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Mabalirajan U, Aich J, Leishangthem GD, Sharma SK, Dinda
AK, Ghosh B. Effects of vitamin E on mitochondrial dysfunction and
asthma features in an experimental allergic murine model. J Appl
Physiol 107: 1285-1292, 2009. First published July 23, 2009;
doi:10.1152/japplphysiol.00459.2009.—We showed recently that
IL-4 causes mitochondrial dysfunction in allergic asthma. IL-4 is also
known to induce 12/15-lipoxygenase (12/15-LOX), a potent candidate
molecule in asthma. Because vitamin E (Vit-E) reduces IL-4 and
inhibits 12/15-LOX in vitro, here we tested the hypothesis that Vit-E
may be effective in restoring key mitochondrial dysfunctions, thus
alleviating asthma features in an experimental allergic murine model.
Ovalbumin (OVA)-sensitized and challenged male BALB/c mice
showed the characteristic features of asthma such as airway hyperre-
sponsiveness (AHR), airway inflammation, and airway remodeling. In
addition, these mice showed increase in the expression and metabo-
lites of 12/15-LOX, reduction in the activity and expression of the
third subunit of mitochondrial cytochrome-c oxidase, and increased
cytochrome ¢ in lung cytosol, which indicate that OVA sensitization
and challenge causes mitochondrial dysfunction. Vit-E was adminis-
tered orally to these mice, and 12/15-LOX expression, key mitochon-
drial functions, ultrastructural changes of mitochondria in bronchial
epithelia, and asthmatic parameters were determined. Vit-E treatment
reduced AHR, Th2 response including IL-4, IL-5, IL-13, and OVA-
specific IgE, eotaxin, transforming growth factor-g1, airway inflam-
mation, expression and metabolites of 12/15-LOX in lung cytosol,
lipid peroxidation, and nitric oxide metabolites in the lung, restored
the activity and expression of the third subunit of cytochrome-c
oxidase in lung mitochondria and bronchial epithelia, respectively,
reduced the appearance of cytochrome ¢ in lung cytosol, and also
restored mitochondrial ultrastructural changes of bronchial epithelia.
In summary, these findings show that Vit-E reduces key mitochondrial
dysfunctions and alleviates asthmatic features.

12/15-lipoxygenase; mitochondria

THE DEFICIENCY OF ENDOGENOUS antioxidant defenses has been
reported in asthma (37). In fact, childhood asthma is described
as the state of fat-soluble vitamin deficiency (36). Furthermore,
maternal diet intake, especially vitamin E (Vit-E), during
pregnancy is consistently associated with the decreased fre-
quency of childhood asthma (7, 33). Among eight known
natural Vit-E analogs, only the a-tocopherol form has biolog-
ical significance (40). Vit-E intake has been shown to be
inversely associated with both allergen skin sensitization and
total serum IgE levels. Although Vit-E has been shown to
reduce airway inflammation and airway hyperresponsiveness
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(AHR) in animal models including mice (14, 24), it was not
successful in clinical trials (22). This could be due to species
difference in the metabolism of chylomicron and apolipopro-
teins, which are essential for Vit-E absorption (8). Evidently,
Vit-E levels are different in mice and humans (5). In any event,
the exact reason for this discrepancy is not yet clear. Therefore,
exploring the mechanism of the antiasthma activity of Vit-E
could be helpful for its efficient usage in humans.

Vit-E and its derivatives combat diseases associated with
mitochondrion-derived oxidative stress (38) and increase the
life span of mice by decreasing the degeneration of mitochon-
dria (23). Interestingly, orally administered a-tocopherol pre-
dominantly localizes in mitochondrial fractions (2), and a-to-
copherol is crucial in the maintenance of mitochondrial integ-
rity (15). In addition, it was suggested previously that the state
of 12/15-lipoxygenase (12/15-LOX) depletion and Vit-E ad-
ministration share common pathways (39), and, importantly,
Vit-E complexes with 12/15-LOX to inhibit its activity in
in vitro studies (9). Increased Th2 cytokines, especially IL-4
and IL-13, upregulate murine 12/15-LOX (12), which is in-
volved in asthma pathogenesis (10). Importantly, 15-LOX-1, a
human counterpart of murine 12/15-LOX, induces airway
epithelial apoptosis, which further activates epithelial mesen-
chymal trophic unit to initiate airway remodeling (13). 12/15-
LOX is predominantly expressed in bronchial epithelial cells
and degrades mitochondria (32). Recent evidence suggests that
mitochondrial events are essential during antigen presentation,
a crucial initiating step in asthma pathogenesis (6, 27). In
addition, we recently showed (18) that mitochondrial dysfunc-
tion could be crucial in asthma. With this view, we hypothe-
sized that Vit-E could have a role in the reduction of mito-
chondrial dysfunction in asthma. Hence, we selected a-tocoph-
erol and evaluated its effect on mitochondrial dysfunction,
using a mouse model of asthma.

