasal
passage (Vna; B) in nonsensitized dogs compared with those obtained with
saline pretreatment. *P < 0.05 compared with respective saline study.

242 + 1.9 at baseline to 14.5 = 1.7 cm® at 5 min, with a
tendency for nasal volume values to recover thereafter.
ANOVA indicated less pronounced decreases in V,, values in
the SOD pretreatment study than in the saline pretreatment
study (Fig. 1B).

Treatment with SOD administered intranasally before his-
tamine intranasal deposition. Histamine caused an elevation of
Rpa values to their maximum at 5 min postchallenge: from
032 * 0.1 to 1.5 = 0.4 cmH>0:1 "min~! in the saline
pretreatment study and from 0.26 = 0.05 to 0.49 *= 0.09
cmH,0-1""*min~! in the SOD pretreatment study (Fig. 2A).
Ry, values gradually decreased in both studies and at 30 min
they were 1.14 += 0.2 cmH,O-1~!-min~! in the saline pretreat-
ment study and 0.36 *= 0.02 cmH,O-1"!min~! in the SOD
pretreatment study. The data revealed lower nasal resistance in
the SOD pretreatment study than in the saline pretreatment
study (P < 0.05) (Fig. 2A).

The responses indicated by the measurements of V,, were
physiologically consistent with the responses observed in Ry,
(Fig. 2). Over the period of the first 15 min, V,, decreased from
23.4 + 0.6 to a minimum of 10.7 * 0.8 cm? in the saline
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Fig. 2. Effect of intranasal pretreatment with aerosolized SOD on histamine-
induced increases in Ry. (A) and decreases in V,, (B) in nonsensitized dogs
compared with those obtained with saline pretreatment. *P < 0.05 compared
with respective saline value.

pretreatment study and from 23.3 * 1.2 to a minimum of
14.3 = 1.5 cm? in the SOD pretreatment study. At 30 min, Vp,
in the saline pretreatment study remained low (10.9 = 0.5
cm?®), whereas in the SOD pretreatment study it recovered to
174 + 1.3 cm®. Analysis of histamine-induced changes in
nasal airway volumes revealed that V,,, was reduced less in the
SOD pretreatment study than in the comparable saline study
(P < 0.05) (Fig. 2B).

Sensitized Dogs

Treatment with SOD administered intramuscularly before
ragweed intranasal deposition. Within the first 5 min, ragweed
provocation resulted in an increase in Ry, from 0.24 = 0.04 to
0.33 + 0.05 cmH,O-1"'*min~! in the saline pretreatment
study and from 0.33 *+ 0.07 to 0.45 + 0.07 cmH>O+1"'-min~!
in the SOD pretreatment study. Surprisingly, Ry, values in
the SOD pretreatment study reflected greater responses to
ragweed from the beginning of postchallenge period and, at
the end of the experiment, R,, values were 0.47 = 0.06
cmH,0:1"'*min~! in the SOD pretreatment study vs.
0.29 + 0.04 cmH>O-1"'*min~"! in the saline pretreatment
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study. There was a statistically significant difference between
the treatment groups (P < 0.05) (Fig. 3A).

Ragweed caused V,, to decrease during the postchallenge
period in both studies. In the saline pretreatment study, Vp,
values decreased from a baseline value of 24.1 + 0.5 cm? to
157 = 1.5 cm® at 5 min and then decreased gradually to
13.1 = 2.5 cm? at 30 min. In the SOD pretreatment study, Vp,
decreased from 23.8 = 0.7 to a minimum of 14.5 * 1.1 cm? at
15 min. Despite the tendency toward V,, increasing at 30 min
in the SOD pretreatment study (17.1 + 1.5 cm?®), no statisti-
cally significant differences in V,, between the two experimen-
tal conditions were found (P > 0.05) (Fig. 3B).

