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Abstract
In vivo and in vitro studies revealed that nitroalkenes serve as protective mediators in the lung by
inducing the cytoprotective enzyme heme oxygenase-1 (HO-1). LNO2 increased HO-1 mRNA,
protein and activity in cultured pulmonary epithelial cells treated with 5 to 50 μM LNO2 and in
lungs of rats injected intraperitoneally with 2.6 mg/kg LNO2 twice daily for 20 days. Western
blotting revealed that HO-1 protein increased significantly within 4 hours of in vitro LNO2
addition and was preceded by an increase in HO-1 mRNA, consistent with transcriptional
regulation of HO-1 expression by LNO2. LNO2 also de-phosphorylated and activated eukaryotic
initiation factor 2α (eIF 2α) a key translational regulatory protein, indicating that increased
translation may also contribute to LNO2-induced increases in HO-1. Exposure of cells to LNO2
activated ERK and JNK, as evidenced by increased phosphorylation. Downstream targets of ERK
and JNK, Elk-1 and c-Jun respectively, were also phosphorylated in response to LNO2 exposure.
However, inhibitor studies revealed that only the ERK pathway is necessary for the LNO2-
mediated increase in HO-1 mRNA and protein. These data reveal that LNO2 induces pulmonary
epithelial HO-1 expression and downstream adaptive responses to inflammation via both
transcriptional and translational regulatory mechanisms.
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Introduction
Pulmonary inflammation is a life-threatening complication of diverse pathogenic processes
that can result in a number of complications and in pathologies such as acute respiratory
distress syndrome (ARDS) [1,2]. Enhanced production of reactive oxygen species (ROS)
and secondary oxides of nitrogen derived from nitric oxide (NO) contribute significantly to
the extensive oxidation and nitration reactions that occur during inflammatory lung injury
[3]. Inflammation is also associated with the release of pro-inflammatory cytokines
including tumor necrosis-factor (TNF)-α, interleukin (IL)-1, -4, -6, -8, -10, and -13 [2] and
the infiltration and activation of inflammatory cells. These host defense responses can be
both consequences and causes of the accelerated formation of oxidizing and nitrating species
during acute lung injury (ALI) [4,5].

The signaling reactions leading to the resolution of inflammation are in part mediated by the
redox reactions that represent one element of tissue inflammatory responses to injury and
invading pathogens. For example, increased gene expression of antioxidant enzymes such as
Mn superoxide dismutase (MnSOD) occur in rat lungs in response to an acute exposure to
LPS [6]. Other redox defenses, such as peroxiredoxins I and II, are induced in response to
oxidative inflammatory mediators [7].

Recently the NO and nitrite (NO2
-)-dependent nitration of unsaturated fatty acids has been

observed and fatty acid nitroalkene derivatives have been detected in the red cells, plasma
and urine of healthy humans [8-10]. Current data supports that nitrated fatty acids function
as pluripotent endogenous signaling molecules [11,12]. For example, platelet and neutrophil
function is inhibited by nitrolinoleic acid (LNO2) via non-cGMP-dependent mechanisms
[12,13]. Thrombin-induced platelet aggregation is inhibited by LNO2-mediated attenuation
of cAMP-dependent Ca+2 mobilization and activation of vasodilator-stimulated phospho-
protein (VASP) phosphorylation at serine 157 [12]. Current evidence supports that there is a
dual regulation of platelet adenylyl cyclase and phosphodiesterase 3A activities by LNO2
[12]. More recently, it has been observed that nitrated fatty acids undergo Nef-like decay
reactions in aqueous milieu, yielding NO, explaining the ability of LNO2 to mediate cGMP-
dependent vessel relaxation [14,15]. Further, both LNO2 and OA-NO2 serve as potent
endogenous PPAR-ligands [10,16]. Finally, high levels of LNO2 has been found in the
pulmonary edema fluid of patients with ARDS [17] suggesting that it may be both a marker
of pathology and a player in the signaling for the resolution of pulmonary inflammation. In
aggregate, there are multiple reactivities whereby nitrated fatty acids may serve to modulate
pulmonary inflammatory responses.

