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Summary

 Introduction: The authors previously showed that pollen grain-, pollen grain extract-. and subpollen particle-in-
duced allergic infl ammation in lungs and eyes is robustly augmented by their intrinsic NAD(P)H 
oxidase activity. Here they sought to determine whether lactoferrin (LF), an iron-binding pro-
tein and immune modulator, decreases allergic infl ammation induced by ragweed (Ambrosia 
artemisiifolia) pollen grain extract (RWE).

 Material/Methods: The impact of LF on NAD(P)H oxidase in pollen grains and reactive oxygen species (ROS) le-
vels in vitro and in the lungs of experimental animals was assessed by use of redox-sensitive pro-
bes and specifi c inhibitors. The infl uence of LF on RWE-induced allergic infl ammation was de-
termined in a mouse experimental model of asthma.

 Results: The data show that the intrinsic NAD(P)H oxidase of pollen grains generates superoxide anion 
(O

2
·–) and that LF does not alter its enzymatic activity, as shown by nitroblue tetrazolium and cyto-

chrome c assays. On the other hand, LF signifi cantly decreased H
2
O

2
 and lipid peroxide (4-hydro-

xynoneal and malondialdehyde) levels in airway lining fl uids and lung epithelium after intranasal 
challenge of naïve or sensitized mice with RWE. Furthermore, a single dose of LF prevented/dec-
reased the abundance of the RWE-induced robust accumulation of infl ammatory and mucin-pro-
ducing cells in airways and subepithelial compartments and decreased airway hyperreactivity.

 Conclusion: These data suggest that the reduced conversion of NAD(P)H oxidase-generated O
2
·– into H

2
O

2
 

and/or ·OH, which in turn synergistically enhanced pollen antigen-induced airway infl ammation, 
is due to the iron-binding capacity of LF. These results support the utility of LF in human aller-
gic infl ammatory disorders.
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INTRODUCTION

It is believed that the adaptive immune response plays a 
crucial role in initiating Th2-mediated allergic infl amma-
tion. Allergens are processed by dendritic cells and pre-
sented as allergen peptides in the context of MHC class II 
molecules to T cells. These interactions are shown to or-
chestrate an infl ammatory cascade leading to the recruit-
ment of eosinophils and/or neutrophils as well as extensi-
ve mucin production in about 24 to 72 hours after allergen 
exposure. These events are accompanied by increased le-
vels of reactive oxygen species (ROS) and airway hyperre-
sponsiveness. Oxidative stress in asthma is believed to be 
the consequence of enhanced ROS generation by infl am-
matory cells recruited to the airways and/or exposure to 
pro-oxidant molecules such as ozone, cigarette smoke, 
diesel exhaust from the environment, and respiratory vi-
ral infections [28,29]. In physiological conditions, ROS 
are essential for normal cellular functions (e.g. cell signa-

ling, antibacterial defense) [20]. However, supraphysiolo-
gical levels of ROS due to an imbalance between ROS le-
vels and antioxidant defenses lead to oxidative stress that 
may increase the intensity of various disorders, including 
allergic infl ammation localized to the lungs and mucosal 
membranes [8,17,42].

Increased activity of intracellular (e.g. xanthine oxidore-
ductase) and membrane-associated (e.g. NAD(P)H oxi-
dase present in phagocytes) oxidases and mitochondria 
are the primary source of the radicals, such as superoxide 
anion (O

2˙
–) [18,43]. Most of the produced O

2˙
– is conver-

ted nonenzymatically or by means of superoxide dismuta-
se (SOD) to H

2
O

2
 [39]. In the presence of transition ions, 

both O
2˙

– and H
2
O

2
 are further transformed to the most re-

active and damaging hydroxyl radical (˙OH) via iron-cata-
lyzed Haber-Weiss and Fenton reactions [25]. Thus, under 
oxidative stress conditions, even traces of free iron may be 
harmful and contribute to the exacerbation of infl amma-
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ponadtlenkowy. Jednak LF znacząco obniżyła ilość H

2
O

2
 i nadtlenków lipidów (4-hydroksynone-

nalu i dialdehydu malonowego) w płynie wyściełającym drogi oddechowe i nabłonku płuc po do-
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2
O

2
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tion and cell damage [44]. Iron is often a constituent of 
the active site of enzymes involved in oxygen metabolism. 
Also, a huge pool of iron is stored by ferritin and trans-
ferrin [41]. However, free iron in airway lining fl uids , epi-
thelium, and resident cells of airways can be a potent pro-
oxidant and is implicated in oxidative stress in the lungs 
[24,38,40,51].