Treatment with SOD administered intranasally before
ragweed intranasal deposition. Ragweed deposition caused
an increase in R,, during the postchallenge observation
period in both saline and SOD pretreatment studies (Fig.
4A). In the saline pretreatment study, R,, increased from
0.29 = 0.08 to 0.43 = 0.07 cmH,0-1"'*min~! within the
first 5 min and remained increased at 30 min (0.45 = 0.08
cmH,0-17"-min~ '), whereas in the SOD pretreatment study,
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Fig. 3. Effect of intramuscular pretreatment with SOD on ragweed-induced
increases in Rna (A) and decreases in Vna (B) in ragweed-sensitized dogs
compared with those obtained with saline. *P < 0.05 compared with respec-
tive saline study.
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Fig. 4. Effect of intranasal pretreatment with aerosolized SOD on ragweed-
induced increases in Rna (A) and decreases in Vn, (B) in ragweed-sensitized
dogs compared with those obtained with saline. *P < 0.05 compared with
respective saline study.

R, increased rapidly to 0.61 + 0.08 cmH,0-1~'-min~' within
the first 5 min, and by the end of the 30-min postchallenge
observation period it was 0.68 * 0.10 cmH,O-1"!-min~".
Thus responses to ragweed were higher in the SOD pretreat-
ment study than those in the saline pretreatment study (P <
0.05) (Fig. 4A).

Via values in the saline pretreatment study decreased during
the first 5 min after ragweed administration from 24.1 = 0.8 to
13.0 = 1.3 cm® and remained suppressed to the end of the
experiment. In the SOD pretreatment study, V,, also rapidly
decreased within the first 5 min from 25.1 = 0.4 to 14.7 = 1.07
cm?, with a tendency to recover at 30 min postchallenge
(17.2 = 1.3 cm?). Nevertheless, the comparison between the
two studies revealed no differences in V,, values (P > 0.05)
(Fig. 4B).

Treatment with PEG-SOD administered intranasally before
ragweed intranasal deposition. In both the saline and SOD
pretreatment studies, ragweed induced increases in nasal resis-
tance (Fig. 5A). In the saline pretreatment study, Ry, reached a
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maximum of 0.49 + 0.3 cmH,0-1"!*min ! at 5 min; the final
measurements at 30 min revealed a R,, value of 0.48 *= 0.1
cmH,0-17'*min~!. In the PEG-SOD pretreatment study, Ry,
values gradually increased during the entire postchallenge period
and reached a maximum of 0.72 = 0.2 cmH,O-1"!*min~! at the
30-min time point. Although R,, values in the PEG-SOD
pretreatment study tended to be higher than those in the saline
pretreatment study, the comparison between the studies did not
reveal any statistically significant difference (P > 0.05)
(Fig. 5A).

Via in the saline pretreatment study decreased from 21.9 =
1.6 cm? at baseline to 13.5 *= 1.5 cm® at 30 min. In the
PEG-SOD pretreatment study, there were postchallenge de-
creases in Vp, values at 5 and 15 min (142 *= 1.5 cm® and
13.76 = 1.66 cm?, respectively) and a tendency to recover at
30 min (17.7 = 1.92 cm?® at 30 min postchallenge measure-
ment). However, differences in V,, values in the PEG-SOD
pretreatment study and saline pretreatment study did not reach
statistical significance (P > 0.05) (Fig. 5B).

Treatment with SOD administered intravenously immedi-
ately after ragweed intranasal deposition. In the saline post-
treatment study, Ry, increased from 0.21 = 0.03 to 0.48 = 0.1
cmH,0-17»min~! at 5 min and continued to increase up to
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Fig. 5. Effect of intranasal pretreatment with aerosolized PEG-SOD on rag-
weed-induced increases in Rna (A) and decreases in Vi, (B) in ragweed-
sensitized dogs compared with those obtained with saline.
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0.69 = 0.2 cmH,O-1 " '*min~! at 30 min. In the SOD
posttreatment study, R,, increased from 0.22 = 0.05 to
0.38 = 0.08 cmH,0-1"'-min~" in the first 5 min, after which
it tended to recover such that at 30 min R,, was 0.31 = 0.06
cmH,0-1 '-min~!. However, the comparison of the data ob-
tained from the SOD posttreatment study and the respective
saline study revealed no significant differences in R,, values
(P > 0.05) (Fig. 6A).

