
Redox Biology 1 (2013) 56–64
Contents lists available at SciVerse ScienceDirect
Redox Biology
2213-23

http://d

$This

Commo

reprodu

Abbre

rat aort

respons

PKR-lik

protein

kinase;

dinitrop

chemilu

NP-40,

DMEM,

dimethy
n Corr

Center,

KY 4020

E-m
journal homepage: www.elsevier.com/locate/redox
Research Paper
Oxidized lipids activate autophagy in a JNK-dependent manner by
stimulating the endoplasmic reticulum stress response$

Petra Haberzettl, Bradford G. Hill n

Diabetes and Obesity Center, Institute of Molecular Cardiology, University of Louisville, Louisville, KY, USA
a r t i c l e i n f o

Article history:

Received 18 October 2012

Accepted 22 October 2012

Keywords:

Oxidative stress

Autophagy

4-hydroxynonenal

JNK

Unfolded protein response

Smooth muscle cells
17/$ - see front matter & 2013 The Authors.

x.doi.org/10.1016/j.redox.2012.10.003

is an open-access article distributed unde

ns Attribution License, which permits unres

ction in any medium, provided the original au

viations: RASMC,

ic smooth muscle cells; ER, endoplasmic retic

e; Grp, glucose regulated protein; PDI, protei

e ER kinase; IRE, inositol requiring enzyme; L

1 light chain 3; HNE, 4-hydroxy-trans-2-non

eIF2a, elongation initiation factor 2 a; DTT, d

henylhydrazine; ATF6, activating transcriptio

minescence; HEPES, 4-(2-hydroxyethyl)-1-pi

noniodet P40; SDS, sodium dodecyl sulfate; P

Delbucco’s Eagle Modified Medium; HRP, ho

lsulfoxide; FBS, fetal bovine serum

espondence to: Institute of Molecular Cardi

University of Louisville, 580 South Preston St

2, USA. Tel.: þ1 502 852 1015; fax: þ1 502

ail address: bradford.hill@louisville.edu (B.G.
a b s t r a c t

Excessive production of unsaturated aldehydes from oxidized lipoproteins and membrane lipids is a

characteristic feature of cardiovascular disease. Our previous studies show that unsaturated lipid

peroxidation-derived aldehydes such as 4-hydroxy-trans-2-nonenal (HNE) promote autophagy in rat

aortic smooth muscle cells (RASMC). In this study, we examined the mechanism by which HNE induces

autophagy. Exposure of RASMC to HNE led to the modification of several proteins, most of which

were identified by mass spectrometry and confocal microscopy to be localized to the endoplasmic

reticulum (ER). HNE stimulated the phosphorylation of PKR-like ER kinase and eukaryotic initiation

factor 2a and increased heme oxygenase-1 (HO-1) abundance. HNE treatment also increased LC3-II

formation and the phosphorylation of JNK and p38. Pharmacological inhibition of JNK, but not p38,

prevented HNE-induced HO-1 expression and LC3-II formation. Inhibition of JNK increased cell death in

HNE-treated cells. Pretreatment with the chemical chaperone phenylbutryic acid prevented LC3-II

formation as well as JNK phosphorylation and HO-1 induction. Taken together, these data suggest that

autophagic responses triggered by unsaturated aldehydes could be attributed, in part, to ER stress,

which stimulates autophagy by a JNK-dependent mechanism and promotes cell survival during

oxidative stress.

& 2013 The Authors. Published by Elsevier B.V. All rights reserved.
Introduction

Polyunsaturated fatty acids esterified in lipoproteins or mem-
brane phospholipids are highly susceptible to oxidation. Alternating
single and double bonds in these lipids efficiently stabilize alkene
radicals generated from electron abstraction by reactive species
such as transition metals. In the presence of oxygen, the alkyl
radicals are readily converted into peroxyl radicals that undergo a
series of autocatalytic chain reactions leading to the generation of
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other radical species or hydroperoxides. If unquenched these
reactions lead to extensive fragmentation of fatty acids, generating
a variety of stable molecules, particularly saturated and unsaturated
carbonyls [1,2]. High levels of lipid peroxidation-derived carbonyls
have been detected in biological tissues under a variety of etiolo-
gically unrelated disease states and toxicological conditions asso-
ciated with oxidative stress [3–7].