Lactoferrin (LF) is an iron-binding glycoprotein present 
in many secretions and in the secondary granules of neu-
trophils [35]. By virtue of its maintaining iron homeosta-
sis, LF is involved in the innate host defense against mic-
robial infections and septic shock [47]. The antimicrobial 
properties of LF also result from both direct [4] and indi-
rect [50] interactions with pathogens and immune cells. In 
addition, LF has the ability to modulate infl ammatory pro-
cesses and immune responses [34].

It was previously shown that pollen from ragweed (Ambrosia 
artemisiifolia), a common weed in Europe and the United 
States, along with pollen grains from trees, grasses, or other 
weeds, induces seasonal airway infl ammation. This robust 
infl ammation is due to these pollens’ antigenic properties 
and their intrinsic NAD(P)H oxidase activity, generating 
primarily O

2˙
–. In the presence of iron, O

2˙
– is reduced in a 

cascade reaction to more reactive radicals (e.g. H
2
O

2
, ˙OH), 

which in turn react with lipids, leading to increased levels 
of 4-hydroxynoneal and malondialdehyde [10]. These li-
pid peroxides are synergistic with pollen antigens, which 
results in the development of robust infl ammation in the 
airways and other mucosal surfaces [6].

The aim of the study was to examine the impact of LF, an 
iron-binding protein and immune modulator, on ragweed 
pollen extract (RWE)-induced oxidative stress and the ac-
cumulation of infl ammatory and mucin-producing cells in 
airways in a mouse model of allergic airway infl amma-
tion. Our data showed that iron-free LF (apolactoferrin), 
but not iron-saturated LF (hololactoferrin, LFFe), signi-
fi cantly decreased pollen extract-induced infl ammation 
in airways.

MATERIALS AND METHODS

Reagents

Endotoxin-free RWE was purchased from Greer Laboratories 
(Lenoir, NC, USA). Amb a 1, ascorbic acid (AA), buty-
lated hydroxytoluene, catalase, desferoxamine (DFO), di-
phenyleneiodonium (DPI), endotoxin-free human milk 
iron-free lactoferrin (LF), iron-saturated lactoferrin (LFFe), 
glucose oxidase (G-ox), H

2
O

2
, N-acetyl-L-cysteine (NAC), 

NADH, NADPH, quinacrin (QA), and superoxide dis-
mutase (SOD) were purchased from Sigma-Aldrich (St. 
Louis, MO, USA).

Animals

BALB/c mice were purchased from Harlan Sprague-Dawley 
(San Diego, CA, USA). All animal experiments were per-
formed according to the National Institutes of Health 
Guide for Care and Use of Experimental Animals and ap-
proved by the UTMB Animal Care and Use Committee 
(#9708038-05).

Sensitization and challenge of animals

Eight-week-old female animals were immunized with RWE 
as described earlier [6,49]. Briefl y, the mice were sensiti-
zed with two intraperitoneal administrations of endoto-
xin-free RWE, 150 μg/100 μl/injection, mixed in a 3:1 ra-
tio with Alum adjuvant (Pierce Laboratories, Rockford, IL, 
USA) on days 0 and 4. On day 11, parallel groups of mice 
(n=6–8) were given intranasally RWE (100 μg), LF (100 
μg), LFFe (100 μg), RWE (100 μg) + LF (100 μg), or RWE 
(100 μg) + LFFe (100 μg). As a control, another chelator 
of iron was used (DFO) [5]. Therefore, parallel groups of 
mice received intranasally RWE (100 μg), RWE (100 μg) 
+ DFO (100 μg), or DFO (100 μg) alone. Mice were also 
challenged with Amb a 1 alone (25 μg), G-ox (50 μU) alo-
ne, or G-ox + Amb a 1. Equivalent volumes of PBS were 
administered to control groups of mice.