Vha in the saline posttreatment study gradually decreased
throughout the entire observation period from 26.2 + 0.6 cm?
at baseline to 9.7 *+ 0.8 cm?® at 30 min. In the SOD posttreat-
ment study, V,, decreased from 24.7 = 0.6 cm? to a minimum
of 13.9 = 0.8 cm? at 15 min, and it was 16.8 * 0.6 cm> at 30
min. Data analysis revealed insignificant differences between
the two conditions (P > 0.05) (Fig. 6B).

Evaluation of aerosolized saline and SOD pretreatments.
While evaluating the direct effect of SOD alone on nasal
congestion, we noted that, in the study with intranasal SOD
pretreatment in ragweed-sensitized dogs, Ry, increased from a
baseline of 0.22 * 0.02 to 0.43 = 0.1 cmH0*1" '*min~' 10
min after SOD intranasal administration (directly before rag-
weed intranasal challenge), P < 0.05. Although to a lesser
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Fig. 6. Effect of the treatment with SOD administered intravenously imme-
diately after ragweed intranasal aerosolization on ragweed-induced increases

in Rna (A) and decreases in Vp, (B) in ragweed-sensitized dogs compared with
those obtained with saline.
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degree, there was also an increase in R,, 10 min after saline
intranasal aerosolization: from 0.29 = 0.08 to 0.33 = 0.07
cmH,0-17'»min~!, P < 0.05. There was no statistically sig-
nificant difference in postsaline and post-SOD R,, values
before ragweed challenge in sensitized dogs (0.43 = 0.1 vs.
0.33 = 0.07 cmH,0-1" "*min~"', P > 0.05). In nonsensitized
dogs, there was a more prominent increase after saline alone
than after SOD alone; however, no significant difference in
post-SOD and postsaline Ry, values was found. We conclude
that pretreatment with aerosolized SOD or saline in the volume
of 0.25 ml caused equal changes in nasal congestion.
Respiratory and cardiovascular responses to aerosol-
ized challenges. The respiratory and cardiovascular responses
to challenge are presented in the three pairs of studies with
aerosolized SOD pretreatment (Table 1). In both sensitized and
nonsensitized dogs, no differences were observed in heart rate
and blood pressure level after challenge administration. Hemo-
globin oxygen saturation after histamine administration was
somewhat higher in the study with SOD pretreatment than with
saline pretreatment in nonsensitized dogs; however, none of
these differences reached statistical significance. In sensitized
dogs, hemoglobin oxygen saturation from pulse oximetry did
not change. In nonsensitized dogs, respiratory rate increased in
5 min from 17 % 2 to 66 = 19 breaths per minute in the saline
pretreatment study (P < 0.05) and from 13 = 3 to 20 = 3
breaths per minute in the SOD pretreatment study (P > 0.05).
Thus respiratory rate at 5 min after histamine administration
was significantly lower in the SOD pretreatment study com-
pared with the saline pretreatment study (20 = 3 breaths per
minute in the SOD study vs. 66 = 19 breaths per minute in the
saline study, P < 0.05). In sensitized dogs, respiratory rate
varied neither after SOD nor after ragweed deposition. In the
series of experiments with intranasal PEG-SOD pretreatment,
there was no difference observed in heart rate, blood pressure
level, hemoglobin oxygen saturation, or respiratory rate.

DISCUSSION

The data contained herein demonstrate that bovine erythro-
cyte Cu,Zn-SOD, given in an attempt to attenuate nasal con-
gestion, exerts a protective effect in nonsensitized dogs when
administered intranasally before histamine provocation,
whereas in sensitized dogs neither an analogous aerosolized
SOD pretreatment nor pretreatment with PEG-SOD attenuated
ragweed-induced congestion. Intranasal prehistamine treat-
ment with native Cu,Zn-SOD prevented a histamine-induced
increase in the respiratory rate in nonsensitized dogs. Thus the
effectiveness of intranasal SOD in nonsensitized dogs could
serve as an indirect evidence of the importance of superoxide
anion production as a cofactor in the mechanisms of histamine-
induced nasal congestion. Any potential advantages of PEG-
SOD administration over SOD administration in ragweed-
challenged sensitized dogs were not apparent. Systemic appli-
cation of SOD did not attenuate responses to challenges with
histamine or ragweed in nonsensitized or sensitized dogs,
respectively.

