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Abstract
Heme oxygenase-1 (HO-1) is a key cytoprotective enzyme and an established marker of oxidative
stress. Increased HO-1 expression has been found in the resident macrophages in the alveolar spaces
of smokers. The lipid peroxidation product 4-hydroxynonenal (HNE) is also increased in the
bronchial and alveolar epithelium in response to cigarette smoke. This suggests a link between a
chronic environmental stress, HNE formation, and HO-1 induction. HNE is both an agent of oxidative
stress in vivo and a potent cell signaling molecule. We hypothesize that HNE acts as an endogenously
produced pulmonary signaling molecule that elicits an adaptive response culminating in the induction
of HO-1. Here we demonstrate that HNE increases HO-1 mRNA, protein, and activity in pulmonary
epithelial cells and identify ERK as a key pathway involved. Treatment with HNE increased ERK
phosphorylation, c-Fos protein, JNK phosphorylation, c-Jun phosphorylation, and AP-1 binding.
Whereas inhibiting the ERK pathway with the MEK inhibitor PD98059 significantly decreased HNE-
mediated ERK phosphorylation, c-Fos protein induction, AP-1 binding, and HO-1 protein induction,
inhibition of the ERK pathway had no effect on HNE-induced HO-1 mRNA. This suggests that ERK
is involved in the increase in HO-1 through regulation of translation rather than transcription.

Keywords
4-Hydroxynonenal; Oxidative stress; HO-1; MAPK signaling; Free radicals

Heme oxygenase-1 (HO-1) is an important cytoprotective enzyme and widely accepted marker
of oxidative stress. HO-1 catalyzes the first and rate-limiting step in the catabolism of heme,
which generates equimolar amounts of biliverdin, ferrous iron, and carbon monoxide [1–3].
Although heme is the major substrate of HO-1, a variety of non-heme-containing agents are
also strong inducers of HO-1. HO-1 has been shown to respond to a number of proinflammatory
cytokines, including TNF-α, IL-1, and IL-11 [4]. HO-1 is also induced by a variety of agents
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that cause oxidative stress and/or in response to environmental stress [5–8]. For example,
increased HO-1 expression has recently been found in the alveolar spaces in the resident
macrophages of smokers [9]. Once induced, HO-1 provides protection against multiple types
of tissue injury [10–13]; specific to the lung, overexpression of HO-1 in pulmonary epithelial
cells has been shown to protect against oxygen toxicity [14]. In contrast, HO-1 deficiency in
mice (HO-1−/−) increases susceptibility to inflammatory lung injury [15], as does HO-1
deficiency in humans [16]. Although the precise mechanisms by which HO-1 exerts its
cytoprotective effects are not known, there is mounting evidence that carbon monoxide plays
a key role in this process. For thorough reviews of the recent literature see [17,18].

Another characteristic of oxidative stress is the formation of the lipid peroxidation product 4-
hydroxy-2-nonenal (HNE). HNE has been shown to increase HO-1 in the cell [19,20], but the
mechanism(s) has not been clearly defined. HNE is an α,β-unsaturated aldehyde that is formed
from the reaction of oxygen species with arachidonate in cellular membranes during many
forms of environmental stress, including exposure to cigarette smoke [9,21,22]. HNE is known
to impact the cell in many ways, which include inactivation of enzymes, depletion of
intracellular glutathione, and inhibition of DNA and protein synthesis [23–25]. Recent data
suggest that HNE may also modulate biological responses by triggering intracellular signal
transduction pathways [26–28].

The mitogen-activated protein kinases (MAPK) are among the signal transduction pathways
activated by HNE. As such, the MAPK pathways may play a significant role in mediating the
many cellular functions that are affected by HNE. The MAPK are activated by dual
phosphorylation on specific tyrosine and threonine residues [29]. The MAPK include the
extracellular signal-regulated kinases 1 and 2 (ERK1/2), p38 MAP kinases, c-Jun N-terminal
kinases (JNK), and the big MAPK. The MAPK are activated in response to various stressors,
including oxidative stress. They phosphorylate and activate key transcription factors, thereby
regulating the transcription of many genes. For a comprehensive review of MAPK-redox
signaling see [29]. Members of the MAPK family are critical regulators of the transcription
factor complex AP-1 (activator protein-1). AP-1 consists of proteins of the Jun, Fos, and ATF
families that can form homo- and heterodimers. Activation of AP-1 involves expression of
AP-1-driven genes that include c-Jun. c-Jun may also form part of the stress response (StRE)
and electrophile response elements (EpRE), also key regulators of redox-sensitive genes [30,
31].