The carbonyls generated by lipid peroxidation have high
chemical and biological activity. Some carbonyls, such as the
a, b unsaturated aldehydes, react avidly with nucleophilic groups
found in glutathione, proteins, phospholipids, and nucleic
acids [8]. Chemical reactions of unsaturated aldehydes with
nucleophiles incite a range of effects. At low concentrations,
oxidized lipids have the capacity to promote a protected cellular
phenotype [9,10], whereas at high concentrations they disrupt
cell structure and function leading to either necrotic or apoptotic
cell death. Recent investigations suggest that the carbonyls
derived from lipid peroxidation are critical determinants of
oxidative stress, inflammation, and cell death occurring in several
pathologies, particularly cardiovascular disease [11,12]. Exposure
to lipid oxidation products such as 4-hydroxy-trans-2-nonenal
(HNE), 4-oxo-trans-2-nonenal (ONE), and acrolein results in
glutathione depletion, changes in ion homeostasis, and stimula-
tion of stress signaling [1,8,13]. Our previous studies show that
lipid peroxidation-derived aldehydes stimulate autophagy, which
removes aldehyde-modified proteins [14].
ts reserved.
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Autophagy is initiated in cells in response to conditions asso-
ciated with nutrient deprivation and/or oxidative stress [15–17].
While excessive autophagy triggers cell death, removal of damaged
organelles by autophagy or recycling of cell constituents promotes
survival under conditions of nutrient deprivation [15]. However,
the mechanisms by which HNE stimulates autophagy remain
unknown. Hence, to determine which proteins are modified by
HNE and how they stimulate autophagy, we examined the sub-
cellular localization of protein-HNE adducts and the signaling
pathways they activate. Our results show that exposure to HNE
results in the formation of protein adducts that accumulate in the
endoplasmic reticulum (ER) and that HNE triggers components of
the unfolded protein response (UPR) that stimulate autophagy by a
JNK-dependent mechanism.
Experimental

Materials

HNE was synthesized as described previously [18]. All materials
and chemicals were obtained from Sigma (St. Louis, MO) unless
otherwise stated. Electrophoresis supplies were purchased from Bio-
Rad (Hercules, CA). Primary antibodies against microtubule-
associated protein 1 light chain 3 (LC3) were obtained from MBL
International (Woburn, MA, U.S.A.). Primary antibodies against
phospho-PKR-like ER kinase (PERK), PERK, and glucose regulated
protein 78 (Grp78) were obtained from Santa Cruz Biotechnology
(Santa Cruz, CA). Anti-phospho-elongation initiation factor 2a
(eIF2a), -eIF2a, -phospho-c-jun N-terminal kinase (JNK), -JNK,
-phospho-p38, and –p38 antibodies as well as the horseradish
peroxidase (HRP)-linked secondary goat-anti-rabbit or goat-anti-
mouse antibodies were from Cell Signaling (Danvers, MA).
The anti-CHOP antibody was purchased from Affinity Bioreagents
(Rockford, IL). The antibodies against KDEL and heme oxygenase-1
(HO-1) were obtained from Stressgen (Ann Arbor, MI). Polyclonal
antibodies against protein-HNE were raised and tested using
previously published protocols [14,19]. Fluorescently labeled sec-
ondary antibodies (Alexa Fluor 488 anti-rabbit-IgG, Texas-red anti-
mouse-IgG) and the Slow Fades Gold anti-fade reagent were
purchased from Molecular Probes (Invitrogen, Carlsbad, CA). Phenyl-
butric acid (PBA) was from Pfaltz & Bauer (Waterbury, CT). ECLs

reagent was purchased from GE Healthcare (Amersham Biosciences,
Pittsburgh, PA). The Oxyblot kit was obtained from Chemicon
International (Temecula, CA).

Cell culture experiments

Primary rat aortic smooth muscle cells (RASMC) were isolated
from Sprague-Dawley rats and cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM, Invitrogen, Carlsbad, CA) supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin
under standard cell culture conditions. For HNE exposure, cells
grown to 90% confluence were washed with Hank’s balanced salt
solution (HBSS, pH 7.4: 20 mM HEPES, 135 mM NaCl, 5.4 mM KCl,
1.0 mM MgCl2, 2.0 mM CaCl2, 2.0 mM NaH2PO4, 5.5 mM glucose)
and exposed to HNE in 1 ml of HBSS. Cells were then treated with
HNE, tunicamycin, or thapsigargin for the indicated times.
For inhibiting ER stress and JNK, cells were pretreated with the
chemical chaperone PBA (10 mM for 16 h) or the JNK inhibitor
(SP600125; 25 mM for 30 min) prior to HNE treatment. After this
pre-incubation, the cells were treated with HNE in HBSS in the
absence or presence of PBA or JNK inhibitor. After treatment,
the cells were washed with HBSS and then scraped with a rubber
policeman in lysis buffer containing 25 mM HEPES, pH 7.0, 1 mM
EDTA, 1 mM EGTA, 1.0% NP-40, 0.1% SDS, 1:100 mammalian
protease inhibitor cocktail (Sigma) and 1:50 phosphatase inhibi-
tor cocktail (Pierce, Rockland, IL). Cell suspensions were lysed
further by sonication, and the homogenates were centrifuged at
14,000� g for 15 min at 4 1C. Total protein concentration was
measured by a modified Lowry method [20].