Evaluation of allergic infl ammation

Animals from all experimental groups were euthanized on 
day 14 with ketamine (135 mg/kg body wt) and xylazine 
(15 mg/kg body wt) and the lungs were lavaged with two 
0.8-ml aliquots of ice-cold PBS. The cells were collected by 
centrifugation (1000 × g for 10 min at 4°C) and resuspen-
ded in 1 ml of PBS. The total number of cells present in 
the BAL fl uid was determined using a Cell-Dyn 3700 he-
matocytometer (Abbott Laboratories, Mississauga, ON, 
Canada). Cell spreads were prepared using a cytocentrifu-
ge (Cytospin 4, Thermo Electro Bioscience Technologies 
Pittsburgh, PA, USA) and stained with modifi ed Wright-
Giemsa. Differential cell counts were made on 200–300 
cells/slide.

After bronchoalveolar lavage (BAL), the lungs were fi xed 
with 4% paraformaldehyde, embedded in paraffi n, and sec-
tioned to 5 μm. The lung sections were stained with he-
matoxylin and eosin [49]. Perivascular and peribronchial 
infl ammation and cell composition in the BAL were eva-
luated by a pathologist blinded to the treatment groups to 
obtain data for each lung. To quantify the cellular (eosi-
nophilic) infi ltration of lung sections objectively, morpho-
metric analyses were done using a NIKON Eclipse TE 
200 UV microscope operated via Metamorph™ softwa-
re (Version 5.09r, Universal Imaging, Downingtown, PA, 
USA). Images were obtained from four different levels per 
lung (three animals per group) and reassembled using the 
montage stage stitching algorithm of the Metamorph™ 
software [6,36]. The integrated morphometric analysis 
function was used to transform the total pixel area of the 
fi eld light intensity from the sections into μm2 units after 
calibration [6,32].

For mucin determinations, BAL was centrifuged at 12,000 
rpm for 10 min at 4°C, and the supernatants were kept at 
–80°C until assayed. MUC5AC levels in the BAL were 
assessed by ELISA using a commercially available anti-
MUC5AC monoclonal antibody (I-13M1) (Lab Vision, 
Fremont, CA, USA). Briefl y, MUC5AC present in the 
BAL was captured on a microtiter plate and a second an-
tibody conjugated to biotin was added. After 30 min of in-
cubation with streptavidin-horseradish peroxidase (HRP) 
the plates were washed and peroxidase substrate was ad-
ded to obtain a colorimetric product, which was quanti-
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fi ed by spectrometry. Data are expressed as arbitrary units 
relative to a MUC5AC standard curve that was included 
on each plate.

Evaluation of airway reactivity

Airway responsiveness was assessed as a change in airway 
function to aerosolized methacholine 72 h after challenge 
as previously described [26,31]. Briefl y, enhanced pause 
(P

enh
) was measured in animals using a whole-body plethy-

smograph system (Buxco Electronics, Sharon, CT, USA). 
The animals were placed in the plethysmograph chamber 
and activity was allowed to stabilize for 10 min. Following 
equilibration, the animals were exposed to nebulized sali-
ne for 3 min, and P

enh
 was recorded for 5 min to establish 

a baseline. Methacholine was dissolved in saline to con-
centrations of 7.5–60 mg/ml.

Measurements of reactive oxygen species

Nitro blue tetrazolium (NBT) assay: pigment-free RWE 
(10 μg/assay), heat-inactivated RWE (72°C, for 30 min; 
10 μg/assay), and Amb a 1 (10 μg/assay) were mixed with 
NBT (1 mM) with or without NAD(P)H (100 μM). The 
mixtures were then incubated for 15 min at 37°C and the 
sedimented formazan was dissolved in methanol. The OD 
was determined at 530 nm in a spectrophotometer (DU 530, 
Beckman Instruments, Fullerton, CA, USA). RWE was pu-
rifi ed (pigment-free RWE) by using a Sephadex 250 co-
lumn (60 cm). Briefl y, 10 ml RWE (50 mg/ml) in PBS were 
layered on an equilibrated column and 2-ml fractions were 
collected. NAD(P)H oxidase-containing fractions were po-
oled and the protein concentration was determined.