HO-1 gene and protein expression is also modulated by MAPK activation. Seminal studies
support a role for these kinases as mediators of HO-1 induction in a broad range of tissues and
cell types. Studies have shown that HO-1 is induced via the ERK pathway by LPS + IFN-γ
[32], through p38 MAPK in murine macrophages in response to IL-1β, and in human lung
epithelial cells by TGF-β1 [33,34]. However, care must be taken not to generalize, as the
signaling pathways that are activated are both agonist-and species-specific.

In this study, we set out to determine if HNE induces HO-1 in lung pulmonary epithelial cells,
and, if so, the pathway or pathways involved. As HNE and HO-1 are increased in the bronchial
and alveolar epithelium in response to chronic environmental insults such as cigarette smoke,
mechanistically, this raises the possibility that such insults increase HNE, which in turn induces
HO-1. We tested this hypothesis in vitro, by treating lung epithelial cells with HNE, assaying
the effects on HO-1 induction, and then determining which of the MAPK pathways are
involved.
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Materials and methods
Materials

HNE was purchased from Cayman Chemical (Ann Arbor, MI, USA). SB202190 (SB),
PD98059 (PD), SP600125 (SP), and the JNK inhibitor peptide (JNKi) were purchased from
Calbiochem. TRIzol reagent was purchased from Life Technologies (Grand Island, NY, USA).
The antiserum to the small Maf proteins was a gift from Volker Blank (McGill University,
Montréal, QC, Canada). All other antibodies were obtained from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). All chemicals were at least of analytical grade and were purchased
from Sigma–Aldrich unless otherwise noted.

Cell culture and treatments
L2 cells are a rat alveolar epithelial type II-like cell line that was purchased from the ATCC.
Cultures were maintained in F12-K nutrient mixture supplemented with 1% penicillin/
streptomycin and 10% BSA in a humidified incubator at 37°C with 5% CO2. Cells were grown
to near confluence and then treated as outlined below.

HNE was dissolved in ethanol; the inhibitors SB, PD, and SP were dissolved in dimethyl
sulfoxide (DMSO); and the JNKi was dissolved in water. The final concentrations of ethanol
and DMSO were 0.05 and 0.1%, respectively. Treatments were performed when the cells
reached 90–95% confluence. For inhibitor studies cells were pretreated with 25 µM SB, 50
µM PD, 20 µM SP, 20 µM JNKi, or the dilution buffer (containing DMSO) for 30 min and
then incubated with 20 µM HNE for increasing lengths of time as outlined under Results. After
treatments, cells were washed once with 1 × phosphate-buffered saline (PBS) and harvested
with a cell scraper in 1 × PBS. Cells were centrifuged at 500 g for 5 min, trace PBS was removed,
and the pellets were either processed immediately or stored at −80°C.

Western blotting analysis
Western blotting was done as described previously [35,36]. Briefly, cell lysates were prepared
using the MPER reagent (Pierce, Rockford, IL, USA) following the manufacturer’s
instructions. Between 20 and 50 µg of protein was electrophoresed under denaturing conditions
on a 10% Tris–glycine acrylamide gel (Invitrogen), transferred to a polyvinylidene difluoride
membrane (Immobilon P; Millipore), and then blocked in nonfat 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
rigorous washes with T-TBS, the membranes were incubated with the appropriate HRP-
coupled secondary antibody at room temperature for 2 h. After repeated rigorous washes with
T-TBS membranes were incubated with ECL Plus reagent (Amersham). Blots were exposed
to ECL Hyperfilm (Amersham), and quantitation was performed by densitometric analysis of
the exposed films using SigmaScan software.