MATERIALS AND METHODS

This study was conducted in conformity with the American Phys-
iological Society’s “Guiding Principles in the Care and Use of
Animals.” Experimental protocols and study design were approved by
the designated institutional review boards at the Institute of Genomics
and Integrative Biology.

Animals. Male BALB/c mice (8—10 wk old, weighing 18-20 g)
were obtained from the National Institute of Nutrition (Hyderabad,
India) and acclimatized for 1 wk under standard laboratory conditions
(25 = 2°C, 55% humidity) before the experiments were started.

Development of mouse model of asthma. After acclimatization,
each mouse was sensitized by intraperitoneal injections of 200 .l of
PBS suspension containing 50 g of chicken egg ovalbumin (OVA;
grade V, Sigma) and 4 mg of alum (aluminum hydroxide, Sigma) on
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days 0, 7, and 14 as described previously (1, 18). From day 21 to day
32, mice were exposed to 3% OVA aerosols for 30 min/day in a
Plexiglas chamber (20 X 20 X 10 cm?). The aerosol was generated by
a nebulizer (Omron CX3) with an airflow rate of 9 I/min. Each control
(Sham) mouse received intraperitoneal injections of 200 wl of PBS
containing 4 mg of alum and was challenged with PBS alone.

Vit-E treatment of OVA-sensitized and challenged mice. There
were two experimental sets: /) dose-titration experiments with differ-
ent concentrations of Vit-E and 2) verification experiments. For
dose-titration experiments, mice were divided into six groups after
acclimatization; each group (n = 5) was named according to sensiti-
zation/challenge/treatment: Sham/PBS/Veh [PBS sensitized, PBS
challenged, and vehicle (Veh) treated], OVA/OVA/Veh (OVA sensi-
tized, OVA challenged, and vehicle treated), and OVA/OVA/Vit-E 5,
10, 15, and 20 IU/kg (vitamin E in the form of a-tocopherol, Sigma).
In the verification experiments, there were three groups, Sham/PBS/
Veh, OVA/OVA/Veh, and OVA/OVA/Vit-E (15 IU/kg Vit-E), and
each group consisted of six mice. Vehicle or Vit-E was administered
orally twice daily from day 19 to day 32 in a volume of 10 .1 per dose.
Ethanol (50%) was used as the vehicle in which Vit-E was dissolved.

Measurement of airway responsiveness to methacholine. These
measurements were estimated for all mice on day 33 in unrestrained
and restrained conscious mice by single-chamber (SCP) and double-
chamber (DCP) body plethysmography, respectively (models PLY
3211 and PLY 3351, Buxco Electronics), as described previously with
minor modification, especially in methacholine (MCh) volume (18).
Enhanced pause (Penh) was estimated by SCP and specific airway
conductance (sGaw) and specific airway resistance (sRaw) were
estimated by DCP. Final results for SCP were expressed as either
partial concentration of methacholine required to increase baseline
Penh to 200% (MCh PC»op Penh) or as percent baseline Penh with
each concentration of MCh, with baseline Penh (with PBS aerosol)
considered as 100%. Final results for DCP were expressed as percent
baseline sGaw and sRaw.

Transmission electron microscopy. Whole body perfusion fixation
was performed as described previously (18, 19). First-generation
bronchi were located with a dissection microscope (SZX-12, Olym-
pus) and processed to view under the transmission electron micro-
scope. Approximately 50 bronchial epithelial cells were randomly
viewed, and representative images are shown.

Euthanasia and histopathology of lung. After AHR was deter-
mined, mice were euthanized; blood was collected and processed to
separate sera (18, 28, 29). For lung histology, a portion of the
harvested lung was fixed in 10% buffered formalin (28, 29). The fixed,
paraffin-embedded tissues were sectioned into 4-pwm sections and
stained with hematoxylin and eosin, periodic acid-Schiff (PAS), and
Masson trichrome (MT) to assess airway inflammation, goblet cell
metaplasia, and subepithelial fibrosis, respectively. To determine
airway mucin content and collagen deposition, quantitative morphom-
etry was performed in PAS- and MT-stained lung sections as de-
scribed previously (18, 19).