Cytochrome c assay: To detect O
2˙

–, the cytochrome c 
(CytC) assay was used as we described previously [6]. 
Briefl y, pigment-free ragweed pollen extract (10 μg), oxi-
dized ferricytochrome c (Sigma-Aldrich) and/or cytochro-
me c (Sigma-Aldrich), and NADPH (100 μM) were added 
to the reaction mixture. Parallel reactions contained satura-
ting amounts of SOD (50 U/ml) in a reference reaction to 
determine any O

2˙
–-independent direct reduction of CytC 

by the sample. The changes in absorbance at 550 nm were 
recorded continuously for 1–15 min.

To determine the levels of H
2
O

2
, the Amplex® Red (10-ace-

tyl-3,7-dihydroxyphenoxazine; Molecular Probes, Eugene, 
OR, USA) assay was used. Amplex® Red reacts with H

2
O

2
 

in the presence of HRP to generate a stable product, re-
sorufi n [52]. Briefl y, 100 μl of BAL fl uid was mixed with 
reaction buffer and incubated at room temperature (25°C) 
for 30 min with 0.25 U/ml Amplex® Red and 1 U/ml of 
HRP (determined in preliminary studies). The change in 
fl uorescence (with absorption and emission wavelengths 
of 563 and 587 nm, respectively) was measured using a 
SpectraMax M2 microplate reader (Molecular Devices 
Corporation, Sunnyvale, CA, USA). The reactions were 
carried out with and without exogenously added SOD. The 
addition of catalase (400 U/ml) decreased H

2
O

2
 levels by 

~90%. As a positive control, increasing dilutions (0 to 400 
pM) of H

2
O

2
 were used.

Measurement of 4-hydroxynonenal (4-HNE) and malon-
dialdehyde (MDA): Mice were RWE challenged and BAL 

fl uids were collected after 30 min. BAL fl uids were clarifi ed 
by centrifugation (1000 × g for 10 min at 4°C) and aliquots 
were stored at –80°C. Butylated hydroxytoluene (0.5 mM) 
was added to prevent further lipid oxidation. 4-HNE and 
MDA levels were determined using an LPO-586 assay kit 
(OXIS Inc, Portland, OR, USA). The LPO-586 method is 
designed to assay either MDA alone (in hydrochloric acid) 
or MDA in combination with 4-HNE (in methanesulfonic 
acid). In these experiments, we assayed 4-HNE+MDA le-
vels based on the manufacturer’s protocols, applying slight 
modifi cations as we previously described [6].

Statistical analysis

Data collected from in vitro and in vivo experiments were 
analyzed by ANOVA, followed by Bonferroni post-hoc 
analyses for least signifi cant difference. Differences were 
considered signifi cant at p<0.05.

RESULTS

Effects of LF on NAD(P)H oxidase-generated 
superoxide

Ragweed pollen grains and their extracts possess prote-
olytic enzyme activities [2]. We have previously shown 
that pollen grains and their extracts generate O

2˙
– due to 

NAD(P)H oxidase activity, which was essential for robust 
airway infl ammation in a mouse model [1,6]. In this stu-
dy we have investigated whether LF, an iron-binding pro-
tein, has an impact on O

2˙
– generation, considering that 

NAD(P)H oxidases are iron-containing enzyme comple-
xes [14,18]. Under our experimental conditions, RWE ra-
pidly reduced NBT to formazan, and this activity required 
NADPH (Figure 1A) or NADH (data not shown). In sup-
port of the latter fi nding, we showed that the RWE exten-
sively utilized NADH (determined by the OD at 340 nm; 
Figure 1B), which indicated that the enzyme present in 
RWE is indeed NAD(P)H oxidase. Interestingly, the pre-
sence of LF substantially accelerated NADPH usage by 
NAD(P)H oxidase. NAD(P)H oxidase inhibition by QA, 
DPI, or heat treatment for 30 min at 72°C inhibited the re-
duction of NBT to formazan. SOD, which converts O