Preliminary gene array analysis with HUVEC cells revealed that low concentrations of
LNO2 inhibit the expression of multiple inflammatory-related genes encoding cell adhesion
molecules, cytokines and cytokine receptors. In contrast, gene expression of HO-1, PGHS-2,
VEGF, the 10, 40, 60, 70 and 90 kD heat shock proteins were up-regulated, with HO-1 the
most extensively-induced gene (B. Freeman, unpublished data). This finding was replicated
in aortic endothelial cells [18]. Because of the profound impact that HO-1 plays in the
response of tissues to pathogenic and inflammatory stimuli [19], we examined cellular HO-1
responses to LNO2 in more detail, specifically, the signaling pathways involved. Herein, we
report that LNO2 exerts MAPK-dependent induction of HO-1 and propose that HO-1
induction represents a key mechanism whereby nitrated fatty acids serve as protective
mediators in the lung.
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Methods
Materials

Nitrated oleic acid and linoleic acid were synthesized as previously described [8,10].
SB202190 (p38 inhibitor), PD98059 (MEK inhibitor) and SP600125 (JNK inhibitor) were
purchased from Calbiochem (San Diego, CA). All chemicals were at least of analytical
grade and from Sigma-Aldrich unless otherwise noted. Formaldehyde (20% TEM grade
ampules) was from Tousimis Corporation (Rockville, MD). All antibodies were purchased
from Santa Cruz Biotechnology Inc (Santa Cruz, CA) unless otherwise noted. Alexa-Fluor
594-conjugated goat anti-rabbit IgG and Alexa-Fluor 488-conjugated goat anti-rabbit IgG
were purchased from Molecular Probes. Rabbit polyclonal anti-HO-1 was from Stressgen
(Victoria, BC, Canada), and anti-phospho-eIF 2α, -eEF 2α and -4E were from Cell Signaling
(Danver, MA).

Animals
All experimental work on animals was approved by the Institutional Animal Care and Use
Committee at the University of Alabama at Birmingham and University of Pittsburgh
(IACUC Protocol #050307444, 06XX07679, and 0605735). Adult male Sprague Dawley
rats and C57Bl/6 mice (25-30 g) were housed under temperature and humidity-controlled
conditions. Rats were injected intraperitioneally (i.p) twice daily with 2.6 mg/kg i.p. of
LNO2 dissolved in PBS in 0.5% ethanol, or vehicle alone. After 20 days, rats were killed
with a lethal injection of sodium pentobarbital and the lungs were harvested. LNO2
bioavailability and biodistribution was studied using mice that received a single injection of
160 mg/kg i.p. and were killed one hour later.

Mass Spectrometric Analysis
Lipids were extracted and LNO2 levels were measured in serum and harvested lung tissue as
published previously [8,10,20]. Samples were analyzed by electrospray ionization triple
quadrupole mass spectrometry (HPLC ESI MS/MS) in the multiple reaction monitoring
mode to detect nitrated linoleic acid as previously [8], with some modifications. Lipids were
resolved on a 20 × 2 mm C18 cartridge column (Phenomenex) using an HPLC gradient
consisting of (A) H2O containing 0.1% acetic acid and (B) acetonitrile containing 0.1% acid.
Gradient conditions were as follows: 0-1.5 min, 35% B; 1.5-10 min, 100% B; 10-12 min,
100% B; 12-12.1 min, 35% B, followed by three min equilibration. During extraction
[13C18] LNO2 was added as an internal standard to quantitate free LNO2 in treated and
control samples.

Cell Culture and treatments
A549 cells are a human pulmonary epithelial cell line that was purchased from the ATCC
(Manassas, VA). Cultures were maintained in DMEM supplemented with 1% penicillin/
streptomycin and 10% FCS in a humidified incubator at 37°C with 5% CO2. L2 cells are a
rat-derived pulmonary epithelial cell line that was obtained from the ATCC. Cultures were
maintained in F12K nutrient mixture supplemented with 1% penicillin /streptomycin and
10% FBS in a humidified incubator 37°C with 5% CO2. All cells were grown to 95%
confluence and then treated with various agents. LNO2 and OA-NO2 were dissolved in
methanol for addition to cell cultures at a final concentration of up to 50 μM LNO2 in 10%
serum/F12K (L2 cells) and 5 μM LNO2 when in 1% serum/DMEM (A549 cells). The final
concentration of methanol did not exceed 0.025% (vol/vol).

MAPK inhibitors SB202190 (p38) and PD98059 (MEK) were dissolved in DMSO. The
final concentration of DMSO did not exceed 0.05%. The JNK inhibitor SP600125 was
dissolved in water. The final concentrations of methanol and DMSO were 0.025 and 0.05%,
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respectively and vehicle controls were included in all experiments. Cells were pre-treated
with 25 μM SB202190, 50 μM PD98059, 20 μM SP600125, or with the dilution buffer
(containing DMSO or water) for 2 h, and then incubated with 5-50 μM LNO2 for various
lengths of time as outlined in the results. Following treatments, cells were washed once with
phosphate buffered saline (PBS) and harvested with a cell scraper in PBS. Cells were
centrifuged at 500 × g for 5 min, trace PBS removed and cell pellets either processed
immediately or stored at -80°C.