We would like to note that our ex juvantibus approach to
investigating the potential efficacy of exogenous Cu,Zn-SOD
and PEG-SOD in allergic rhinitis is based solely on the
hypothetical implication of oxygen free radicals in the mech-
anism of the injury. We have evaluated the feasibility of
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Table 1. Intranasal pretreatment with aerosolized superoxide dismutase: respiratory and cardiovascular responses in

nonsensitized and ragweed-sensitized dogs

Nonsensitized Dogs

Ragweed-Sensitized Dogs

Saline + histamine SOD + histamine

Saline + ragweed

SOD + ragweed Saline + ragweed PEG-SOD + ragweed

RR, beats/min

Baseline 172 13%3 23+6 28+£5 30£8 23+4
5 min 6619 20£3* 235 24+4 24+6 24+3
15 min 62£26 18%5 20+4 19+4 25+7 243
30 min 31+11 14+1 22+4 22+4 28+9 24+3
HR, beats/min
Baseline 184=11 175*13 150=8 1639 1659 145+14
5 min 1629 175*18 154=2 1616 168=1 1614
15 min 169=11 169+16 154=4 164=7 1729 164+4
30 min 16110 170£13 152*6 157+8 16115 173£8
Mean BP, mmHg
Baseline 115*10 11310 102*1 10111 98+5 1004
5 min 10711 113x11 995 11329 1015 97*6
15 min 115*10 110£11 1014 113x6 99+6 98*6
30 min 105*10 111£13 104=1 1119 98+4 98=*5
SpO2, %
Baseline 901 912 92+2 901 911 92+1]
5 min 825 8627 88+2 88+2 91+1 94+1
15 min 89+1 90=1 902 90=2 91=1 93+2
30 min 91=*1 92=+1 92*1 92*1 92*1 93+2

Values are means * SE. RR, respiratory rate; HR, heart rate; BP, blood pressure; SpO2, hemoglobin oxygen saturation. *P < 0.05 compared with respective

saline study; P < 0.05 compared with baseline value.

aerosolizing SOD with a full recognition that the evidence of
oxidative stress in the employed canine model of allergic
rhinitis has not been documented. Nonetheless, considering /)
a likelihood of oxidative stress in allergic rhinitis (7), 2)
decreased SOD levels in the epithelial lining fluid (9, 30) and
bronchial epithelial cells (11, 30) of asthmatic patients, and 3)
common pathophysiological mechanisms in allergic rhinitis
and asthma (3, 8, 24), we hypothesized that augmentation of
existing antioxidant defenses with exogenous SOD would
attenuate nasal congestion in allergic rhinitis. We considered
that, of the three SOD delivery strategies (intranasal, intramus-
cular, and intravenous), the intranasal route would be the most
beneficial. Thus our study was primarily focused on the intra-
nasal delivery of SOD. In the experiments employing the
intranasal route of SOD delivery, we observed attenuation of
histamine-induced nasal congestion in nonsensitized dogs and
no effect on ragweed-induced nasal congestion in sensitized
dogs. We exclude methodological explanations for the differ-
ences in the results between the two studies on the basis of the
following observations. There were no statistically significant
differences between baseline levels of R, and V,, in sensitized
and nonsensitized dogs; the comparable findings were de-
scribed for healthy subjects and persons with allergic rhinitis
(5, 20). The obtained values of nasal airway resistance and
nasal airway volume are in agreement with those reported
previously (32).

The dosages selected for this study were chosen with con-
sideration for the well-known bell-shaped dose-response curve
described for the efficacy of SOD, whereby SOD was effective
only in moderate doses (reviewed in Ref. 17). In our prelimi-
nary experiments, both unmodified SOD and PEG-SOD at the
dose of 2,000, 3,600, 4,000, 10,000, or 15,000 U aerosolized
intranasally did not affect histamine- or ragweed-induced
changes in Ry, and V,, values, whereas 30,000 U (15,000 U
aerosolized into each nasal passage) of SOD or PEG-SOD

J Appl Physiol « VOL 98

appeared to improve them. We considered the dosage of
30,000 U of SOD or PEG-SOD, delivered intranasally, to be
optimal to attenuate nasal congestion. Clearly this dose was
appropriate in nonsensitized dogs. Given the kinetics of SOD,
it is considered unlikely that the time of the peak physiological
responses, 5 min postchallenge for histamine and 15 min
postchallenge for ragweed, could explain the marked attenua-
tion of the histamine-induced congestion but not ragweed
extract-induced congestion. There were no significant differ-
ences between postsaline and post-SOD nasal resistance values
measured 10 min after their intranasal administration. Thus,
given that pretreatment with 0.25 ml of aerosolized SOD or
saline caused equal changes in nasal congestion, the use of
saline as a control is appropriate.