2˙
– 

into H
2
O

2
, signifi cantly decreased the availability of O

2˙
– to 

reduce NBT. Catalase, an enzyme that decomposes H
2
O

2
, 

had no effect. Amb a 1, the most abundant allergenic pro-
tein in ragweed pollen grains, did not induce formazan for-
mation from NBT. These data are similar to those publis-
hed previously [6]. Interestingly, LF and DFO increased 
formazan formation. This observation may be due to the 
removal of iron from the reaction mixture and thus it ap-
pears that LF may increase the availability of O

2˙
– for the 

reduction of NBT. Indeed, via the Fenton and Haber-Weiss 
reactions, iron rapidly converts O

2˙
– to H

2
O

2
 and/or ˙OH 

radicals [3,25]. LFFe had no effect.

To confi rm O
2˙

– generation shown by NBT reduction, we 
applied cytochrome c assays. The RWE-ferricytochrome 
c mixture increased the OD at 550 nm (Figure 1C), which 
indicated that O

2˙
– is indeed the primary radical genera-

ted by the RWE. LF markedly increased RWE-mediated 
CytC reduction. In controls, RWE alone or LF+CytC did 
not change absorbance. LFFe had no effect (data not shown). 
Addition of SOD to the RWE+CytC+LF mixture nearly eli-
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minated CytC reduction (Figure 1C). These data together 
show that LF does not alter the activity of NAD(P)H oxi-
dase; moreover, it enhances both NBT and CytC reduction, 
possibly by increasing the O

2˙
– pool by removing iron from 

the reaction mixtures.

Lactoferrin decreases RWE-induced oxidative stress 
levels in airways

It has been shown that RWE induced a robust oxidative stress 
to airway epithelium in the murine experimental model [6]. In 
this study, mice were challenged with RWE±LF, RWE±LFFe, 
RWE±DFO, or RWE±NAC+AA (N-acetyl-L-cysteine, ascor-
bic acid) to determine the levels of H

2
O

2
 and 4-HNE/MDA 

in BAL 20 min later. The results in Table 1 show that the re-
moval of iron by LF signifi cantly (p<0.001) lowers H

2
O

2
 le-

vels in the BAL after RWE challenge of animals. In controls, 
administration of the antioxidant mixture (NAC and AA) at a 
dose of 250 mg/kg each also effectively decreased H

2
O

2
 con-

centrations. Iron-saturated LFFe had no effect. Interestingly, 
DFO was not as effi cient as LF in lowering H

2
O

2
 levels. ̇ OH 

radicals that are formed from H
2
O

2
 or directly from O

2˙
– via 

iron-catalyzed reactions [3,25] rapidly degrade lipids to li-
pid radicals such as 4-HNE/MDA, which accumulate in the 
BAL fl uid of RWE-challenged mice [6]. Therefore, we so-
ught to determine whether iron removal by LF or DFO al-
ters 4-HNE/MDA levels in the BAL. Mice were challenged 
and treated as above, and 4-HNE/MDA levels were assessed. 
The results summarized in Table 1 show that LF and DFO 
signifi cantly decreased 4-HNE/MDA levels. An anti oxidant 
mixture (NAC and AA) had similar effects. Together these 
data show that the removal of iron by LF signifi cantly dec-
reased H

2
O

2
 and lipid peroxide levels.

Lactoferrin decreases RWE-induced airway 
infl ammation

First we tested whether RWE NAD(P)H oxidase-generated 
ROS are involved in airway infl ammation in our mouse asth-
ma model [6]. RWE-sensitized animals were challenged in-
tranasally, and 72 h later BAL and lungs were examined for 
infl ammatory markers. RWE induced a dramatic accumu-
lation of eosinophils in the BAL compartment (Figure 2A). 
The number of accumulated eosinophils in peribronchial and 
perivascular locations and the formation of mucin-producing 
cells (data not shown) were similar to fi ndings published pre-
viously [6]. Robust airway infl ammation in sensitized mice 
observed after challenge was diminished when the RWE was 
added together with LF (Figure 2AB). Surprisingly, the iron 
chelator DFO had a much smaller effect, although it signifi -
cantly decreased the number of eosinophils in the BAL.