Immunohistochemistry
Cells were washed with PBS for 5 min and fixed in 3% formaldehyde in PBS at room
temperature (RT) for 20 min. After 4 × 5 min washes with PBS, cells were permeabilized
using 0.1% Triton X-100 in PBS for 20 min, and then blocked with 10% goat serum in 1%
bovine serum/PBS for 1-2 hr at RT. Cells were incubated overnight at 4°C with rabbit anti-
HO-1diluted 1:1000 in 10% goat serum, and washed 4 times for 5 min with PBS. Cells were
incubated with Alexa Fluor 594-conjugated goat anti-rabbit IgG, diluted 1:100 in 10% goat
serum, for 1 h at RT in the dark and washed 4 times for 5 min in PBS. Chambers were
removed and cover slips mounted using Vectashield Hard Set Mounting Medium with 1.5
μg/mL DAPI. Rat lung tissues were formalin fixed, paraffin-embedded and processed as
described previously [18]. A 1:200 dilution of Alexa Fluor 488-conjugated goat anti-rabbit
IgG was used as the secondary antibody. Images were acquired using a Leitz DMRXA2
fluorescence microscope, using a 40X objective and Simple PCI imaging software (Compix,
Inc, Irvine, CA).

Western blotting analysis
Western blotting was done as previously described [21,22]. Briefly, whole cell lysates were
prepared using the M-PER reagent and nuclear fractions were prepared using the Pierce M-
PER and NE-PER reagents respectively (Pierce, Rockford IL) and proteins measured using
an adaptation of the Bradford method. Between 20-50 μg of protein was resolved by
electrophoresis under denaturing conditions on a 10% Tris-glycine acrylamide gel
(Invitrogen, Carlsbad, CA), transferred to a polyvinylidene difluoride (PVDF) membrane
(Millipore, San Francisco, CA) and then blocked in 5% non-fat dry milk (NFDM) at room
temperature for 1 h. Membranes were then incubated overnight at 4°C with the appropriate
primary antibody in 5% NFDM in Tris-buffered saline, with 0.05% Tween-20 (T-TBS).
After washing with T-TBS, the membranes were incubated with the appropriate HRP-
coupled secondary antibody at room temperature for 2 h. After repeated washes with T-TBS,
membranes were incubated with ECL Plus reagent (Amersham Biosciences, Piscataway,
NJ) for 5 min. Blots were exposed to ECL Hyperfilm (Amersham), and quantitation of
chemiluminescence was done using an Alpha Inotech quantification software (Alpha
Inotech Corp, San Leandro, CA).

RNA Purification and Northern Hybridization
RNA purification and Northern hybridization was done as previously with the following
modifications [23]. Briefly, after treatments, cells were removed from culture dishes with a
rubber policeman, and scraped into 1.5 ml microfuge tubes. RNA was isolated in a
guanidine thiocyanate solution (4 M guanidine, 0.5% sarcosyl, 25 mM sodium citrate, pH
7.0, 100 μM β-mercaptoethanol). A 10% volume of NaOAc, pH 4.0 was added to the lysate,
and the RNA was purified via acid phenol/chloroform extraction, precipitated in isopropanol
overnight, washed in 70% EtOH, and resuspended in water. RNA was precipitated a second
time with 1 M NH4OAc and absolute EtOH at -80C for 1 h, washed with 70% EtOH and
resuspended in water.
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3 μg of total RNA was denatured in 50% formamide, 1% formaldehyde, MOPS buffer (20
mM MOPS pH 7.0, 8 mM NaOAc, 1 mM EDTA). Loading dyes and ethidium bromide were
added and samples were loaded onto a 1% agarose, 5% formaldehyde gel containing MOPS
buffer. After electrophoresis, the RNA was transferred via capillary blot onto a Hybond XL
membrane. The membrane was UV crosslinked (50 mJ/cm2) and hybridized in 260 mM
Na2HPO4 pH 7.2, 7% SDS, 1 mM EDTA, 1% BSA at 65°C overnight with 50 ng of [α-32P]
dATP labeled HO-1 cDNA probe. The membrane was washed in 3 changes of 20 mM
Na2HPO4, pH 7.2, 1% SDS, 1 mM EDTA at 70°C and exposed to film. GAPDH was used
as a loading control. Each mRNA species was measured in quadruplicate and each
experiment was repeated at least 3 times.

HO activity analysis
HO activity was measured as previously [24-26]. A549 and L2 cells were grown to
confluence, rinsed twice with PBS, scraped with a rubber policeman, and centrifuged at
2000 × g for 10 min. The pellet was resuspended in 0.1 M KPO4 and 2 mM MgCl2, frozen
(80°C) and thawed 3 times to break the cell membrane. The cells were then sonicated at 4°
C and an aliquot reserved for protein determination using a modification of the Bradford
Assay. The remaining sample was centrifuged at 12 000 × g at 4° C for 20 min, and the
supernatant added to the reaction mixture containing 3 mg rat liver cytosol, 20 μM hemin, 2
mM glucose 6-phosphate, 0.2 U glucose 6-phosphate dehydrogenase, and 0.8 mM β-
NADPH and incubated at 37°C for 60 min in the dark. One mL of chloroform was then
added to the extract, and the change in optical density of the aqueous phase was measured at
464-530 nm. The concentration of bilirubin produced in 60 min was calculated using an
extinction coefficient of 40 mM-1cm-1 for bilirubin.