Protein identification

For identification of oxidatively-modified proteins, proteins were
separated by 2D electrophoresis and protein carbonyls were deri-
vatized ‘‘in-stripe’’ using 2,4-dinitrophenylhydrazine (DNPH) [21].
Briefly, protein from HNE-treated or control RASMC was loaded
on 3–10 NL IPG strips (Bio-Rad) for isoelectric focusing. The proteins
were then separated by SDS-PAGE, electroblotted to PVDF mem-
branes, and probed with anti-DNP antibodies. Proteins displaying
oxidative modifications were excised from parallel silver-stained
gels, trypsinized, and subjected to MALDI-TOF MS for protein
identification by peptide mass fingerprinting using the NCBI
database.

Confocal immunocytochemistry

Cells grown on cover slips were treated for 30 min with 25 mM
HNE as described above. After treatment, the cells were washed
three times with ice-cold phosphate-buffered saline (PBS;
Invitrogen, Carlsbad, CA) and fixed for 10 min at room tempera-
ture with 4% PFA/PBS (pH 7.4). Following fixation, the cells were
permeabilized by treatment with 0.1% Triton X-100/PBS at room
temperature for 3 min and incubated for 15 min in 1% BSA/PBS.
Primary antibody incubations (1:250 and 1:1000 dilutions for
anti-KDEL and -HNE antibodies, respectively) were performed in
PBS at 4 1C overnight. The cells were then incubated with the
fluorescently labeled secondary antibodies (1:500 dilution) for 1 h
at room temperature in the dark. Cells were mounted with Slow

Fades Gold antifade reagent, and fluorescence was visualized by
confocal microscopy (Olympus Bx51W1).

Immunoblot analyses

For Western blots, 20–50 mg protein was loaded on 5%, 7.5%, 12%,
or 15% SDS polyacrylamide gels for protein separation. The proteins
were transferred to PVDF membranes. PVDF membranes were
then blocked in 5% blotting milk (made in Tris-buffered saline/
0.3% Tween 20). Proteins or post-translational protein modifi-
cations were detected using the appropriate primary antibodies
(anti-DNP, 1:150 dilution; anti-phospho-PERK, PERK, P-eIF2a, eIF2a,
CHOP, and LC3 at 1:1000 dilution; anti-Grp78, 1:500 dilution; anti-
actin, 1:2000 dilution; anti-HO-1, 1:5000 dilution), HRP-linked
secondary antibodies (1:2000 dilution), and ECL plus detection
reagents. Bands were visualized and quantified using a Typhoon
9400 Variable Mode Imager (Amersham) and ImageQuant TL
software.

Measurements of cell viability

Cell viability was estimated by measuring lactate dehydrogen-
ase (LDH) release into the medium. For this, cells were treated with
the indicated amount of HNE for 30 min in HBSS. The HNE-
containing medium was then removed, and fresh DMEM contain-
ing 0.1% FBS was added for 16 h. The medium was then collected,
and cell lysates were prepared by rinsing culture plates with ice-
cold PBS and incubating on ice for 5 min with 100 ml of PBS, pH 7.4,
containing 0.1% Triton X-100. Then, 5 ml of cell lysate or 200 ml of
the culture medium were incubated with NADH (300 mM) and
pyruvate (10 mM). Conversion of NADH into NAD was followed by
the change in absorbance at 340 nm for 4 min at 37 1C. Relative
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LDH release was expressed as the percentage LDH activity in the
supernatant of cultured cells (medium) compared with total LDH
activity present per well (mediumþcell lysate).
Results