Isolation of whole lung mitochondria and cytosolic separation.
After euthanasia, the lung portion below the trachea was removed and
washed three times to isolate mitochondrial and cytosolic fractions
(Cyto) as described previously (18) with a mitochondria isolation kit
(MITO-ISO1, Sigma). Protein estimation was done for both mito-
chondrial fractions and Cyto by bicinchoninic acid (Sigma) assay.

Measurement of OVA-specific immunoglobulins. These measure-
ments were performed as described previously (18) with minor
modifications. Briefly, each well of the microplate was coated with
100 pl of OVA (2 pg), sera were added, bound IgE or IgG were
detected with biotinylated anti-mouse IgE or anti-mouse IgG2a (BD
Pharmingen), streptavidin-horseradish peroxidase (HRP) conjugates
(BD Pharmingen) were added, bound enzymes were detected by
addition of a tetramethylbenzidine substrate system (BD Pharmingen),
and finally absorbances were read at 450 nm. Absorbances were
converted to arbitrary units.

VITAMIN E RESTORES MITOCHONDRIAL DYSFUNCTION IN ASTHMA

Measurements of IL-4, IL-5, IL-13, eotaxin, and transforming
growth factor-B1 in lung homogenates. Lung tissue homogenates
(prepared by homogenization of 50 mg of tissue with 500 wl of PBS
and centrifugation at 10,000 g for 30 min) in duplicate were used for
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Fig. 1. Vitamin E (Vit-E) treatment reduced airway hyperresponsiveness in
asthmatic mice. A: in dose-titration experiments, partial concentration of metha-
choline required to increase baseline enhanced pause (Penh) to 200% (MCh PCzo0
Penh) was determined in 6 groups of mice: Sham/PBS/Veh [PBS sensitized, PBS
challenged, and orally administered 50% ethanol (vehicle, Veh)], OVA/OVA/Veh
[ovalbumin (OVA) sensitized, OVA challenged, and orally administered vehicle],
and OVA/OVA/Vit-E 5 TU, 10 IU, 15 IU, and 20 IU (OVA sensitized, OVA
challenged, and orally administered 5, 10, 15 and 20 IU/kg of Vit-E). In verifica-
tion experiments, % baseline Penh (B), specific airway resistance (sRaw; C), and
specific airway conductance (sGaw; D), indicators of bronchoconstriction, were
determined in 3 groups of mice: Sham/PBS/Veh, OVA/OVA/Veh, and OVA/
OVA/Vit-E (15 IU/kg Vit-E). Each mouse was challenged with increasing con-
centrations of MCh (0—16 mg/ml), and final results for single-chamber plethys-
mography are expressed either in MCh PCzp0 Penh or in % baseline Penh;
double-chamber plethysmography results are expressed in % baseline sGaw and
sRaw, respectively, while the PBS aerosol values are considered as baseline.
Values are means * SE of 3 independent experiments. *P < 0.05 vs. Sham/PBS/
Veh; P < 0.05 vs. OVA/OVA/Veh.
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sandwich ELISA [BD Biosciences for IL-4, IL-5, and transforming
growth factor-B1 (TGF-1) and R&D Systems for IL-13 and eotaxin].
Measurements were performed as per manufacturers’ instructions.
Results are expressed in picograms and normalized by protein con-
centrations.

12/15-LOX Western blot. Cyto proteins were separated on 8%
SDS-PAGE and transferred onto polyvinylidene difluoride (PVDF)
membrane (Millipore), and the membrane was blocked with blocking
buffer (3% skim milk), incubated with antibody that cross-reacts with
12- and 15-LOX forms (Santa Cruz Biotechnology), and detected with
HRP-conjugated anti-rabbit secondary antibody and diaminobenzi-
dine (DAB)-H>O,. a-Tubulin was used as a loading control.

13-(S)-hydroxyoctadecaenoic acid and 12-(S)-hydroxyeicosatetra-
enoic acid measurement in cytosolic fractions. Fifty micrograms of
Cyto per well in duplicate was used for ELISA of 13-(S)-
hydroxyoctadecaenoic acid (HODE) and 12-(S)-hydroxyeicosatetraenoic
acid (HETE) (Assay Designs). Measurements were performed as per
manufacturer’s instructions without further extraction. Results are
expressed in nanograms per 50 wg of protein.