Statistical Analysis
Statistical analyses, where appropriate, were done either using a student’s t-test or a one-way
ANOVA with a Tukey’s test post hoc. Differences were considered significant at p<0.05.
Results are representative of at least 2-4 independent experiments.

Results
The potential HO-1-mediated signaling actions of nitrated fatty acids in lung tissue were
evaluated using human (A549) and rat (L2) pulmonary epithelial cells. The relative abilities
of LNO2 and OA-NO2 to induce HO-1 in pulmonary cells in vitro were determined by
western blotting (Fig. 1). LNO2 induced a 3-fold increase in HO-1 protein expression
whereas OA-NO2 had no effect (Fig 1). Based on these findings, LNO2 was the focus of the
remainder of these studies.

LNO2 (5 and 50 μM) induced a profound increase in HO-1 protein expression, as evidenced
by both immunohistochemical analysis (Fig. 2) and Western blotting in A549 cells and L2
cells (Fig. 4 and 5). In contrast, up to 50 μM linoleic acid did not induce HO-1 protein in rat
pulmonary L2 cells and human A549 cells (Fig. 2).

To determine if the HO-1-inducing actions of LNO2 observed in vitro translated to an in
vivo response, rats were injected with 2.6 mg/kg twice daily for 20 days and lung HO-1
protein expression was evaluated. LNO2 treatment induced extensive increases in HO-1
protein in airway epithelial cells whereas control animals injected with linoleic acid showed
no increases in HO-1 expression (Fig. 2). This LNO2–dependent induction of lung HO-1
expression in vivo also indicates that systemic increases in LNO2 concentration can induce
cell signaling responses in tissues remote from the site of LNO2 administration. To confirm
that exogenous administration of LNO2 can cause systemic increases in LNO2 levels, LNO2
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levels were measured in serum and lung tissue following i.p. injection of mice (Fig. 3A, 3B),
and following chronic administration in rat lungs (Fig. 3C). LNO2 was below the level of
detection basally in mouse serum and lung tissues but following i.p. injection of LNO2 380
± 11 nM and 369 ± 67 pmol/g tissue were measured in serum and lung tissue respectively
(n=3). The lack of quantifiable basal levels of LNO2 in mouse serum differs from previous
findings in human samples [8]. Following chronic administration of LNO2, treated rats had
significantly elevated levels of LNO2 in their lung tissue compared to control animals
(treated, 8.77±2.44 pmol/g tissue; control, 0.13±0.02 pmol/g tissue).

LNO2 decays in aqueous milieu, with close to 90% of detectable LNO2 lost in the first hour
[14]. This raises the possibility that LNO2 decay products might serve as the proximal
signaling mediator responsible for increased HO-1 expression. To address this possibility,
LNO2 was allowed to decay in complete media for 2 h at 25 °C. Decayed LNO2 did not
induce HO-1 protein expression in vitro (Fig. 5), indicating that native LNO2 is required to
initiate reactions responsible for increased HO-1 expression by pulmonary epithelial cells. In
order to determine the mechanism of increased HO-1 protein, Northern blots were done to
assay for changes in mRNA. Northern analysis showed consistently significant increases in
HO-1 mRNA expression following exposure to LNO2 (Fig. 6). As increased HO-1 protein
expression may not necessarily translate into increased HO catalytic activity, changes in HO
activity were measured (Fig. 7). LNO2 (5-50 μM) induced a 2-8 fold increase in HO activity
in both human A549 and rat L2 cells.

As previous studies indicate that HO-1 mRNA and protein induction is MAPK regulated,
the link between LNO2-induced HO-1 expression and activation of MAPK signaling
cascades in pulmonary cells was explored. LNO2 treatment increased phosphorylation of the
JNK, ERK and p38 in L2 cells (Fig. 8A and 8B, and data not shown), and ERK and JNK
phosphorylation in A549 cells (Fig. 8C and data not shown) but had no effect on p38 MAPK
phosphorylation (data not shown). In L2 cells, JNK and ERK phosphorylation peaked at 2 h,
but was still significantly elevated at 4 h post-LNO2 treatment. c-Jun phosphorylation, one
of the downstream targets of JNK phosphorylation, was also significantly increased at 2 and
4 h post-LNO2 addition (Fig. 9, A and B). In human A549 cells, a similar pattern of ERK
activation was observed, with significant increases at 2 and 4 h post-treatment (Fig. 8C),
with one of its downstream targets Elk-1, also being phosphorylated (Fig. 9C). However,
relative to the rat L2 cells, there was a rapid LNO2-dependent turn-on, turn-off of the JNK
pathway, with c-Jun phosphorylation being increased 2-fold at 2 h post-incubation, but
returning to basal levels by 4 h post-incubation (Fig. 9B). In all cases, control treatment of
cells with similar concentrations of linoleic acid showed no effect on ERK, JNK and p38
MAPK.