HNE modifies ER proteins

Our previous studies show that RASMC treated with HNE
accumulate protein-HNE adducts and that the formation and
accumulation of these adducts stimulate autophagy. However,
neither the identity of the proteins modified nor their subcellular
location is known. These are important to know to understand
how autophagy could be activated by HNE. To identify proteins
modified by HNE, we used a two-dimensional (2D) electrophor-
esis technique [21] followed by mass spectrometry. For this,
RASMC were treated with HNE (50 mM) for 30 min, and the cells
were lysed and separated by isoelectric focusing. The proteins
were then derivatized with 2,4-dinitrophenylhydrazine (DNP),
separated in the second dimension by SDS-PAGE, and assessed
for DNP modification by Western blotting with anti-DNP anti-
bodies. Shown in Fig. 1A are specific regions of the 2D immuno-
blots from control and HNE-treated cells that showed the highest
immunoreactivity with anti-DNP antibodies. Corresponding pro-
teins on parallel silver-stained gels were excised, digested with
Fig. 1. HNE modifies proteins in the endoplasmic reticulum in rat aortic smooth

muscle cells (RASMC). Immunological detection of protein modifications induced

by HNE: (A) 2D electrophoretic analysis of oxidatively modified proteins after

treatment with HNE (50 mM) for 30 min. Proteins (1–6) identified by MS are

summarized in Table 1. (B) Confocal fluorescence microscopy showing the

subcellular localization of protein-HNE adducts in untreated (CTRL) and HNE-

treated (þHNE) cells. Fixed cells were immunostained with anti-protein-HNE

(green) and anti-KDEL (red) antibodies. Merged images (yellow) demonstrate the

colocalization of protein-HNE adducts with the ER marker sequence, KDEL

(For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)
trypsin, and the resultant peptides were analyzed by MALDI-TOF/
MS. Results from peptide mass fingerprinting showed that several
proteins found in the endoplasmic reticulum (ER) were carbony-
lated after HNE exposure (Table 1). These proteins included
protein disulfide isomerase (PDI; 1), glucose regulated protein
58 (Grp58; 2), and Grp78 (5), all of which are chaperones critical
for protein folding in the ER. The ER calcium binding protein
reticulocalbin (6), the cytoskeletal protein vimentin (3), and heat
shock protein 60 (HSP60; 4) were also found to be modified.

To confirm that the carbonylation of ER proteins observed by
2D Oxyblot analysis was due to direct protein-HNE modification,
we immuno-labeled untreated and HNE-treated RASMC with
anti-KDEL and anti-protein-HNE antibodies and analyzed their
subcellular localization by confocal microscopy. Resident ER
proteins commonly have a KDEL sequence at their carboxy
terminus which functions as a retention motif and is recognized
by the KDEL receptor on the ER membrane [22]; hence, the anti-
KDEL antibody was used as a marker of the ER. Shown in Fig. 1B
are representative fluorescence images of cells left either
untreated (upper panel) or treated with HNE (lower panel) that
were labeled with antibodies against protein-HNE adducts
(green) and KDEL (red). The merged images (yellow) are shown
at the far right. Control cells show light and diffuse HNE staining
that does not localize strongly with the ER. Cells treated with
HNE, however, show dense perinuclear staining that colocalizes
primarily with the anti-KDEL signal. These data are consistent
with mass spectrometric analysis, indicating that most of the
HNE-modified proteins are located in the ER.

Activation of ER stress responses by HNE

To determine whether the formation of protein-HNE adducts in
the ER triggers UPR, we examined changes in the PKR-like ER kinase
(PERK) pathway. The interaction of Grp78 with PERK and inositol
requiring enzyme-1 (IRE-1) has been proposed to regulate the ER
stress response [23]. Accordingly, we examined whether HNE treat-
ment results in the activation of PERK and its substrate for phosphor-
ylation, eIF2a. As shown in Fig. 2A–i and ii, treatment of the cells with
HNE for 30 min increased PERK and eIF2a phosphorylation to levels
similar to that induced by tunicamycin treatment, which was used as
a positive control. Interestingly, the anti-phospho-PERK antibody
detected only one band at �250 kDa. Reprobing the same blot with
the anti-PERK antibody showed a band at �125 kDa, and this band
was decreased after HNE exposure when P-PERK immunoreactivity
was increased (Supplementary Fig. 1). This high molecular mass form
of phosphorylated PERK was also observed in cells treated with the
ER stress inducers thapsigargin and tunicamycin. These data suggest
that HNE treatment promotes the phosphorylation of PERK and that
PERK activation in RASMC results in the formation of an SDS-
resistant, irreducible dimer.