Measurements of lipid peroxidation, nitric oxide, and peroxynitrite
levels in lung. 8-Isoprostane, nitric oxide (NO) metabolites (nitrates/
nitrites), and nitrotyrosine (Cayman) were measured in lung homog-
enates by competitive ELISA except for nitrates/nitrites (calorimetric
assay). The results are expressed in picograms, micromolar, and
nanomoles, respectively, and normalized by protein concentrations.

Total cytochrome-c oxidase activity measurement. These measure-
ments were performed as described previously (18). The activity of
cytochrome-c oxidase of electron transport chain (COXgrc) is based
on the decrease in absorbance of ferrocytochrome ¢ due to its
oxidation to ferricytochrome ¢ by COXgrc present in 10 pg of
mitochondrial fraction in duplicate lysed with n-dodecyl-f-p-malto-
side or recombinant enzyme. Net citrate synthase activities were
estimated with a 96-well microplate reader (Bio-Rad) as per manu-
facturer’s instructions (Sigma Chemical). The ratio of total COXgrc
to net citrate synthase activities is reported.

Immunohistochemistry. This was performed as described previ-
ously (18) with commercial goat polyclonal antibodies for cyto-
chrome-c oxidase III (Santa Cruz Biotechnology) as primary antibody
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and HRP-conjugated anti-goat IgG as secondary antibody (18). Neg-
ative control experiments were performed either by using y-globulin
as isotype control (Jackson Immunoresearch Laboratories) or by
omission of primary antibody.

Measurement of cytochrome c in cytosol. The levels of cytochrome
¢ were measured in cytosolic fractions by ELISA as per manufacturer’s
instructions (R&D Systems). Briefly, 5 pg of Cyto protein per well in
duplicate was used to measure cytochrome ¢ with a rat/mouse cyto-
chrome ¢ enzyme immunoassay (EIA) kit.

Statistics. Data are expressed as means * SE. Since we conducted
hypothesis-driven comparisons between selected groups, we used
unpaired Student’s #-test and statistical significance was set at P =
0.05.

RESULTS

Vitamin E reduces airway hyperresponsiveness to metha-
choline. In dose-titration experiments, Vit-E reduced AHR to
MCh as shown in Fig. 1A. The optimal effective dose was
found to be 15 IU/kg, so further experiments were performed
with this dose unless otherwise specified. In verification ex-
periments, OVA/OVA/Veh mice showed a dose-dependent
increase in Penh and sRaw compared with Sham/PBS/Veh
mice with MCh (Fig. 1, B and C). On the other hand, OVA/
OVA/Veh mice showed a dose-dependent decrease in sGaw
compared with Sham/PBS/Veh mice with MCh (Fig. 1D).
These results indicate that the OVA/OVA/Veh mice had de-
veloped significant AHR. However, Vit-E treatment attenuated the
increase of Penh and sRaw and decrease of sGaw (Fig. 1, B-D).

Vitamin E reduces airway inflammation. To assess the ef-
fects of Vit-E on airway inflammation, hematoxylin and eosin
staining was performed on lung sections. The lungs of Sham
control mice showed normal lung structure (Fig. 2A). In con-
trast, the lungs of OVA/OVA/Veh mice showed a dense
infiltration of inflammatory cells in perivascular and peribron-
chial regions. However, Vit-E treatment showed a significant
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Fig. 2. Vit-E treatment reduced airway inflammation and expression of 12/15 lipoxygenase (12/15-LOX). A: to determine the effect of Vit-E on airway
inflammation, hematoxylin and eosin staining was performed in lung tissue sections. Representative photographs are shown; all photographs are at X10
magnification. Br, bronchus. B: Western blot for 12/15-LOX was performed in lung cytosols and compared with a-tubulin. C: signals were estimated with spot
densitometry. Results shown are representative of at least 3 independent experiments. *P < 0.05 vs. Sham/PBS/Veh; TP < 0.05 vs. OVA/OVA/Veh.
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Fig. 3. Vit-E treatment reduced IL-4 and metabolites of 12/15-LOX. IL-
4 (in lung homogenates; A), 13-(S)-hydroxyoctadecaenoic acid (HODE)
(B), and 12-(S)-hydroxyeicosatetraenoic acid (HETE) (C) (lung cytosols)
were estimated. *P < 0.05 vs. Sham/PBS/Veh; 1P < 0.05 vs. OVA/OVA/
Veh.

reduction of inflammation both in perivascular and peribron-
chial regions (Fig. 2A). Inflammation scoring also confirmed
this (data not shown).