Cells treated with the MAPK inhibitors SB202190 (p38 pathway inhibitor) and JNKi (JNK
pathway inhibitor) did not inhibit LNO2-mediated increases in HO-1 protein expression
(data not shown). Addition of the MEK and ERK pathway inhibitor PD98059 to cells prior
to LNO2 addition partially inhibited LNO2 induction of HO-1 protein expression (Fig. 9D).

Northern analysis revealed that a transcriptional component contributed to LNO2 induction
of HO-1 protein and activity. Since inhibition of MAPK signaling, already recognized as a
mechanism contributing to increased HO-1 mRNA expression, only partially reversed
LNO2-induced HO-1 expression, additional mechanisms were investigated that might
account for the impact of LNO2 on HO-1 expression. Focus was directed towards
translational proteins regulated via phosphorylation switches and/or MAPK/redox
regulation. Changes in eukaryotic elongation factor 2 (eEF 2), eukaryotic initiation factor 2
alpha (eIF 2α) and eukaryotic initiation factor 4E (eIF 4E) were measured by western
blotting using phospho-specific antibodies. A significant decrease in the phosphorylation

Iles et al. Page 6

Free Radic Biol Med. Author manuscript; available in PMC 2011 May 31.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(hence activation) of eIF 2α (Fig. 10) was observed 2 h following cell exposure to LNO2. No
changes in eEF 2 or eIF 4E were observed (data not shown).

Discussion
Nitrated unsaturated fatty acids, including LNO2, have been identified as pluripotent cell
signaling molecules [8-10,16] These species are capable of undergoing a Nef-like reaction in
aqueous milieu to release NO and induce cGMP-dependent cell signaling responses [14]. An
important component of nitrated fatty acid signaling, however, is receptor-dependent and
non-cGMP-dependent [8,12,16].

Herein we report that LNO2 induces the cytoprotective gene product HO-1 in cultured
pulmonary epithelial cells and in rat lungs in vivo. Moreover, we show that in cultured
pulmonary epithelial cells this response is regulated via MAPK-dependent mechanisms.
This supports the hypothesis that increased LNO2 levels generated as a byproduct of
pulmonary inflammatory nitration reactions elicit an adaptive cytoprotective response by
signaling for the up-regulation of the cytoprotective gene product HO-1.

HO-1 is a key oxidative and inflammatory defense enzyme that lends tissue resistance to a
diversity of inflammatory and metabolic stresses, ranging from hypothermia and arthritis to
LPS-induced acute lung injury [27-31]. The cytoprotective actions of HO-1 derive from the
catabolism of pro-oxidative heme and/or the oxidant-protective properties of the products of
heme catabolism, biliverdin and carbon monoxide [32-34]. Indeed, the salutary effects of
HO-1 in the lung are well established. Polymorphisms in the 5’ flanking region of the HO-1
gene have been linked to decreased HO-1 inducibility and increased susceptibility to the
development of emphysema and lung adenocarcinoma in smokers [35]. HO-1 induction has
also been shown to restore alveolar fluid clearance following hemorrhagic shock [36]. In
cystic fibrosis, in airway epithelial cells, overexpression of HO-1 is protective against
Pseudomonas aeruginosa infection [37]. An exception to the generally-protective role of
HO-1 is found under acute hyperoxic conditions. HO-1 knockout mice show significantly
decreased levels of markers of oxidative lung injury relative to wild-type controls [38]. The
basis of damage under acute hyperoxic conditions appears to be generation of toxic iron
intermediates that, under the unique conditions of hyperoxia, contribute to lung damage. The
cellular consequences of HO-1 induction are not necessarily the same within a hyperoxic
environment as in an inflammatory disease state such as ARDS.

Herein, in vivo and in vitro model systems were employed to define the mechanisms
underlying LNO2-mediated induction of HO-1. LNO2 induces HO-1 protein both in vitro
and in vivo. In these studies, LNO2 was injected i.p. and distal effects on HO-1 activation
were observed in the lung. A single i.p. injection of LNO2 produced detectable levels of
LNO2 in both mouse serum and in lung tissue and in rat lung tissue following chronic
administration. This demonstrates that exogenous administration of LNO2 can increase
LNO2 systemically and further that an i.p. injection can increase LNO2 in remote organs.
LNO2 has also been found adducted to GSH in vivo and to protein thiols ex vivo, with both
reactions being reversible in the presence of alternative thiol acceptor species [39,40]. It is
thus postulated that similar adducts occurred herein to form a NO2-FA “reserve” that can
impact HO-1 synthesis in the lung for extended periods of time. Herein, linoleic acid alone
did not increase HO-1 expression, supporting that LNO2 or an active metabolite is
responsible for the increase in pulmonary HO-1 expression.