RNA quantification
The content of HO-1 message was determined using real-time PCR on a Cepheid SmartCycler
1.2 with Gapdh message content as an active control, using the threshold cycle (CT) method.
Briefly, total RNA was isolated using TRIzol reagent (Invitrogen), following the
manufacturer’s recommendations, and then treated with DNA-free (Ambion) at 37°C for 30
min to remove any contaminating DNA. The remaining RNA was quantitated
spectrophotometrically at 260 nm. Reverse transcriptase was performed using TaqMan random
hexamers (Applied Biosystems). OligoPerfect was used to design gene-specific primers for rat
HO-1 (sense, L2 5′-GAAGAAGATTGCACAGAAGG-3′, and antisense, 5′-
GAAGGCGGTCTTAGCCTCTT-3′) and Gapdh (sense, 5′-
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ACCCCAATGTATCCGTTGT-3′, and antisense, 5′-TACTCCTTGGAGGCCATGT-3′),
which were used to amplify a segment of reverse-transcribed mRNA using SYBR Green PCR
MasterMix (Applied Biosystems). The annealing temperature was the same for each pair of
gene-specific primers, and the amplicon sizes were similar. Each mRNA species was measured
four times.

HO-1 activity assay
HO-1 activity was measured as described by Visner et al. [37]. L2 cells were grown to
confluence in 100-mm tissue culture dishes. After treatment, cells were rinsed twice with 1 ×
PBS, scraped with a rubber policeman, and pelleted at 2000g for 10 min. The resulting pellet
was resuspended in 0.1 mol/L KPO4 and 2 mmol/L MgCl2 and frozen (−80°C) and thawed
three times to break the cell membrane. The samples were sonicated on ice, and an aliquot was
reserved for protein determination. Proteins were measured 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 was added to the reaction mixture containing 3 mg rat liver cytosol, 20 µM hemin,
2 mM glucose 6-phosphate, 0.2 units glucose-6-phosphate dehydrogenase, and 0.8 mM β-
NADPH and incubated at 37°C for 60 min in the dark. One milliliter of chloroform was added
to the extract, and the change in optical density at 464–530 nm was measured. The
concentration of bilirubin produced in 60 min was calculated using the extinction coefficient,
40 mM−1 cm−1 for bilirubin per milligram of protein.

Electrophoretic mobility shift assay (EMSA)
Nuclear extracts were prepared using the NE-PER kit (Pierce) following the manufacturer’s
instructions. Protein concentrations were determined with Protein Assay Dye (Bio-Rad), using
a modification of the Bradford method. Nuclear extracts were either quick frozen in liquid
nitrogen and reserved at −80°C or used immediately. EMSAs were done as previously
described [36,38,39]. Briefly, AP-1 and EpRE probes were made from AP-1 oligonucleotide
(5′CGCTTGATGAGTCAGCCGGAA-3′) or EpRE oligonucleotide (5′-
TCAACTAGAGTCACAGTGACTTGGCAAAAT-3′) hybridized to its complementary DNA
sequence. Nuclear protein (2 µg) was preincubated with 5× binding buffer for 15 min at 37°
C, followed by incubation with double-stranded 32P-labeled AP-1 or EpRE probe for 20 min
at room temperature. For supershift experiments, this was followed by an additional incubation
with 1 µg of the appropriate antibody for 5–45 min at room temperature. Samples were
electrophoresed at 150 V for 3 h. Gels were dried and imaged via electronic autoradiography
on a Packard Instant Imager (Canberra Co.).

Statistical analysis
Statistical analysis was done using a Student t test or a one-way ANOVA where appropriate
with a Tukey’s test post hoc. Differences were considered statistically significant at p < 0.05.