In allergic rhinitis, even when the symptoms of inflamma-
tion are absent, there exists a low level of persistent inflam-
mation of the epithelium in the upper airways (2, 18, 25). In
our experiments, ragweed-sensitized dogs underwent exposure
to the relevant antigen every 1-2 wk. Thus we presume a latent
inflammation of the epithelium of the upper respiratory tract in
ragweed-sensitized dogs. Also, inflammation has been associ-
ated with epithelial damage. Several investigators (6, 27, 36)
reported a marked epithelial loss in the upper airways in
allergic rhinitis. Gliick and Gebbers (14) provide evidence that
the altered epithelium may lead to an impairment of the local
secretory IgA defense system and thereby to an increased
allergen uptake. These pathophysiological conditions lead to
two possible reasons why SOD did not attenuate the ragweed-
induced nasal congestion.

First, there are allergen-induced activated pathways that
induce nasal congestion, which involve mediators and recep-
tors independent of any oxidative inflammatory mechanisms.
Allergen-induced anaphylactic responses only partially may be
attributed to the action of histamine (15, 37, 40). Generalized
airway eosinophilia is a characteristic feature of inflammation
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in allergic rhinitis. Eosinophils are a source of leukotrienes,
prostaglandins, platelet activating factor, cytokines, and cyto-
toxic proteins that can be released on stimulation (8). In our
study, ragweed provocation in sensitized dogs caused re-
sponses that, in addition to histamine, were likely mediated by
arachidonic acid derivatives (leukotrienes and prostaglandins),
vasoactive peptides (kinins), phospholipid mediators (platelet
activating factor), and cytokines (interleukins and other biore-
sponse modifiers). Parenthetically it should be mentioned that
the contribution of multiple mediators to the stimulation of
nasal secretion in allergic rhinitis (15) explains the copious
rhinorrhea we observed after ragweed provocation in sensitized
dogs. Contrariwise, histamine-induced reduction in nasal pa-
tency was not associated with overt rhinorrhea, an observation
consistent with those of other investigators (32). Thus, in the
multifactorial mechanisms of ragweed-induced nasal conges-
tion in sensitized dogs, an inability of SOD to attenuate the
allergen-induced congestion might be consistent with these
additional mediators and secretory responses overriding any
free radical-mediated damage.

Second, the oxidative stress within the nasal passages may
be so considerable that it overwhelms the antioxidant enzyme
administered. The presence of chronic inflammation in the
epithelium of upper airways in allergic rhinitis, mentioned
above, could contribute to the development of the considerable
persistent oxidative stress. Airway inflammatory cells are the
likely source of an increase in reactive oxygen species produc-
tion (7, 38). In allergic inflammatory conditions, reactive
oxygen species from eosinophils have been implicated in
promoting oxidative tissue damage (30). In addition, epithelial
loss, which accompanies inflammatory injury of the epithelium
in the upper respiratory tract in allergic rhinitis (6, 27, 36),
could also conceivably cause a decrease in the generation of
antioxidants, thereby intensifying oxidative stress. It is possi-
ble, therefore, that the treatment that was appropriate in non-
sensitized dogs, in ragweed-sensitized dogs turned to be to be
clinically ineffective owing to the high-level oxidative pro-
cesses or/and insufficient level of antioxidant defense.