To examine the temporal activation of PERK, RASMC were
treated with HNE for 30 min. The HNE-containing medium was
then removed and replaced with culture medium, and the cells
were incubated for an additional 7.5 h. On completion of the
treatment protocol, the cells were harvested at the indicated
times, and phosphorylation of PERK in the lysates was analyzed
by Western blotting. As shown in Fig. 2B, cells treated with HNE
showed maximum PERK phosphorylation at 30 min, which
declined to near control levels 480 min after treatment. It should
be pointed out that the relative intensity of PERK phosphorylation
in control cells appeared to be dependent on cell passage;
however, in all passages used, HNE consistently increased PERK
phosphorylation relative to that in untreated cells.

To examine the concentration-dependence of activation of the
PERK-eIF2a pathway by HNE, RASMC were exposed to 0–100 mM
HNE for 30 min. The cells were then lysed, and the phosphorylation



Table 1
Identification of carbonylated proteins in rat aortic smooth muscle cells exposed to HNE.

# Protein Accession gi number MW (kDa) pI Coverage (%) Function

1 PDI 1352384 57.0 5.88 37 ER chaperone/foldase
2 Grp58 8393322 57.0 5.88 22 ER chaperone/foldase
3 Vimentin 14389299 53.8 5.06 69 Cytoskeletal protein

4 HSP 60 1334284 58.1 5.35 32 Mitochondrial chaperone

5 Grp78 38303969 72.4 5.07 45 ER chaperone
6 Reticulocalbin 34856626 38.1 4.67 35 ER calcium binding protein

RASMC were exposed to 50 mM HNE for 30 min. Proteins in the cell lysates were subjected to 2D electrophoresis and analysis for protein carbonyls. Immunoreactive

proteins were excised from parallel 2D silver-stained gels for MALDI-TOF/MS. Proteins were identified by peptide mass fingerprinting using the NCBI database and Mascot

software (www.matrixscience.com). Rows in bold indicate proteins localized to the endoplasmic reticulum.

Fig. 2. HNE activates the PERK pathway of the unfolded protein response.

Detection of ER stress pathways by immunoblotting: (A) Western blot analysis

of PERK (panel i) and eIF2a (panel ii) phosphorylation in lysates obtained from

RASMC incubated in the absence (CTRL) or presence of 50 mM HNE (þHNE) or

10 mg/ml tunicamycin (þTm) for 30 min. The extent of phosphorylation was

calculated by normalizing the band intensities of the phospho-proteins to their

respective loading controls. The values were then normalized to control groups

(CTRL). Group data are mean7SEM. *po0.02 vs. CTRL; n¼3 per group. (B) Time

course of PERK phosphorylation: cells were incubated in the absence (CTRL) or

presence (þHNE) of 50 mM HNE for 30 min. The cells were then either lysed

immediately or the medium was replaced and incubated for the indicated times in

fresh culture medium. Lysates of cells were then used to assess PERK phosphor-

ylation and expression. (C) Concentration-dependence of PERK and eIF2a phos-

phorylation by HNE: cells were treated with HNE (0–100 mM) for 30 min, and the

cell lysates were used to analyze PERK and eIF2a phosphorylation.
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of PERK and eIF2a were assessed by Western blotting. As shown in
Fig. 2C, phosphorylation of PERK and eIF2a were observed after
treatment with 50–100 mM HNE. This is in accordance with our
previous studies showing that protein-HNE adducts form at these
concentrations under identical conditions [14] and supports the
notion that modification of proteins by HNE promotes ER stress.
In addition to the PERK pathway, ER stress could also result in
the activation of inositol requiring enzyme 1 (IRE1), which directs
the alarm phase of the UPR by stimulating alternative splicing of
XBP-1 mRNA. Although RASMC treated with tunicamycin showed
evidence of XBP-1 splicing and therefore IRE-1 activation, HNE did
not affect the XBP-1 transcript (Suppl. Fig. 2), suggesting that
under the conditions tested HNE does not activate the IRE1-XBP-1

pathway.

HNE activates JNK and p38

Previous studies show that HNE activates the stress kinases JNK
and p38 [24,25]; however, the mechanisms remain unknown.
Because these kinases are activated in response to ER stress by both
the IRE1-TRAF and PERK pathways [26–28], we examined whether
activation of the PERK pathway by HNE was accompanied by JNK
activation. As shown in Fig. 3, exposure of RASMC to HNE led to a
marked increase in the phosphorylation of both JNK and p38
(Fig. 3A). A significant increase in the levels of phospho-p38 was
observed within 5 min of the addition of HNE to the medium,
whereas, at least 30 min were required for an increase in JNK
phosphorylation. Significantly, HNE treatment did not result in the
induction of CHOP or Grp78 (Fig. 3A and C), although robust
activation of CHOP and Grp78 was observed in tunicamycin- or
thapsigargin-treated cells (Fig. 3B and C). Interestingly, we noticed
that, at the 480 min timepoint, HNE-treated cells contained a lower
molecular weight form of Grp78 (Fig. 3A); separate experiments
confirmed the presence of this band (Fig. 3C), which may be due to
degradation of oxidatively modified Grp78. Collectively, these data
suggest that HNE activates the stress kinases JNK and p38, without
increasing overall abundance of CHOP or native Grp78.