Vitamin E reduces Th2 cytokines and eotaxin in lung and
OVA-specific IgE in sera. To examine the effect of Vit-E on
IL-4, IL-5, IL-13, eotaxin, and OV A-specific IgE and IgG2a,
they were measured in lung tissue homogenates and sera as
described in MATERIALS AND METHODS. As shown in Fig. 3A and
Table 1, the levels of IL-4, IL-5, IL-13, eotaxin, and OVA-
specific IgE were found to be markedly increased in OVA/
OVA/Veh compared with Sham/PBS/Veh mice. However,
treatment of asthmatic mice with Vit-E (OVA/OVA/Vit-E)
significantly reduced these levels (Fig. 3A and Table 1). On the
other hand, there was no difference in the levels of IgG2a
between normal control and asthmatic control mice. However,
it was observed that Vit-E treatment significantly increased
IgG2a levels compared with either normal or asthmatic control
mice (Table 1).

Vitamin E reduces expression of 12/15-LOX and levels of
13-(S)-HODE and 12-(S)-HETE. To determine the effect of
Vit-E on the expression of 12/15-LOX and its metabolites,
Western blot analysis and ELISA were performed in Cyto.
12/15-LOX expression (Fig. 2, B and C) and its metabolites
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Fig. 4. Vit-E treatment reduced nitrooxidative stress in lung. After eutha-
nasia of mice, 8-isoprostane (A), nitrates/nitrites (B), and nitrotyrosine (C)
levels were measured in lung homogenates. Data are means = SE of 3
independent experiments. *P < 0.05 vs. Sham/PBS/Veh; P < 0.05 vs.
OVA/OVA/Veh.

(Fig. 3, B and C) were increased in OVA/OVA/Veh compared
with Sham/PBS/Veh mice. However, treatment of asthmatic
mice with Vit-E showed a significant reduction of 12/15-LOX
expression and its metabolites (Fig. 2, B and C, and Fig. 3, B
and C).

Vitamin E reduces oxidative stress in lung. Since 12/15-
LOX leads to lipid peroxidation, the levels of 8-isoprostane, a
reliable marker of lipid peroxidation (37), were estimated in
lung homogenates. As shown in Fig. 4A, the levels of 8-iso-
prostane were found to be significantly increased in OVA/
OVA/Veh mice compared with Sham/PBS/Veh mice. How-
ever, Vit-E treatment significantly reduced the levels of 8-iso-
prostane.

Vitamin E reduces nitrative stress in lung. Since NO is
crucial in the development of mitochondrial dysfunction by
inhibiting cytochrome-c oxidase activity (18), final metabolites
of NO such as nitrates/nitrites were measured. As shown in
Fig. 4B, the levels of nitrates/nitrites were found to be signi-
ficantly increased in OVA/OVA/Veh mice compared with
Sham/PBS/Veh mice. However, Vit-E treatment significantly
reduced these levels. In addition, Vit-E at higher doses was
found to reduce the levels of nitrates/nitrites in dose-titration
experiments (Table 2).

Since peroxynitrite is also known to cause mitochondrial
dysfunction by degrading heme centers of cytochrome-c oxi-
dase (18), we determined it in lung homogenates. As shown in
Fig. 4C, the levels of nitrotyrosine, a marker of peroxynitrite,

Table 1. Effects of vitamin E on IL-5, IL-13, OVA-specific IgE, 1gG2a, and TGF-BI levels

IL-13, pg/100 ng

OVA-Specific IgE,

OVA-Specific 1gG2a, TGF-B1, pg/50 ng Eotaxin, pg/25 pg

IL-5, pg/100 g protein protein AU AU protein protein
Sham/PBS/Veh 9.0£7.9 179*1.1 0.7£0.08 1.4%x0.2 362.9+40.6 159*+1.4
OVA/OVA/Veh 66.2+7.7* 41.5+6.3*% 2.2+0.18* 1.4*0.1* 511.4+8.8% 44.0+0.7*
OVA/OVA/Vit-E 229=*1.1% 21.7*£4.87 1.3£0.187F 4.1£1.5% 432.8+19.1F 31.0£0.6F