Nitrated oleic acid (OA-NO2) did not increase HO-1 in human pulmonary epithelial cells.
The basis for this difference between LNO2 and OA-NO2 is not currently known. However,
it is hypothesized that small, structural differences render this selectivity. Consistent with
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this, PPARγ exhibits selective molecular recognition for specific LNO2 positional isomers in
the PPARγ ligand binding domain [41]. Specific differences (and similarities) in signaling
actions and regulation of gene regulation of these and other NO2-FA derivatives are an
active area of examination by our own and other groups.

In vitro, the analysis of A549 responses to LNO2 have the advantage of being made in a
human cell line, but have the disadvantage of examining cell responses in an
adenocarcinoma–derived cell line. Thus, in some respects, L2 cell responses to LNO2 may
reflect a more “normal” response. However, differences in the regulation of HO-1 in human
and rodent cells at both the MAPK and the promoter level exist [42-44]. In aggregate,
examination of the differentiated responses of both A549 and L2 lung cell lines to LNO2-
dependent HO-1 expression provides a comprehensive picture of the inflammatory
regulation of HO-1 signaling in the pulmonary epithelium.

Previous studies of the regulation of HO-1 expression in lung showed increased HO-1
transcription as the predominant mechanism underlying increases in HO activity. Indeed,
transcriptional regulation of HO-1 protein in L2 cells occurs in response to the lipid
peroxidation by-product 4-hydroxy-2,3, nonenal (HNE) and in A549 cells in response to
TGF-β1 [25,45]. Herein, a significant increase (approx. 2-fold) in HO-1 mRNA was also
observed in response to LNO2 addition. However, the more robust LNO2–induced increases
in HO-1 protein and activity that are observed suggested additional regulatory mechanisms
operating in concert with increased mRNA synthesis. Thus, the impact of LNO2 on some of
the key proteins in the translational machinery (eEF 2, eIF 4E and eIF 2α) was considered.
eEF 2 and eIF 2α are both activated by de-phosphorylation [46,47], whereas eIF 4E is
activated via phosphorylation of serine 209 [48]. Of these proteins, only a change in the
dephosphorylation and activation of eIF 2α was observed in response to LNO2 (Fig. 9). De-
phosphorylation of eIF 2α is required for the initiation of translation and in many systems as
phosphorylation of eIF 2α serves as a brake that prevents new protein synthesis [49]. Stress
conditions such as hypoxia and ischemia-reperfusion have been shown to increase
phosphorylation of eIF 2α as a means of shutting down protein synthesis as a response to
stress [50,51]. Mechanistically, the kinases responsible for phosphorylating eIF 2α are
coordinately regulated by specific cellular stresses [50-52]. In contrast, following exposure
to LNO2, eIF 2α is de-phosphorylated and this precedes maximal induction of the HO-1
protein. This finding argues against LNO2 representing a specific cellular “stress”, as stress
invariably blocks protein synthesis via the phosphorylation of eIF 2α. In aggregate, these
data are consistent with the hypothesis that LNO2 contributes to the resolution of pulmonary
inflammation.

HO-1 has previously been shown to be regulated by activation of the MAPK signaling
cascades. The MAPK are activated by dual phosphorylation on specific tyrosine and
threonine residues [53] and are activated by inflammatory and oxidative mediators [54-56].
MAPK phosphorylate and activate specific transcription factors, thereby regulating the
transcription of many genes. Exposure to LNO2 induced profound activation of the ERK and
JNK MAPK in both rat and human lung cells, and temporally preceded increases in cellular
HO-1 mRNA and protein synthesis. As significant differences in the rodent and human
HO-1 promoter exist [44] the relevance of specific MAPK pathways with respect to
downstream activation of gene expression must be considered separately. The human HO-1
gene has been shown to be regulated by all three MAPK in a variety of cell types, but little
is known about the MAPK-mediated regulation of HO-1 in pulmonary epithelial cells. In
human aortic smooth muscle cells, HO-1 induction by oxidized LDL is regulated by ERK,
JNK and p38 [52]. In human endothelial cells, both inhibitor-based reporter gene studies
revealed that activation of the ERK and JNK pathways is required for HO-1 mRNA
induction [57]. In contrast, in human hepatic myofibroblasts, transient GSH depletion causes