Figure 1.  LF does not inhibit NAD(P)H oxidase activity. (A) Reduction 
of NBT to formazan by RWE using an NBT assay in the 
presence of NADPH. Data are expressed as mean ± SEM from 
two (each with three parallel) independent experiments. 
****p<0.0001; (B) Consumption of NADH by redox-active 
RWE. (C) Reduction of CytC by RWE’s NAD(P)H oxidase-
generated superoxide. In B and C the data are averaged from 
two (each with three parallel) independent experiments.
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PBS  9±2  0.09±0.01

RWE  62±8  0.42±0.08

RWE+LF  22±6***  0.12±0.03***

RWE+LFFe  60±8  0.43±0.02

RWE+DFO  42±5**  0.19±0.02***

RWE+NAC+AA  14±3  0.08±0.05

Table 1.  Eff ect of LF on H
2
O

2
 and 4-HNE/ MDA levels in the BAL of 

RWE-challenged mice. Sensitized BALB/c mice (n=5–8) were 
challenged intranasally with RWE (100 μg/animal) and 72 
h later BAL was performed. Data are the mean ± SEM from 
three (each with two parallel) independent experiments.
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Infl ammation in lungs is also characterized by increased mu-
cin production and airway hyperreactivity [16,29]. The con-
centration of mucin (MUC5AC) in BAL fl uid was markedly 
enhanced after administration of RWE to sensitized ani-
mals. LF decreased this effect nearly to the levels found in 
BAL fl uid from PBS-treated mice (Figure 2C). At 72 h after 
RWE±LF challenge, animals were placed in Buxco chambers 
and airway reactivity was determined in atmospheres con-
taining increased concentrations of methacholine. As shown 
in Figure 3, enhanced pause (P

enh
), as a measure of methacho-

line-induced bronchoconstriction, was signifi cantly increa-
sed in the group challenged with RWE compared with that 
in the PBS-treated group. Importantly, co-challenge of ani-
mals with LF and RWE resulted in a signifi cant decrease in 
airway bronchoconstriction. LF alone did not change metha-

choline sensitivity. These data suggest that LF, by indirectly 
lowering H

2
O

2
 and 4-HNE/MDA levels, dramatically decre-

ases the observed robust infl ammation as well as the infl am-
matory cell accumulation, mucin production, and airway hy-
persensitivity induced by the redox-active RWE.

Lactoferrin diminishes the effect of exogenous 
oxidative stress in infl ammation

To test whether LF decreases infl ammation induced by 
oxidatively inactive allergen(s), we examined its effect on 
Amb a 1-induced infl ammation. Moreover, we tested the 

Figure 2.  RWE-induced allergic airway infl ammation is decreased by 
administration of LF. (A) Sensitized BALB/c mice (n=6–8 
mice/group) were challenged with RWE in combination 
with LF, LFFe, or DFO and BAL eosinophils were quantifi ed 
72 h after challenge. Results are expressed as mean ± SEM. 
*p=0.05; ****p<0.0001. (B) Microscopic visualization of 
eosinophil presence in BAL fl uid. Cytospin slides were stained 
with modifi ed Wright-Giemsa. Arrows show eosinophils. 
(C) RWE-induced mucin levels in the BAL were decreased 
signifi cantly by LF. Sensitized BALB/c mice (n=6–8 mice/
group) were co-challenged with RWE and LF. 72 h later, BALs 
were made, fl uids clarifi ed by centrifugation, and MUC5A C 
levels were determined as in Materials and Methods. Results 
are expressed as mean ± SEM. *p=0.05; ****p<0.0001.
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methacholine in the range of 7.5 to 60 mg/ml. ***p=0.001.
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impact of LF on the oxidative stress-mediated exacerba-
tion of airway infl ammation in an Amb a 1 challenge mo-
del. Compared with RWE, Amb a 1 alone induced mode-
rate infl ammation, as shown by eosinophil accumulation 
in the BAL (Figure 4), the numbers of eosinophils being 
14×104 and 4.6×104/ml in the BAL of RWE- and Amb a 
1-challenged animals, respectively (Figures 2A and 4). LF 
signifi cantly decreased both RWE and Amb a 1-induced 
infl ammation (Figures 2A and 4). In control experiments, 
LFFe showed no notable effects. When animals were chal-
lenged with Amb a 1 plus G-ox (O