Data are means * SE of 3 independent experiments. Vit-E, vitamin E; Sham, sham-treated (control); Veh, vehicle; OVA, ovalbumin; TGF-B1, transforming
growth factor-B1; AU, arbitrary unit. *P < 0.05 vs. Sham/PBS/Veh group; 1P < 0.05 vs. OVA/OVA/Veh group.
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Table 2. Effects of vitamin E on nitrates/nitrites,
cytochrome-c oxidase activity and cytosolic cytochrome
c in dose-titration experiments

Nitrates/nitrites, Cytochrome ¢

rM/25 g COXgrc/Citrate  in cytosol, ng/5

protein Synthase g protein
Sham/PBS/Veh 7.4%0.1 11.3£0.8 0.9+0.08
OVA/OVA/Veh 9.2+0.6*% 3.8+0.8* 1.8+0.07*
OVA/OVA/Vit-E 5 TU 9.4+0.1 6.8+£1.3 1.9+0.16
OVA/OVA/Vit-E 10 IU 6.7%+0.1 7.5*1.6 2.2+0.38
OVA/OVA/Vit-E 15 TU 6.8+£0.2F 11.2+0.97 1.0£0.26F
OVA/OVA/Vit-E 20 IU 6.8+0.6F 12.5+1.3% 1.3+0.187

Data are means = SE. COXgrc, cytochrome-c oxidase of electron transport
chain. *P < 0.05 vs. Sham/PBS/Veh group; 1P < 0.05 vs. OVA/OVA/Veh

group.

were found to be significantly increased in OVA/OVA/Veh
mice compared with Sham/PBS/Veh mice. However, Vit-E
treatment significantly reduced these levels.

Vitamin E increases activity of COXgrc. Since lipid peroxi-
dation and NO lead to reduction in the activity of cytochrome-c
oxidase (18), we measured COXgrc in lung mitochondria and
normalized by the respective citrate synthase activity. The
results indicated that COXgrc/citrate synthase was decreased
in OVA/OVA/Veh mice compared with Sham/PBS/Veh (Fig. 5A).
Interestingly, Vit-E treatment significantly restored COXgrc
activity. It is also important to note that there was a dose-
dependent restoration of COXgrc activity in dose-titration
experiments (Table 2).

Vitamin E restores reduction in expression of COXgrc
subunit II1. Since subunit III is critical in the catalytic activity
of COXgre (18), its expression was determined by immuno-
histochemistry. COXgrc subunit III was found to be predom-
inantly expressed in bronchi of Sham/PBS/Veh mice compared
with other pulmonary structures such as alveoli and vascular
endothelia, and it was found to be significantly decreased in
OVA/OVA/Veh mice (Fig. 5B). Interestingly, Vit-E signifi-
cantly restored its expression (Fig. 5B).

Vitamin E reduces cytochrome c levels in cytosol. Because
there was a reduction in COXgrc activity in asthmatic mice
lung, we further analyzed the cytochrome ¢ levels by ELISA.
As shown in Fig. 6, OVA/OVA/Veh mice showed increased
levels of cytochrome c in the cytosol compared with Sham/
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PBS/Veh mice. However, OVA/OVA/Vit-E mice showed a
significant reduction of cytochrome c in the cytosol. In addi-
tion, a similar reduction was found with higher doses of Vit-E
in dose-titration experiments (Table 2).

Vitamin E restores ultrastructural changes of mitochondria.
To determine the mitochondrial morphological changes in
bronchial epithelia, transmission electron microscopy was per-
formed. As shown in Fig. 6B, OVA/OVA/Veh mice showed
features of mitochondrial damage such as loss or disruption of
cristac and swelling. However, these ultrastructural changes
were restored by Vit-E treatment.

Vitamin E reduces subepithelial fibrosis and TGF-B1 levels.
Because mitochondrial dysfunction is associated with fibrosis
(20, 35) and subepithelial fibrosis is one of the critical com-
ponents of airway remodeling, MT staining was performed. As
shown in Fig. 7A, there was no collagen in lung sections of
normal control mice. In contrast, dense accumulation of colla-
gen was found in subepithelial regions of bronchi and also
around vascular regions. However, Vit-E-treated asthmatic
mice showed a significant reduction in collagen deposition in
the bronchovascular regions compared with control asthmatic
mice (Fig. 7A). Quantitative morphometry also confirmed this
[subepithelial collagen content in nl/mm? (means + SE): 3.9 +
0.2,12.4 = 1.0, and 5.9 = 1.1 for Sham control, OVA control,
and Vit-E treated, respectively; P = 0.0002 for Sham control
vs. OVA control and P = 0.005 for OVA control vs. Vit-E
treated]. Since TGF-B1 is crucial in the development of sub-
epithelial fibrosis, we measured it in lung homogenates. As
shown in Table 1, Vit-E treatment reduced TGF-B1 levels
compared with OVA/OVA/Veh mice.