Iles et al. Page 8

Free Radic Biol Med. Author manuscript; available in PMC 2011 May 31.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



increased HO-1 mRNA stability that is p38-dependent [58] and in human papillary thyroid
carcinoma cells (KAT5), MAPK inhibitor studies revealed that activation of both the ERK
and p38 MAPK pathways are required for increased HO-1 protein expression [59]. There
are conflicting reports about the role of p38 MAPK in HO-1 regulation in pulmonary
epithelial cells. In human A549 cells, TGF-β1 has previously been reported to activate HO-1
transcription via the p38 pathway [45]. However, even within this cell type, the mechanism
of HO-1 induction appears to be agonist specific. In another report using A549 cells,
blocking the p38 pathway with the inhibitor SB203580 had no effect on hemin-induced
HO-1 activity [60]. This suggests both p38 dependent and independent activation of HO-1
message and protein in human pulmonary epithelial cells. Herein, it was determined that
LNO2 activates the ERK and JNK MAPK in human A549 cells, but that only ERK
activation is required for increased HO-1 synthesis. It is postulated that the electrophilic
reactivity’s of LNO2 mediate these actions of LNO2 by reacting with nucleophilic amino
acids of protein kinases and phosphatases, thereby regulating multiple points in the MAPK
signaling cascade.

The rat HO-1 gene has also been shown to be regulated by all three MAPK. In cultured rat
hepatocytes, transcriptional upregulation of HO-1 occurs via both the JNK and p38
pathways [61]. In rat pulmonary aortic endothelial cells, hypoxia increased HO-1 message,
and increased the phosphorylation of both ERK and p38 MAPK. However, when these
pathways were blocked with specific inhibitors, hypoxia-induced HO-1 mRNA expression
was further enhanced [62] shedding doubt on whether there is a causal connection between
MAPK activation and HO-1 induction in this cell type. In a previous report of HO-1
induction in rat L2 cells in response to the lipid peroxidation by-product HNE, JNK, ERK
and p38 were all activated by the agonist, but only ERK activation was causally linked with
increased HO-1 expression [25]. Herein, we observed that LNO2 activates JNK, ERK and
p38 MAPK in rat L2 cells and that inhibition of the ERK pathway only partially limits HO-1
expression. This finding draws attention once again to the fact that MAPK activation may be
species and cell-type specific, and even within a given cell type varies depending on the
agonist.

Previous work has established that LNO2 increases Nrf-2 nuclear translocation and
identified this as a seminal signaling event in inhibiting VSMC proliferation [63]. This
present study has additionally identified the ERK pathway as an important signaling event in
LNO2-induced HO-1 upregulation in pulmonary epithelial cells. These two signaling
mechanisms are not mutually exclusive and are not unexpected. It has previously been
shown that Nrf-2 nuclear translocation and subsequent Nrf-2-driven upregulation of Phase II
gene expression can be blocked by specific ERK pathway (MEK) inhibitors [64]. Thus, the
current findings, and those reported previously point to an integrated mechanism of LNO2-
mediated, ERK-dependent Nrf-2 nuclear translocation. Detailed analysis of this interaction
is beyond the scope of this current work and in a focus of future studies.