Results
As HNE-mediated induction of HO-1 protein has been reported in alveolar macrophages
[40], but not in other lung cell types, we first sought to determine if HNE induced HO-1 in
pulmonary epithelial cells. L2 cells treated with 20 µM HNE for 5 h exhibited an ~ 7-fold
increase in HO-1 protein versus controls (Fig. 1). HNE was dissolved in ethanol, yielding a
final concentration of ethanol in the HNE-treated samples of 0.05%. This concentration of
ethanol does not generally affect cell viability; however, as ethanol is a stress that can alter cell
signaling, gene expression, and protein synthesis, initial experiments included both an
untreated control and a 0.05% ethanol control. There was no difference in HO-1 protein in the
untreated cells and the cells exposed to 0.05% ethanol (data not shown), with HO-1 being
almost undetectable in both. As the vehicle did not affect the endpoint, only the vehicle control
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was used in subsequent experiments. To determine the mechanism of the HNE-mediated
increase in HO-1 (i.e., transcriptional versus translational control) the change in HO-1 mRNA
with HNE treatment was measured. Results from replicate real-time PCR assays showed that
HNE increased HO-1 mRNA ~ 20- fold by 2 h postincubation (Fig. 2). This increase was
blocked by the mRNA synthesis inhibitor actinomycin D, suggesting transcriptional control
of HO-1 protein.

As HO-1 requires posttranslational modification for activity [41], HO-1 activity was also
measured. An approximately threefold increase in HO-1 activity was observed 6 h
postincubation (Fig. 3). This confirmed that the increase in HO-1 mRNA and protein is
accompanied by a functional change in HO-1 in the cell.

Having established that HNE increases HO-1 mRNA, protein, and activity, we sought to
determine if MAPK activation is required for HO-1 induction in pulmonary epithelial cells.
MAPK activation by HNE was assayed by Western blot with phosphospecific antibodies for
each of the respective MAPK (JNK, ERK, and p38). A 5-h time course compared the
phosphorylation and activation of each of the three major MAPK under identical experimental
conditions. Phosphorylation of all three MAPK increased during this time, with ERK MAPK
showing the most profound increase (Fig. 4). Downstream indicators of ERK activation such
as c-Fos (Fig. 4) and p-Elk were also increased (data not shown). c-Fos protein was markedly
increased 1 h after HNE exposure, suggesting that ERK pathway activation occurred even
earlier. Addition of the ERK pathway inhibitor PD98059 blocked the increase in c-Fos and
confirmed that the increase in c-Fos protein was via activation of the ERK pathway and not by
either mRNA or c-Fos protein stabilization.

In contrast to the modest increase in pJNK that was observed, there was a dramatic increase
in the phosphorylation of c-Jun (Fig. 5). JNK phosphorylation is often rapid and transient,
whereas phospho-c-Jun can persist in the cell for some time depending on the experimental
conditions (K. Iles, unpublished data). This may explain the apparent discrepancy between the
magnitudes of JNK and c-Jun phosphorylation. Alternatively, c-Jun may also be
phosphorylated by an HNE-driven JNK-independent mechanism [42]. Phosphorylation of p38
in response to HNE was also significantly increased (Fig. 6); there was no increase in the
phosphorylation of a primary downstream target of p38, ATF-2 (data not shown).

A common downstream consequence of MAPK activation is increased transcription of AP-1-
mediated genes. Next we sought to determine the effect of treatment with HNE on AP-1
binding. HNE caused a significant increase in AP-1 binding ( p < 0.05%) that could be blocked
by the addition of MAPK pathway inhibitors (Fig. 7). The HNE-mediated increase in AP-1
binding was partially blocked by the p38 pathway inhibitor SB202190 and completely blocked
by the ERK pathway inhibitor PD98059. Supershift assays confirmed that c-Jun is present in
the HNE-induced AP-1 binding complex (data not shown).

Next we investigated other potential mechanisms for HNE-mediated MAPK activation leading
to increased HO-1 protein expression. It has been shown that activation of the ERK pathway
may be required for Nrf2 nuclear translocation [43]. Nrf2 is a transcription factor that is part
of the StRE and EpRE binding complexes, which may also be involved in HO-1 gene regulation
[31,44,45]. No change in total EpRE binding was observed after treatment with HNE (data not
shown). Even though HNE did not increase total EpRE binding, EpRE-regulated transcription
can also be increased by alterations in the composition of the EpRE binding complex [39]. L2
cells were treated with 20 µM HNE from 1 to 5 h, nuclear extracts were generated as described
under Materials and methods, and the nuclear Nrf2 content was assayed by Western blotting.
HNE caused a small but rapid increase in nuclear Nrf2 that was seen as early as 1 h
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postincubation and reached significance 3 h postincubation (Fig. 9). There was a rapid turn-
on/turn-off of this signal, with nuclear Nrf2 levels returning to baseline by 4 h postincubation.