Vitamin E reduces goblet cell metaplasia. Since oxidative
stress is involved in goblet cell metaplasia, PAS staining was
performed to determine the effect of Vit-E on this feature. As
shown in Fig. 7B, control asthmatic mice showed marked
goblet cell metaplasia. Interestingly, Vit-E treatment of asth-
matic mice significantly reduced the goblet cell metaplasia
(Fig. 7B). This was also confirmed by quantitative morphom-
etry [airway mucin content in nl/mm? (means + SE): 1.6 +
0.2,14.3 £ 1.6, and 7.3 = 0.6 for Sham control, OVA control,
and Vit-E treated, respectively; P = 0.0003 for Sham control
vs. OVA control and P = 0.007 for OVA control vs. Vit-E
treated].

Fig. 5. Vit-E treatment restored activity of
cytochrome-c oxidase of electron transport
chain (COXgrc) and expression of subunit IIT
of COXgrc. A: after euthanasia, mitochondria
were isolated from fresh lung tissue; COXgrc
activity was estimated and normalized by re-
spective citrate synthase activity. Data are
means * SE of 3 independent experiments.
*P < 0.05 vs. Sham/PBS/Veh; TP < 0.05 vs.
OVA/OVA/Veh. B: immunohistochemistry
(IHC) was performed for subunit III of COXgrc
in lung tissue sections. Brown color indicates
positive expression of respective subunit. Br,
bronchus. Primary antibody against subunit III
of COXgrc was omitted in IHC negative con-
trol. Representative photomicrographs from 3
independent experiments are shown at x40
magnification.
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Fig. 6. Vit-E treatment reduced levels of cyto-
chrome ¢ in lung cytosol and restored mitochon-
drial ultrastructural changes in bronchial epithe-
lia. A: cytochrome ¢ levels were measured in
cytosolic fractions by ELISA. Data are means =
SE of 3 independent experiments. *P < 0.05 vs.
Sham/PBS/Veh; 1P < 0.05 vs. OVA/OVA/
Veh. B: transmission electron microscopy was B
performed with first-generation bronchi to de-
termine the ultrastructural changes of mitochon-
dria with Vit-E treatment. Representative im-
ages are shown from each group.

W

DISCUSSION

Although Vit-E is shown to have antiasthmatic properties,
there is no evidence to suggest its role in the restoration of
mitochondrial dysfunction in an in vivo model of asthma. In
this study, we have demonstrated for the first time, using a
mouse model of allergic asthma, that Vit-E treatment restores
key mitochondrial functions, reduces 12/15-LOX expression,
and reduces the features of asthma such as AHR, airway
inflammation, and airway remodeling changes. Thus the res-
toration of mitochondrial dysfunction could be one of the ways
for Vit-E to mediate its antiasthmatic activity.

12/15-LOX, inducible by IL-4, plays a critical role in vari-
ous chronic inflammatory diseases such as atherosclerosis and
diabetes (3, 11). It preferentially metabolizes linoleic acid to
produce HODE and also metabolizes arachidonic acid to pro-
duce HETE by stereospecific incorporation of molecular oxy-
gen into respective fatty acids. It was recently demonstrated
that the deficiency of 12/15-LOX alleviates the features of
asthma (10). In this study, Vit-E not only reduced IL-4 but also

SHAM/PBS/VEH

Fig. 7. Vit-E treatment reduced subepithelial
fibrosis and goblet cell metaplasia. To deter-
mine the effect of Vit-E on subepithelial fibro-
sis and goblet cell metaplasia, Masson
trichrome (A) and periodic acid-Schiff (B)
staining were performed in lung tissue sec-
tions. All photographs are at X10 magnifica-
tion. Br, bronchus.
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reduced the expression and the metabolites of 12/15-LOX.
Interestingly, Vit-E is known to inhibit IL-4 transcription by
suppressing the binding of NF-kB and Sp-1 with IL-4 promoter
binding sites (17). In addition, Vit-E also reduced OVA-
specific IgE. The increase of OVA-specific IgG2a by Vit-E
indicates the possible reduction of IFN-vy since IFN-vy induces
the production of IgG2a.