HNE-induced JNK phosphorylation, LC3 conversion, and HO-1

induction are dependent on ER stress

Because ER stress has been shown previously to regulate
autophagy [29] and stress kinase activation [26,28], we pretreated
RASMC with the chemical chaperone phenylbutyric acid (PBA),
which facilitates protein folding and ameliorates ER stress [30].
RASMC pretreated with PBA (10 mM, 16 h) were exposed to HNE for
30 min, followed by incubation in the culture medium without or
with PBA for an additional 1.5 h. The cells were then lysed and
probed for JNK phosphorylation by Western blotting. As shown in
Fig. 4A, pre-incubation with PBA decreased HNE-induced JNK
phosphorylation by �40%. Interestingly, control cells treated with
PBA also showed slightly lower levels of JNK phosphorylation,
suggesting that even under basal conditions, JNK activation is, in
part, regulated by ER-regulated pathways. In addition to preventing
JNK activation, PBA also prevented HNE-induced LC3-II formation
(Fig. 4B) and HO-1 induction (Fig. 4C). Taken together, these data
support the notion that the activation of JNK by HNE is, in part,
mediated by ER stress and that an increase in the protein folding



Fig. 3. HNE activates stress kinases in smooth muscle cells. Immunoblot analysis

of HNE- or ER stress inducer-treated cells: (A) Western blot analysis of stress

kinase phosphorylation and the expression of the ER stress-related proteins CHOP

and Grp78. Cells were incubated in the absence (CTRL) or presence of 50 mM HNE

(þHNE), and the cells were harvested after 5, 10, or 30 min. For incubation at

longer time points (120–480 min), HNE-containing medium was removed after

30 min, and the cells were incubated in fresh culture medium for the indicated

times. (B) Cells were incubated in culture medium alone (CTRL) or in medium

supplemented with 10 mg/ml tunicamycin for the indicated times. The expression of

CHOP, Grp78, and actin was analyzed by Western blotting. (C) Cells were incubated in

culture medium alone (CTRL) or in medium supplemented with 1 mg/ml thapsigargin

for 8 h. The expression of CHOP, Grp78, and actin was analyzed by Western blotting.

Results are representative of at least 3 separate experiments.

Fig. 4. The chemical chaperone phenylbutyric acid (PBA) prevents HNE-induced JNK

phosphorylation, LC3 conversion, and HO-1 induction in RASMCs. RASMCs were

cultured in the absence or presence of 10 mM PBA (þPBA) for 16 h. The cells were

then exposed to 50 mM HNE (for analysis of JNK phosphorylation and HO-1

induction) or 25 mM HNE (for LC3 conversion) in HBSS for 30 min in the absence

or presence of PBA. After 30 min, the HBSS was replaced with culture medium

without or with PBA, and the cells were incubated for 1.5, 2.5, or 7.5 h for analysis of

JNK phosphorylation, LC3 conversion, or HO-1 induction, respectively. (A) JNK

phosphorylation by HNE, as examined by Western blotting. For quantification, the

band intensities of phospho-JNK (P-JNK) were normalized to total JNK in untreated

(CTRL) or HNE-treated cells (þHNE) without or with PBA treatment. JNK phosphor-

ylation after HNE treatment without PBA treatment¼100%; *po0.05 vs. CTRL

without PBA, #po0.01 vs. þHNE without PBA; n¼3 per group. (B) LC3 conversion

analyzed by Western blotting and normalized to actin expression. Data are

mean7SEM normalized to controls. *po0.005 vs. CTRL without PBA, #po0.05 vs.

þHNE group without PBA; n¼5 per group. (C) HO-1 analyzed by Western blotting:

band intensities of HO-1 were normalized to control groups. Data are mean7SEM.

*po0.002 vs. CTRL without PBA, #po0.02 vs.þHNE without PBA; n¼3 per group.
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capacity of the ER diminishes JNK activation and the stimulation of
downstream events that lead to LC3-II conversion and HO-1
induction.