MafG has also been reported to be part of the StRE and EpRE binding complexes [31,39,46,
47]. In some reports it has been identified as an inhibitor [46] and in other reports as a positive
regulator of transcription [47]. MafG content was assayed by Western blotting in L2 cells as
described above (Fig. 10). The MafG antibody used was designed to bind to MafG, but does
cross-react with the other small Maf proteins. As the antibody produced multiple bands, the
small Maf proteins were identified based on molecular weight. Two bands corresponding to
the correct molecular weight were seen, and the intensity of these two bands was determined
using an Alpha-Innotech. The intensity of the top band gradually increased, peaked at 4 h
postincubation, and then returned to baseline. The bottom band increased abruptly at 4 h and
also returned rapidly to baseline levels. This increase in the small Maf proteins follows the
increase in Nrf2 in the nucleus by 1 h, and they may be functioning as inhibitors to turn off a
Nrf-2-containing positive regulatory binding complex. Alternatively, there may be a brief
window of overlap in the nucleus when they function coordinately to increase HO-1
transcription.

It is possible that HNE-mediated increases in AP-1 binding via activation of the MAPK
pathways are unrelated to the subsequent downstream increases in HO-1 mRNA and protein.
To address this possibility, L2 cells were pretreated with the ERK pathway inhibitor PD98059,
the p38 pathway inhibitor SB202190, or both, and then treated with 20 µM HNE for 5 h. HO-1
protein was then assayed by Western blotting (Fig. 8). Pretreatment with the p38 pathway
inhibitor SB202190 had no significant effect on HO-1 protein levels. In contrast, pretreatment
with the ERK pathway inhibitor PD98059 partially blocked HO-1 protein induction.
Pretreatment with both inhibitors does not cause a statistically significant decrease versus
pretreatment with either inhibitor alone. Inhibitor studies were repeated with SB, PD, and JNKi,
and HO-1 mRNA was assayed. Surprisingly, none of these inhibitors blocked the HNE-induced
increase in HO-1 mRNA (data not shown). Collectively these data suggest that the HNE-
mediated increase in p38 phosphorylation is unrelated to the downstream increases in HO-1
protein and activity. Furthermore, as inhibition of the ERK pathway with PD98059 completely
inhibited the HNE-induced increase in AP-1 binding but had no effect upon HNE-induced
HO-1 mRNA expression, it is likely that AP-1 activation is unrelated to HO-1 induction by
HNE. Mechanistically, this confirms that even though the ERK pathway activation is required
for induction of HO-1 protein, it is not involved in transcription.

Inhibitor studies were also conducted with the JNK inhibitors SP600125 and JNKi, a peptide
JNK inhibitor. Although SP600125 is not specific for JNK, it is a potent inhibitor (Ki = 40 nM
for both JNK1 and JNK 2) [48]. Although SP600125 did not block the HNE-mediated increase
in HO-1 protein, it also failed to block the HNE-mediated increase in c-Jun phosphorylation
(data not shown). Thus, there was a question of whether this agent was effective in L2 cells.
Regardless, there were two reasons for not pursuing further investigation with SP600125. First,
a rigorous study of the specificity of 28 commercially available inhibitors has identified
multiple cellular effects of SP600125 and has brought its specificity into question [49].
Nonspecific effects of SP600125 have also been reported by others [50,51]. Second, a
commercially available peptide inhibitor of JNK (JNKi) with greater specificity was available.
Nonetheless, pretreatment with JNKi also did not block the HNE-mediated increase in HO-1
protein or c-Jun phosphorylation. Collectively, these data support the conclusion that HNE-
induced c-Jun phosphorylation occurs via a JNK-independent mechanism such as through
activation of the COP9 signalosome.