2˙
–-generating enzyme), 

eosinophil numbers in BAL increased from 4.6×104/ml to 
11×104/ml (Figure 4). Importantly, the addition of LF to 
Amb a 1 plus G-ox signifi cantly (p=0.001) decreased eo-
sinophil counts in the BAL (Figure 4). Although the data 
are not shown here, LF also decreased the accumulation 
of infl ammatory cells in peribronchial and perivascular 
regions. In control experiments, LFFe had no effects. LF, 
LFFe and G-ox or PBS challenge alone did not cause any 
eosinophil recruitment. Thus, LF decreases infl ammation 
when induced by oxidatively inactive allergenic protein(s) 
alone and when allergen is combined with heterologous 
oxidative stress.

Lactoferrin decreases the accumulation of 
infl ammatory cells when administered at later stages 
of infl ammation

Next we examined whether post-treatment with LF alters 
the outcome of airway infl ammation induced by RWE. In 
the following studies, we administered LF intranasally at 6 
h, 12 h, and 24 h after RWE challenge. As a control, RWE 
and LF were added together (at time 0 h). As shown in 
Figure 5, LF decreased the number of eosinophils in BAL 
from 19×104 to 9.9×104, 12.4×104, and 12.8×104/ml when 
added at 6 h, 12 h, and 24 h, respectively. As above, it was 
most effective when added together. DFO had some effect, 
but only when given together with RWE (0 h). These re-
sults indicate that LF can intervene in the ongoing events 
in allergic infl ammation.

DISCUSSION

Lactoferrin is a multifunctional protein impacting various 
cellular physiological functions in addition to its iron-bin-
ding ability. Although chelation of iron appears to be its 
central biological function, other activities, including host 
defense, anti-infl ammatory activity, and the regulation of 
cell cycle and differentiation, underline its multifunctio-
nal nature [47]. Because LF can be produced by cells li-
ning airways and is present in large quantities in airway li-
ning fl uids, we investigated its possible role in regulating 
allergic responses induced by pollen antigens and ROS in 
an experimental mouse model of asthma.

Pollen grains contain numerous antigenic/allergenic pro-
teins and their interaction with the immune system results 
in seasonal airway infl ammation, conjunctivitis, and aller-
gic rhinitis [12,46]. Some of these proteins are well-cha-
racterized chemically and biologically, including Amb a 
1 in ragweed and Art v 1 in mugwort [22]. In our studies 
we used RWE and Amb a 1 to trigger infl ammation in air-
ways. Amb a 1, like RWE, is known to induce IgE pro-
duction and allergic infl ammation, although its intensity 
is less [6,7,30]. The robust airway infl ammation of con-
junctivitis induced by RWE is due to intrinsic NAD(P)H 
oxidase activities [6].

NAD(P)H oxidase is a heme-containing protein, so we were 
interested in investigating whether LF, as an iron-binding 
protein, has a direct effect on its superoxide production. 
Purifi ed RWE extensively reduces both NBT and CytC. 
Interestingly, LF does not alter the activity of NAD(P)H 
oxidase, but actually increases the reduction of NBT and 
CytC. This observation may be explained by LF’s iron bin-
ding, which results in an increased superoxide anion pool 
in the absence of the Fenton reaction. O

2˙
– has a relative-

ly long half-life and it can react with proteins, but it pos-
sesses no reactivity with lipids or DNA [21]. O