Because a product of the dismutation of SOD is H>O,, we
considered the possibility, however not a likely one, that our
treatment with SOD resulted in an increase in H,O» concen-
tration and, thus, in oxidative stress aggravation. H,O, has
recently been reported to be increased in the exhaled breath
condensate of nonasthmatic subjects with allergic rhinitis (28,
41) and has been associated with airway hyperresponsiveness
(41). Moreover, ciliary activity, a determining factor in the
clearance of secretions in the nose, has been shown to be
suppressed by H,O, (12, 35, 42). In human respiratory epithe-
lium, H,O,-mediated ciliary dyskinesia was observed within
the first hour, often as early as 15 min after exposure of the
cells to H>O, (12). We cannot exclude that, in sensitized dogs,
after intranasal (Fig. 4) and intramuscular (Fig. 3) SOD pre-
treatment and after intranasal PEG-SOD pretreatment (Fig. 5),
H>0, contributed to the higher responses to ragweed in the
SOD pretreatment studies than those in the respective saline
studies.

In conclusion, our findings do not uphold our original
hypothesis. In sensitized dogs, the attempts to mitigate aller-
gen-induced nasal congestion by means of influencing super-
oxide radical production were of no clinical benefit. However,
the antioxidant-induced attenuation of nasal congestion in
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nonsensitized dogs confirms the validity of the model and
indicates the involvement of free radical-mediated damage in
the pathogenesis of histamine-induced congestion. The results
could stem from the differences in the mechanisms of hista-
mine- and ragweed-induced nasal congestion. Another factor,
the preexistent oxidative stress, aggravated by the ragweed
challenge, could be so intense that the SOD administered was
inadequate. It would have been tempting to explain attenuation
of histamine-induced congestion by a histamine H1-antagonist
properties of SOD; however, no data in the literature support
this speculation. Regardless of the mechanism, the data did not
prove that oxidative stress is a clinically significant ingredient
in the complex pathogenesis of ragweed-induced nasal conges-
tion. The data do not support the use of SOD in allergic rhinitis.

ACKNOWLEDGMENTS

The authors gratefully acknowledge the helpful input of Dr. Lid Wong.
These experiments were performed at the Veterans Administration Health
Services Center, West Side Division. Etomidate was a gift from Abbott
Laboratories.

GRANTS

The study was supported by National Institute of Environmental Health
Sciences Grant SRO1 ES08982-05.

REFERENCES

1. Assad AH, Ballard ET, Sebastian KD, Loven DP, Boivin GP, and
Lierl MB. Effect of superoxide dismutase on a rabbit model of chronic
allergic asthma. Ann Allergy Asthma Immunol 80: 215-224, 1998.

2. Bachert C, van Kempen M, and Van Cauwenberge P. Regulation of
proinflammatory cytokines in seasonal allergic rhinitis. Int Arch Allergy
Immunol 118: 375-379, 1999.

3. Bachert C, Vignola AM, Gevaert P, Leynaert B, Van Cauwenberge P,
and Bousquet J. Allergic rhinitis, rhinosinusitis, and asthma: one airway
disease. Immunol Allergy Clin North Am 24: 19-43, 2004.

4. Becker AB, Hershkovich J, Simons FE, Simons KJ, Lilley MK, and
Kepron MW. Development of chronic airway hyperresponsiveness in
ragweed-sensitized dogs. J Appl Physiol 66: 2691-2697, 1989.

5. Birchall MA, Phillips I, Fuller RW, and Pride NB. Intranasal histamine
challenge in normality and allergic rhinitis. Otolaryngol Head Neck Surg
109: 450-456, 1993.

6. Bousquet J, Jacot W, Vignola AM, Bachert C, and van Cauwenberge
P. Allergic rhinitis: a disease remodeling the upper airways? J Allergy Clin
Immunol 113: 43—49, 2004.

7. Bowler RP and Crapo JD. Oxidative stress in allergic respiratory
diseases. J Allergy Clin Immunol 110: 349-356, 2002.

8. Braunstahl GJ, Fokkens W], Overbeek SE, KleinJan A, Hoogsteden
HC, and Prins JB. Mucosal and systemic inflammatory changes in
allergic rhinitis and asthma: a comparison between upper and lower
airways. Clin Exp Allergy 33: 579-587, 2003.

9. Combhair SA, Bhathena PR, Dweik RA, Kavuru M, and Erzurum SC.
Rapid loss of superoxide dismutase activity during antigen-induced asth-
matic response. Lancet 355: 624, 2000.