Iles et al. Page 6

Free Radic Biol Med. Author manuscript; available in PMC 2009 December 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Discussion
The link between chronic environmental insults such as cigarette smoke and HNE formation
and HO-1 induction in the lung is still being elucidated. In this report we show for the first
time that HNE induces HO-1 mRNA, protein, and activity in pulmonary epithelial cells. HNE
is not only a marker of oxidative stress that is induced by environmental exposure to
“pollutants” and in diseases and disorders of the lung with an inflammatory component; it is
also a mediator of both injury and adaptive responses [22,24,52–55]. The induction of HO-1
by HNE was both rapid and dramatic. HO-1 induction via most characterized agonists does
not peak until 8 or even 12 h postincubation [6,56–58], and often no change was seen at the
time points assayed in this study. The rapid induction of HO-1 mRNA also distinguishes our
findings from those of other reports in the literature. Interestingly, one notable exception was
the rapid response to TGF-β reported by Ning et al. in pulmonary epithelial cells [34]. In this
study, HO-1 mRNA increased at 1 h and protein at 3 h postincubation. This raises the possibility
that the mechanism of HO-1 induction by HNE in pulmonary epithelial cells is different from
other systems. As the lung is the “first line of defense,” it is not surprising that pulmonary
epithelial cells may have evolved mechanisms to rapidly respond to cellular insults.

It is well established in the literature that HNE activates some, or even all, of the MAPK in
other cell systems [38,59–62]. We hypothesized that HNE-mediated activation of MAPK
signaling pathways culminated in phosphorylation and/or nuclear translocation of transcription
factors critical to the induction of HO-1 mRNA synthesis and was thus the mechanism for
increased HO-1 protein and activity. Each of the three main MAPK (ERK, JNK, and p38) was
phosphorylated in response to exposure to HNE, but when the p38 pathway was inhibited by
SB202190, it did not block the HNE-mediated increase in HO-1 protein. This is consistent
with p38 pathway activation not being required for induction of HO-1 mRNA and protein in
this system. In contrast, we have seen that HNE-mediated induction of GGT occurs via ERK
and p38 in the same cell type [63]. This is consistent with downstream differences in the
regulation of these two genes.

The increase in JNK phosphorylation after HNE exposure was consistent with the JNK pathway
being required for the HNE-mediated increase in HO-1 protein. HNE increased JNK and c-
Jun phosphorylation, and c-Jun was present in the HNE-activated AP-1 binding complex.
However, neither chemical nor peptide inhibitors of JNK had any effect on HNE-mediated c-
Jun phosphorylation. It should also be noted an alternate mechanism of c-Jun phosphorylation
by the COP9 signalosome has been reported. This has been shown using in vitro kinase activity
assays [42] and may explain the JNK-independent c-Jun phosphorylation observed in response
to HNE in this study.

The remaining data confirm that activation of the ERK MAPK pathway is required for HNE-
mediated induction of HO-1. Not only did HNE increase ERK phosphorylation and c-Fos
protein, but c-Fos was also found in the HNE-activated AP-1 binding complex. Furthermore,
AP-1 binding was blocked by the MEK inhibitor PD, indicating a requirement for ERK
activation for the HNE-mediated increase in AP-1 binding. However, the most critical
observation is that the HNE-mediated increase in HO-1 protein was decreased by inhibiting
the ERK pathway. As already noted, it did not completely block the increase, suggesting that
other mechanisms are also involved.

Studies with the transcriptional inhibitor actinomycin D provided clues to the mechanism of
HO-1 induction by HNE. The HNE-mediated increase in HO-1 mRNA was completely blocked
by actinomycin D, suggesting that transcription is required for the up-regulation of HO-1 by
HNE in pulmonary epithelial cells. Given that the MEK inhibitor PD98059 blocked HNE-
mediated induction of HO-1 protein, we expected that it would also block the HNE-mediated

Iles et al. Page 7

Free Radic Biol Med. Author manuscript; available in PMC 2009 December 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



increase in HO-1 mRNA. Surprisingly, pretreatment with the MEK inhibitor had no effect on
HO-1 message. Together these data are consistent with the conclusion that the increase in HO-1
message is via a MAPK-independent mechanism. However, as the increase in HO-1 protein
was dependent on ERK activation this suggests that there may be at least two complementary
mechanisms producing the profound increase in HO-1 protein that is observed with HNE: an
ERK-independent activation of HO-1 transcription and an ERK-dependent effect on translation
of HO-1 mRNA.