HNE-induced JNK activation, LC3-II conversion, and HO-1 induction

are dependent on ER stress

Because JNK has been shown previously to regulate autophagy
[31,32], we next determined whether JNK is required for the
induction of autophagy by HNE. For this, we pretreated cells with
the JNK inhibitor SP600125 and then with HNE for 30 min in the
absence or presence of the inhibitor. The HNE-containing medium
was then removed and replaced with culture medium for an
additional 3.5 h. Following cell lysis, LC3-II formation was measured
by Western blotting as a marker of autophagy. In agreement with
previous findings [14], HNE significantly increased LC3-II formation
(Fig. 5A). This increase in LC3-II was abrogated by the JNK inhibitor.
To determine whether JNK also plays a role in the induction
of HO-1, RASMC were pre-incubated with the JNK inhibitor
SP600125 or the p38 inhibitor SB203580 followed by treatment
with HNE (50 mM) for 30 min. The HNE-containing medium was
then removed and replaced with culture medium in the absence or
presence of each inhibitor for an additional 7.5 h. As shown in
Fig. 5B, treatment with SP600125, but not SB203580, prevented the
increase in HO-1 in HNE-treated cells. These results demonstrate
that JNK activation is required for HO-1 induction in HNE-
treated cells.

To determine whether JNK activation is also required for cell
survival following HNE treatment, RASMC were pretreated with



Fig. 5. Autophagy and cellular protective responses to HNE are dependent on JNK.

(A) JNK-dependent conversion of LC3: cells were incubated without (CTRL) or with

HNE (25 mM; þHNE) for 30 min in the absence or presence of the JNK inhibitor

SP600125 (þ JNKi). The culture medium was then replaced with DMEM containing

vehicle (DMSO) or JNKi, and cells were incubated further for 2.5 h before harvest.

Lysates were used to analyze LC3 conversion and expression of actin by Western

blotting. Band intensities of LC3-II were normalized to the band intensities of the

loading control actin. Group data are mean7SEM, normalized to the controls.

*po0.03 vs. CTRL; #po0.05 vs. þHNE group without JNKi; n¼4 per group.

(B) JNK-dependent HO-1 induction: Cells were treated with 50 mM HNE (þHNE)

in the absence or presence of the JNK inhibitor SP600125 (þJNKi) or the p38

inhibitor SB203580 (þp38i). After 30 min of exposure, the medium was replaced

with DMEM containing either inhibitor for 7.5 h. The cells were then lysed and

equal amounts of protein were loaded for SDS-PAGE and Western blot analysis.

Band intensities were normalized to the CTRL group. Data are mean7SEM.

*po0.001 vs. CTRL; #po0.002 vs. þHNE group; n¼3 per group. (C) JNK-

dependent cell survival: RASMC were treated with 50 mM HNE (þHNE) in HBSS

in the absence or presence of SP600125 (þ JNKi). Control cells (CTRL) received

vehicle (DMSO). After 30 min, this medium was removed and the cells were

incubated in fresh medium in the absence or presence of the JNKi for 16 h.

Cell viability was determined by lactate dehydrogenase assay. Data are mean7
SEM as a percent of control. *po0.0001 vs. all other groups; n¼3 per group.

Fig. 6. Proposed model of pro-survival pathways activated by HNE. HNE mod-

ification of ER proteins results in the activation of the adaptive arm of the unfolded

protein response. This HNE-mediated response is characterized by the phosphor-

ylation of PERK, eIF2a, and JNK, activation of autophagy, and the induction of

HO-1. HNE-stimulated conversion of LC3 (an essential step in autophagosome

formation and marker of autophagy) and HO-1 induction is shown to be mediated

by ER stress via JNK activation.
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vehicle or SP600125 for 30 min followed by treatment with
50 mM HNE for 30 min in the absence or presence of SP600125.
The HNE-containing medium was then removed, and the cells
were incubated for an additional 16 h in culture medium contain-
ing either the vehicle or SP600125. Cell viability was determined
by LDH assay. As shown in Fig. 5C, cells treated with HNE or
SP600125 alone did not show apparent cell death; however, cells
treated with both SP600125 and HNE showed �15% cell death.
Taken together, these data support the notion that, in HNE-
treated cells, JNK activation is required for cell survival as well
as for the induction of cytoprotective responses, i.e., stimulation
of autophagy and the induction of HO-1 (Fig. 6).
Discussion