Vit-E treatment also reduced other components of Th2
response such as IL-5, IL-13, and eotaxin, which are crucial in
the recruitment of inflammatory cells including eosinophils.
Recruited inflammatory cells release oxygen and nitrogen free
radicals to produce a local oxidative/nitrosative milieu in the
airway. At early stages of the disease, antioxidant systems
neutralize the oxidative insults to avoid the development of
oxidative stress. However, repeated allergen exposures lead to
reduction of both enzymatic and nonenzymatic components of
the antioxidant defense system including a-tocopherol (31) to
cause oxidative stress in the airway. 12/15-LOX, a prooxidant
enzyme, has a unique property since it oxidizes biomembranes
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including mitochondrial membranes, unlike other mammalian
lipoxygenases, and the resultant free radicals further initiate
other deleterious oxidative processes (3). Also, under hypoxic
conditions this enzyme shows hydroperoxidase activity that
produces hydro-peroxy phospholipids to cause deleterious ef-
fects on mitochondria (32).

Lipid peroxidation and NO are known to inhibit the activity
of cytochrome-c oxidase (21, 25). In addition, peroxynitrite, a
combined product of superoxide and nitrative free radicals,
irreversibly inhibits COXgrc by degrading its heme centers
(18). The reduction of COXgrc activity has been observed in
many inflammatory oxidative diseases such as Alzheimer dis-
ease and the initial stages of diabetes mellitus (18) and also in
lymphocytes isolated from tobacco smokers (18). It is also
important to note that oxidative insults specifically inhibit the
third subunit of cytochrome-c oxidase (18). In this study, Vit-E
administration decreased lipid peroxidation and NO metabo-
lites along with the restoration of cytochrome-c oxidase activ-
ity. It is also important to note that Vit-E restores cytochrome-c
oxidase activity in a dose-dependent manner. This restoration
was almost parallel with the reduction of nitrates/nitrites levels
by Vit-E, at least with 15 IU/kg and 20 IU/kg doses. Further-
more, Vit-E restored the expression of subunit III of COXgrc
in bronchial epithelial cells and reduced the levels of cyto-
chrome c in lung cytosol. It should be noted that the expression
of subunit Il of COXgrc with Vit-E treatment, although not
completely restored, might be optimal for its enzymatic activ-
ity. Similar reduction in cytochrome c release has been shown
in myocytes of myocardial infarction after combined treatment
with vitamins C and E (26). In addition, Vit-E restores ultra-
structural changes of mitochondria in bronchial epithelia.
However, whether Vit-E has any effect on bronchial smooth
muscle cells remains to be investigated.

Bronchial epithelial injury activates epithelial mesenchymal
trophic unit to initiate airway remodeling changes. Interest-
ingly, oxygen free radicals alone are able to activate epidermal
growth factor receptor to develop goblet cell metaplasia (4). In
this study, we have demonstrated that Vit-E reduced both
goblet cell metaplasia and subepithelial fibrosis and also re-
duced the levels of TGF-B1. Since Vit-E is not a specific
inhibitor of IL-4 or 12/15-LOX, it is not clear whether the
observed effects of Vit-E on the asthmatic lung are primary or
secondary to any systemic steps in asthma pathogenesis. How-
ever, we recently showed (19) that esculetin, a potent inhibitor
of 12/15-LOX, restores mitochondrial dysfunction and ultra-
structural changes along with the reduction of airway inflam-
mation and AHR. Similarly, Vit-E restores mitochondrial func-
tion and alleviates airway inflammation in this study. Thus it is
likely that mechanistically Vit-E may act through the 12/15-
LOX and mitochondrial pathway. On the other hand, Vit-E is
also known to inhibit 5-LOX, LTC-4 synthase, and PLA,
enzymes, which play important roles in asthma pathogenesis
(16, 30, 34). Therefore, the contribution of inhibition of these
enzymatic pathways by Vit-E toward its observed antiasth-
matic activity remains to be investigated.

In conclusion, Vit-E reduces asthmatic features, 12/15-LOX,
and nitrooxidative stress in lung and restores mitochondrial
dysfunction, and these findings might help in developing newer
therapeutic modalities for asthma.
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