In summary, we reveal via in vitro and in vivo studies that LNO2 can induce adaptive,
pulmonary-protective responses via the induction of HO-1. These findings are consistent
with the concept that LNO2, produced as a by-product of NO-dependent oxidative
inflammatory reactions, mediates the resolution of inflammation via the induction of the
cytoprotective gene products such as HO-1.
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Figure 1. LNO2 but not OA-NO2 induces HO-1 expression in pulmonary epithelial cells
A549 cells were exposed to 5 μM OA-NO2, LNO2 or the vehicle control for 6 h and then
HO-1 protein was visualized via Western blotting. Semi-quantitative analysis was done
using densitometry and changes in HO-1 with each nitrated fatty acid were expressed
relative to the vehicle control, which was arbitrarily set to 100%. Rapid, significant (*,
p<0.05) induction of HO-1 was observed in response to LNO2; OA-NO2 did not increase
HO-1 protein (representative results are shown as a composite figure derived from the same
Western blot).
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Figure 2. LNO2 induces HO-1 in cultured cells and in rat lungs in vivo
Human pulmonary epithelial cells (A549 cells) and rat pulmonary epithelial cells (L2 cells)
were treated with LNO2 (5 and 50 μM). HO-1 protein was visualized by Alexa Fluor 594
(red) or Alexa Fluor 488 (green) with a fluorescence microscope, 40X objective. Nuclei
were counterstained blue with DAPI (blue). Treatment groups for Panels 1 and 2 correspond
to no primary antibody, vehicle control (MeOH), linoleic acid (LA), and LNO2. In Panel C,
rats were injected with 2.6 mg/kg i.p. of LNO2 twice daily for 20 days. Treatment groups
correspond to no primary antibody, vehicle, LA and LNO2. Airways are marked with
arrows.
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Figure 3. Exogenous LNO2 increases serum and tissue levels of LNO2
Mice were given a single i.p injection of LNO2 (160 mg/kg) and LNO2 was measured in
serum and lung tissue one hour later (3A & 3B). LNO2 was below the level of quantification
(ND, on graph) in saline-injected mice, but significant amounts (380 nM and 369 pmol/g
tissue) were measured following injection in serum and lung tissue respectively (n=3).
Lungs from rats chronically administered LNO2 (2.6 mg/kg twice daily for 20 days; 3C) also
demonstrated significant increases of LNO2 (n=3).
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Figure 4. LNO2 induces HO-1 in pulmonary cells in a time-dependent manner
Human pulmonary cells (A549) and L2 cells were treated with 5-50 μM LNO2 for 4 h.
Changes in HO-1 protein were visualized using Western blotting with anti-HO-1 and semi-
quantitative analysis performed using densitometry. There was a statistically significant
increase (*, p<0.05) in HO-1 protein following LNO2 treatment in A549 cells (A) relative to
vehicle and to native fatty acid control. A similar increase in HO-1 was observed in L2 cells
(B; representative results are shown as a composite figure derived from the same Western
blot).
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Figure 5. Native LNO2 is required for HO-1 induction
A549 cells were incubated for 4 h with either 5 μM LNO2 in 1% serum, or LNO2 that had
been allowed to decay in media for 2 h. Changes in HO-1 protein was visualized and
measured as described above in the Methods. Decayed LNO2 caused no induction of HO-1
protein relative to the vehicle control.
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Figure 6. LNO2 increases HO-1 mRNA expression in pulmonary epithelial cells
Human A549 cells were incubated with 5 μM LNO2 in 1% serum-containing media for 2 h
and mRNA measured via Northern blotting. HO-1 mRNA was normalized to GAPDH and
expressed as an increase over basal HO-1 message. There was a statistically significant
increase (*, p<0.05) in HO-1 mRNA in following LNO2 treatment relative to both vehicle
and native fatty acid controls.
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Figure 7. LNO2 increases HO-1 activity in pulmonary epithelial cells
A. L2 cells were incubated with 50 μM LNO2 in 10% serum for 8 h and B. A549 cells were
incubated with 5 μM LNO2 in 1% serum for 8 h and HO-1 activity determined. There was a
statistically significant increase (*, p<0.05) in HO-1 activity following LNO2 treatment in
both L2 and A549 cells relative to both vehicle and native fatty acid control.
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Figure 8. LNO2 activates the JNK and ERK MAPK pathways in pulmonary epithelial cells
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L2 (A, B) and A549 (C) cells were incubated with 50 and 5 μM LNO2, respectively, for up
to 4 h and JNK (A) and ERK (B, C) phosphorylation were visualized via Western blotting
with phospho-specific antibodies and semi-quantitative measurements of increased
phosphorylation was determined via densitometry. There was a statistically significant
increase in JNK (L2) and ERK (L2 and A549) phosphorylation following LNO2 treatment
relative to the vehicle control.
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Figure 9. LNO2 increases transcription factor activation
Rat L2 and human A549 cells were incubated with 5-50 μM LNO2 in complete media for up
to 4 h. Cells were fractionated into cytoplasmic and nuclear fractions, and Western blotting
with phospho-specific antibodies was done on the appropriate cellular fraction. Increases in
c-Jun phosphorylation were measured in L2 (A) and A549 (B) cells. There was a statistically
significant increase in c-Jun (A) and (B) phosphorylation following LNO2 treatment relative
to the vehicle control (*, p<0.05). Changes in phosphorylation of Elk-1 (C, composite
image), a downstream target of ERK was also visualized and quantitated in A549 cells, and
was found to increase significantly 4h post-incubation (*, p<0.05). The MEK inhibitor
PD98059 partially inhibited the LNO2-mediated increase in HO-1 protein in A549 cells (D).
Representative results are shown in (D) as a composite figure derived from the same
Western blot.
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Figure 10. LNO2 decreases the phosphorylation of eIF 2α in A549 cells
A549 cells were treated with 5 μM linoleic acid (LA), LNO2 or an equal volume of vehicle
(MeOH) in 1% serum for 2 h. Western blotting with phospho-specific eIF 2α Semi-
quantitative of the changes in eIF 2α phosphorylation was done by densitometry. There was
a statistically significant decrease in phosphorylation (de-activation) of eIF 2α following
LNO2 treatment relative to the vehicle control (*, p<0.05).

Iles et al. Page 27

Free Radic Biol Med. Author manuscript; available in PMC 2011 May 31.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