The surprising but not unprecedented finding of JNK-independent c-Jun phosphorylation in
these cells seems to be a novel mechanism of HNE activation of gene expression. c-Jun can
form part of the AP-1, StRE [31], and EpRE binding complexes [64] and further, StRE- and
EpRE-mediated induction of HO-1 has been shown previously in rat cell lines [31,64,65].
Although no change in total EpRE binding was observed in response to HNE, the EpRE and/
or StRE enhancer elements could still be involved in the increase in HO-1 mRNA via
transcription factor complex remodeling [39], specifically through activated c-Jun joining the
complex and potentially displacing an inhibitor [66].

It has also been shown that Nrf-2 nuclear translocation can be dependent on ERK
phosphorylation [43], but other protein kinases may act in place of ERK in Nrf-2 nuclear
translocation. The Western data (Fig. 9 and Fig. 10) are consistent with the conclusion that
HNE causes Nrf2 nuclear translocation which is later followed by increased small Maf proteins
in the nucleus. As the studies with the MEK inhibitor showed that increased HO-1 mRNA did
not require ERK activation, the nuclear translocation of Nrf-2 and subsequent activation of
EpRE-mediated transcription can account for the increased HO-1 mRNA only if this is
occurring through an ERK-independent mechanism.

There are conflicting reports that the small Maf proteins can be both positive and negative
regulators of transcription. In our system, Nrf-2 nuclear translocation and HO-1 protein
induction occurred sequentially. This was followed by a rapid drop in nuclear Nrf-2, which
coincided with a spike in the nuclear content of the small Maf proteins. Although it is possible
that a small, critical window of overlap of these two proteins occurred in the nucleus, it is more
plausible that the small Maf proteins are acting as inhibitors of HO-1 in these cells.

In summary, we have found that HNE induces HO-1 mRNA and protein in rat pulmonary
epithelial cells and that ERK activation is critical to this process. The data are also consistent
with the increases in HO-1 mRNA occurring through a c-Jun phosphorylation/MAPK-
independent mechanism. However, there is still a key role for MAPK-mediated signaling in
this process as the increase in HO-1 protein can be partially blocked by inhibiting the ERK
pathway. There is further evidence that the increase in HO-1 protein is not mediated through
AP-1 because PD completely inhibited HNE-induced AP-1 binding but had no effect upon the
HNE-induced increase in HO-1 mRNA. Finally, whereas previous studies have suggested that
HO-1 induction is an adaptive response to oxidative stress, the increase in HO-1 in lung
epithelium induced by HNE may be a mechanism for that increase as HNE is produced by the
oxidative stress caused by environmental or inflammatory challenges.

Abbreviations

AP-1 activator protein-1

EMSA electrophoretic mobility shift assay

EpRE electrophile response element

ERK extracellular signal-regulated kinase
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HNE 4-hydroxynonenal