10. Das S, Horowitz S, Robbins CG, el-Sabban ME, Sahgal N, and Davis
JM. Intracellular uptake of recombinant superoxide dismutase after intra-
tracheal administration. Am J Physiol Lung Cell Mol Physiol 274: L673—
L677, 1998.

11. De Raeve HR, Thunnissen FB, Kaneko FT, Guo FH, Lewis M,
Kavuru MS, Secic M, Thomassen MJ, and Erzurum SC. Decreased
Cu,Zn-SOD activity in asthmatic airway epithelium: correction by inhaled
corticosteroid in vivo. Am J Physiol Lung Cell Mol Physiol 272: 1.148—
L154, 1997.

12. Feldman C, Anderson R, Kanthakumar K, Vargas A, Cole PJ, and
Wilson R. Oxidant-mediated ciliary dysfunction in human respiratory
epithelium. Free Radic Biol Med 17: 1-10, 1994.

13. Garcia-Gonzalez A, Herrera-Abarca J, and Ochoa JL. Effect of
superoxide dismutase from bovine erythrocytes on different activity pa-
rameters in adjuvant-induced arthritis. Arch Med Res 30: 132-137, 1999.

J Appl Physiol « VOL 98 + APRIL 2005 + WWW.jap.org

9002 ‘T2 Areniga4 uo 6io'ABojoisAyd-del woi pspeojumoq



http://jap.physiology.org

=
Q
2
£
A
o
2
£
<
o
=
S
=
Pl
=
Q
|

1486

14.

15.
16.

17.

18.

19.

Gliick U and Gebbers J. Epithelial changes in seasonal allergic rhinitis
throughout the year: evidence of coexistent air pollution and local secre-
tory IgA deficiency? ORL J Otorhinolaryngol Relat Spec 62: 6875, 2000.
Howarth PH, Salagean M, and Dokis D. Allergic rhinitis: not purely a
histamine-related disease. Allergy 55, Suppl 64: 7-16, 2000.

Jaber R. Respiratory and allergic diseases: from upper respiratory tract
infections to asthma. Prim Care 29: 231-261, 2002.

Jadot G, Vaille A, Maldonado J, and Vanelle P. Clinical pharmacoki-
netics and delivery of bovine superoxide dismutase. Clin Pharmacokinet
28: 17-25, 1995.

KleinJan A, McEuen AR, Dijkstra MD, Buckley MG, Walls AF, and
Fokkens WJ. Basophil and eosinophil accumulation and mast cell de-
granulation in the nasal mucosa of patients with hay fever after local
allergen provocation. J Allergy Clin Immunol 106: 677-686, 2000.
Langenback EG, Davis JM, Robbins C, Sahgal N, Perry RJ, and
Simon SR. Improved pulmonary distribution of recombinant human
Cu/Zn superoxide dismutase, using a modified ultrasonic nebulizer. Pedi-
atr Pulmonol 27: 124-129, 1999.

. Larivee Y, Leon Z, Salas-Prato M, Ganeva E, and Desrosiers M.

Evaluation of the nasal response to histamine provocation with acoustic
rhinometry. J Otolaryngol 30: 319-323, 2001.

. Muzykantov VR. Delivery of antioxidant enzyme proteins to the lung.

Antioxid Redox Signal 3: 39-62, 2001.

. Noor R, Mittal S, and Igbal J. Superoxide dismutase — applications and

relevance to human diseases. Med Sci Monit 8: RA210-RA215, 2002.

. Otto-Knapp R, Jurgovsky K, Schierhorn K, and Kunkel G. Antioxi-

dative enzymes in human nasal mucosa after exposure to ozone. Possible
role of GSTM1 deficiency. Inflamm Res 52: 51-55, 2003.

. Passalacqua G, Ciprandi G, Pasquali M, Guerra L, and Canonica

GW. An update on the asthma-rhinitis link. Curr Opin Allergy Clin
Immunol 4: 177-183, 2004.

. Ricca V, Landi M, Ferrero P, Bairo A, Tazzer C, Canonica GW, and

Ciprandi G. Minimal persistent inflammation is also present in patients
with seasonal allergic rhinitis. J Allergy Clin Immunol 105: 54-57, 2000.