2˙
– may be 

dismutated to H
2
O

2
 by extracellular SOD in the airway li-

ning fl uid [37]. Both O
2˙

– and H
2
O

2
 can be further redu-
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ced to the hydroxyl radical (˙OH) in the presence of Fe2+ 
(Fenton reaction and Haber-Weiss reaction). H

2
O

2
 and ˙OH 

can react with lipids to form lipid-hydroperoxides, such as 
MDA and 4-HNE. These reactive species may also cau-
se extensive protein oxidation and DNA damage in cells. 
Importantly, O

2˙
– was shown to reduce Fe3+ to Fe2+, which 

is required for Fenton and/or Haber-Weiss reactions. These 
reactions may take place in the epithelial lining fl uid of the 
lungs [11,48]. Thus an increase in H

2
O

2
 and lipid peroxi-

des levels in the BAL fl uid is not surprising. Chelating iron 
with LF or DFO signifi cantly lowered the RWE-induced 
increase in 4-HNE and MDA levels in BAL fl uid, suggest-
ing that LF may interfere with the conversion of O

2˙
– to a 

highly reactive oxygen species. We did not observe such 
an effect in the case of iron-saturated LFFe.

Allergen-induced lung infl ammation is characterized by the 
accumulation of eosinophils, airway hyperresponsiveness, 
and bronchial obstruction by excessive mucin production 
[23,26]. RWE induced a robust allergic infl ammation in 
our experimental mouse model, as we showed previous-
ly [1,6]. Importantly, the robust infl ammatory processes 
were signifi cantly prevented and/or lowered after LF ad-
ministration. Although both LF and DFO share some cha-
racteristics of iron binding, LF is able to diminish these 
symptoms more effi ciently than is DFO. However, DFO, 
like LF, has multiple impact on cells, including cell cyc-
le progression, DNA synthesis, and gene expression, and 
it possesses anti-infl ammatory activity [5,13]. From these 
results it is obvious that LF has additional activities, e.g. is 
capable of lessening allergic infl ammation. Moreover, LF 
can bind several metabolically important compounds, such 
as LPS, heparin, lysozyme, and DNA [45]. In a sheep mo-
del it was shown that LF abolishes both late-phase bron-
choconstriction and airway hyperresponsiveness by the 
means of heparin binding and inactivation of mast cell 
tryptase [19]. Others demonstrated that LF decreases the 
release of the allergic mediator histamine when incubated 
with skin mast cells [27]. LF’s anti-infl ammatory effect 
in our model may also be associated with the down-regu-
lation of the expression and production of pro-infl amma-
tory mediators, including tumor necrosis factor a, inter-
leukin (IL)-1b, IL-6, and IL-8, major regulators of airway 

infl ammation [9,33,34,53]. These LF actions could expla-
in its effectiveness in our model and the observed differen-
ces compared with DFO activity.

LF was most effective in decreasing infl ammation when 
administered together with RWE. In contrast to DFO or an-
tioxidants [15], the effect of LF remained signifi cant when 
added at later time points after RWE challenge. These re-
sults again confi rm that chelating of iron by LF and pre-
vention of superoxide dismutation are not the only actions 
of this protein with regard to decreasing allergic immu-
ne responses.

CONCLUSION

In conclusion, decreasing/removing Fe2+ from airway li-
ning fl uid is just one of the likely mechanisms by which 
LF prevents the development of full-blown allergic airway 
infl ammation after administration of ROS-generating pol-
len extracts. Thus LF’s antioxidant and anti-infl ammato-
ry activities by which it decreases oxidative stress levels 
in the airway lining fl uid and the late-phase of RWE-in-
duced allergic infl ammation make it most likely to be ef-
fective against other allergen-mediated disorders. These 
studies also provide data for the therapeutic effect of LF 
when infl ammation is induced by antigen and exacerba-
ted by exogenous oxidants (ozone, cigarette smoke, diesel 
exhaust). Although further studies are required, these fi n-
dings underline the potential of LF as a therapeutic agent 
for treating human allergic infl ammatory disorders.
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