HO-1 heme oxygenase-1

HRP horseradish peroxidase

JNK c-Jun N-terminal kinase

MAPK mitogen-activated protein kinase

NFDM nonfat dry milk

PD PD98059

SB SB202190

SP SP600125

StRE stress response element

T-TBS Tris-buffered saline, with 0.05% Tween 20
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Fig. 1.
HNE induces HO-1 protein in pulmonary epithelial cells. Rat L2 cells were grown to 95–100%
confluence and then treated with 20 µM HNE for 5 h. The experiment was repeated three times,
and a representative blot is shown. For quantification gels were overexposed and relative
densitometry was performed. Data are expressed as a percentage of control with control HO-1
arbitrarily being set at 100%. There was a rapid and robust (700%+) increase in HO-1 protein
in cells treated with HNE ( p < 0.001).
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Fig. 2.
HNE increases HO-1 mRNA in pulmonary epithelial cells. L2 cells were pretreated with and
without actinomycin D for 30 min and then treated with or without 20 µM HNE for 2 h. Each
mRNA species was measured four times. Data are expressed as fold increase in HO-1 mRNA
versus control. There was an ~ 20-fold increase in HO-1 mRNA in only 2 h ( p < 0.001).
Actinomycin D, an inhibitor of transcription, completely blocked the HNE-mediated increase
in HO-1 mRNA ( p < 0.001). Different lowercase letters (a, b, c) denote a statistically significant
difference in HO-1 mRNA.
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Fig. 3.
HNE increases HO-1 activity in pulmonary epithelial cells. L2 cells were treated with 20 µM
HNE for 8 h. Activity was measured four times in each treatment group. Data are expressed
as pmol bilirubin formed/mg protein/h. HNE caused a significant ( p < 0.01) increase in HO-1
activity versus control.
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Fig. 4.
HNE activates the ERK pathway and increases c-Fos protein. (A) Cells were treated with 20
µM HNE for 0 –5 h, producing a significant increase in ERK phosphorylation. (B) The same
blot was stripped and reprobed with a pan-ERK antibody to show equal loading. (C) Cells were
treated with and without the ERK pathway inhibitor PD98059 (50 µM) for 30 min and then
exposed to 20 µM HNE. HNE increased c-Fos protein, and this increase was blocked by
inhibiting the ERK pathway with PD98059.
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Fig. 5.
HNE activates the JNK pathway and increases c-Jun phosphorylation. (A) Cells were treated
with 20 µM HNE for 0 – 5 h and a marked increase in JNK phosphorylation was observed. (B)
The same blot was stripped and reprobed with a pan-JNK antibody to show equal loading. (C)
Phosphorylated c-Jun also increased significantly when the cells were treated with HNE.
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Fig. 6.
HNE increases the phosphorylation of p38. (A) Cells were treated with 20 µM HNE or 0.05%
EtOH (control) for 0 –5 h and a marked increase in p38 phosphorylation was observed. (B)
The same blot was stripped and reprobed with a pan-p38 antibody to show equal loading. No
change in the phosphorylation of ATF-2 (a target protein of p38 phosphorylation) was observed
(data not shown).
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Fig. 7.
HNE-mediated increase in AP-1 binding is via the ERK and p38 pathways. Cells were
pretreated for 30 min with and without PD98059 (50 µM) and SB202190 (25 µM) to inhibit
the ERK and p38 pathways, respectively. Data are expressed as a percentage of control AP-1
binding, with the control being arbitrarily set at 100%. The different experimental treatment
groups were repeated at least four times and a representative EMSA is shown. HNE caused a
significant increase in AP-1 binding that was blocked by both SB and PD.
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Fig. 8.
HNE-mediated increase in HO-1 requires activation of the ERK pathway. Cells were pretreated
for 30 min with PD98059 (50 µM) or SB202190 (25 µM) followed by treatment with 20 µM
HNE for 5 h. The experiment was repeated three times, and a representative blot is shown.
Data are expressed as a percentage of HNE-treated controls, with HNE treatment being
arbitrarily set at 100%. Inhibiting the ERK pathway significantly decreased HO-1 protein.
Surprisingly, blocking the p38 pathway had no effect on HO-1 protein.
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Fig. 9.
HNE causes Nrf-2 nuclear translocation after ERK pathway activation. Cells were treated with
20 µM 4HNE for 1 – 5 h. Nuclear lysates were generated using the NE-PER kit as outlined
under Materials and methods. The experiment was repeated two times, and a representative
blot is shown. Data are expressed as a percentage of control (untreated at time 0) with control
Nrf-2 arbitrarily being set at 100%. At 3 h there was a significant increase in Nrf-2 in the
nucleus in response to HNE, which had returned to baseline levels by 4 h postincubation.
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Fig. 10.
HNE increases the nuclear content of the small Maf proteins. Cells were treated with 20 µM
4HNE for 1 – 5 h. Nuclear lysates were generated using the NE-PER kit as outlined under
Materials and methods. The experiment was repeated, and a representative blot is shown. Data
are expressed as a percent of control with control Maf arbitrarily being set at 100%. The
antibody detects all three of the small Maf proteins. As multiple bands were obtained, the small
Mafs were identified based on molecular weight markers. At 4 h there was a significant increase
in small Maf proteins in the nucleus in response to HNE. This decreased to baseline by 5 h
postincubation.
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