. Sahgal N, Davis JM, Robbins C, Horowitz S, Langenback EG, Perry

RH, Colflesh D, Tierney J, and Simon SR. Localization and activity of
recombinant human CuZn superoxide dismutase after intratracheal admin-
istration. Am J Physiol Lung Cell Mol Physiol 271: L230-L235, 1996.

. Salib RJ and Howarth PH. Remodelling of the upper airways in allergic

rhinitis: is it a feature of the disease? Clin Exp Allergy 33: 1629-1633,
2003.

. Sandrini A, Ferreira IM, Jardim JR, Zamel N, and Chapman KR.

Effect of nasal triamcinolone acetonide on lower airway inflammatory

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

SOD FAILED TO ATTENUATE NASAL CONGESTION

markers in patients with allergic rhinitis. J Allergy Clin Immunol 111:
313-320, 2003.

Sannohe S, Adachi T, Hamada K, Honda K, Yamada Y, Saito N, Cui
CH, Kayaba H, Ishikawa K, and Chihara J. Upregulated response to
chemokines in oxidative metabolism of eosinophils in asthma and allergic
rhinitis. Eur Respir J 21: 925-931, 2003.

Smith LJ, Shamsuddin M, Sporn PHS, Denenberg M, and Anderson
J. Reduced superoxide dismutase in lung cells of patients with asthma.
Free Radic Biol Med 22: 1301-1307, 1997.

Thornhill SM and Kelly AM. Natural treatment of perennial allergic
rhinitis. Altern Med Rev 5: 448—-454, 2000.

Tiniakov RL, Tiniakova OP, McLeod RL, Hey JA, and Yeates DB.
Canine model of nasal congestion and allergic rhinitis. J Appl Physiol 94:
1821-1828, 2003.

Van der Vliet A and Cross CE. Innate antioxidant defense systems in the
respiratory tract. Biofactors 15: 83—86, 2001.

Veronese FM, Caliceti P, Schiavon O, and Sergi M. Polyethylene
glycol-superoxide dismutase, a conjugate in search of exploitation. Adv
Drug Delivery Res 54: 587-606, 2002.

Wanner A, Salathe M, and O’Riordan TG. Mucociliary clearance in the
airways. Am J Respir Crit Care Med 154: 1868—-1892, 1996.

Watanabe K and Kiuna C. Epithelial damage of nasal mucosa in nasal
allergy. Ann Otol Rhinol Laryngol 107: 564-570, 1998.

White M. Mediators of inflammation and the inflammatory process. J
Allergy Clin Immunol 103: S378-S381, 1999.

Wright DT, Cohn LA, Li H, Fisher B, Li CM, and Adler KB.
Interaction of oxygen radicals with airway epithelium. Environ Health
Perspect 102, Suppl 10: 85-90, 1994.

Yeates DB, Daza AV, and Mussatto DJ. Bronchial and alveolar allergen-
induced anaphylaxis and the stimulation of bronchial mucociliary clear-
ance in ragweed-sensitized dogs. Proc Assoc Am Physicians 109: 440—
452, 1997.

Yeates DB, Mussatto DJ, Hameister WM, Daza A, Chandra T, and
Wong LB. Bronchial, alveolar, and irritant-induced cardiovascular and
pulmonary responses. Environ Health Perspect 109, Suppl 4: 513-522,
2001.

Yemelyanov A, Abulimity A, Trendeleva T, Krasnoschekova O, Ru-
dinski K, Sinitcina T, and Ivanova T. Exhaled hydrogen peroxide and
airway hyperresponsiveness in nonasthmatic patients with allergic rhinitis
(Abstract). Eur Respir J 18, Suppl 33: S166, 2001.

Yoshitsugu M, Matsunaga S, Hanamure Y, Rautiainen M, Ueno K,
Miyanohara T, Furuta S, Fukuda K, and Ohyama M. Effects of
oxygen radicals on ciliary motility in cultured human respiratory epithelial
cells. Auris Nasus Larynx 22: 178185, 1995.

J Appl Physiol « VOL 98 + APRIL 2005 + WWW.jap.org

9002 ‘T2 Areniga4 uo 6io'ABojoisAyd-del woi pspeojumoq



http://jap.physiology.org