Our previous study shows that oxidized lipids stimulate autop-
hagy, which promotes the removal of HNE-modified proteins [14].
In that study, we found that formation of protein-HNE adducts in
RASMC was accompanied by the ultrastructural changes and LC3-II
formation characteristic of autophagy. Moreover, the removal of
protein-HNE adducts was accelerated by the autophagy stimulator
rapamycin and decreased when autophagy was inhibited by
3-methyladenine. The goal of the current study was to determine
the mechanism by which oxidized lipids stimulate autophagy. We
found that HNE preferentially modifies chaperone proteins in the ER
that regulate the initiation of UPR signaling and are required for
protein folding. Exposure of the cells to HNE led to the selective
activation of the PERK pathway, the upregulation of the cytoprotec-
tive protein HO-1, and the activation of stress kinases. Using
chemical and molecular approaches, we found that induction of
ER stress was obligatory for HNE-induced autophagy, with JNK
activation being an essential downstream effector for LC3 conver-
sion and maintenance of cell viability under conditions of excessive
protein-HNE accumulation.

The mechanisms by which cells respond to proteins modified
by lipid peroxidation products are not well understood. It is
known that oxidation of unsaturated fatty acids generates a wide
range of reactive carbonyls that trigger stress signaling and cause
inflammation [1,24,25]. A key feature of the cytotoxicity caused
by unsaturated carbonyls such as HNE is the formation of
covalently modified proteins at nucleophilic amino acid side
chains [1,8]. Proteins modified by HNE and related carbonyls
have been detected in diseased tissues such as atherosclerotic
plaques [33,34], cerebral lesions of Alzheimer’s and Parkinson
patients [4,6], and the ischemic myocardium [5]. Modification of
proteins by products of lipid peroxidation and other electrophiles
is likely to be harmful, not only because it disrupts protein
function, but also because it leads to the accumulation of cross-
linked proteins [35], which can inhibit the proteasome [36]
and induce tissue dysfunction, inflammation, or apoptotic cell
death [11,37]. The activation of signaling pathways by oxidized
lipids appears to be particularly important for regulating these
responses [24,25]. However, it is important to note that not all
electrophiles will promote identical responses and that target
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specificity is likely important to the biological response (for review,
see [38]).

The UPR is comprised of several signaling pathways that are
responsive to oxidized lipids [39,40]. This response is triggered by
protein misfolding and appears to have two primary roles in the
cell: to re-establish proper protein folding or to trigger cell death.
It prevents the accumulation of unfolded or misfolded proteins by
transiently suppressing protein synthesis and increasing the
ability of the ER to fold proteins; however, if protein folding and
degradation pathways are completely overwhelmed, it coordi-
nates signaling events to induce cell death. In mammalian cells
the UPR is comprised of three distinct pathways—IRE1, PERK, and
ATF6—that are thought to be activated following their dissocia-
tion from Grp78 [26]. However, not all inducers of ER stress
trigger an identical UPR. Homocysteine, for instance, induces
Grp78 and eIF2a in ARPE-10 cells [41]; but, in the same cells,
arsenite does not induce Grp78, yet activates eIF2a [42]. Thapsi-
gargin and dithiothreitol (DTT) trigger PERK-dependent JNK
phosphorylation, but no such response was observed with tuni-
camycin [28]. Similarly in AR42J cells, IRE1a dissociation from
Grp78 was more robust with DTT than with thapsigargin,
although PERK was equally responsive to both agents [30]. Hence,
it appears that UPR is a graded and cell-specific response tuned to
particular metabolic and environmental conditions.

In HNE-treated RASMC we found significant increases in PERK
and eIF2a phosphorylation as well as changes in JNK phosphor-
ylation and HO-1 expression (Figs. 2 and 3). However, we found
no evidence for robust stimulation of IRE1 or ATF6 as measured
by XBP-1 splicing (Suppl. Fig. 2) or Grp78 expression (Fig. 3).
The selective activation of the PERK pathway in HNE-treated cells
therefore appears to be an early adaptive response that stimulates
autophagy to counter oxidative insults rather than a full-blown
response which could lead to apoptosis. This differs from
HNE-induced responses in endothelial cells, where, in addition
to PERK, HNE increases XBP-1 splicing and induces Grp78 [43].
That the ER stress response in SMCs is adaptive rather than
deleterious is further supported by the fact that HNE treatment
did not result in appreciable cell death or the upregulation of the
death effector, CHOP, but induced the cytoprotective protein HO-
1. These observations suggest that, in RASMC, the accumulation of
HNE-modified proteins activates only a subset of the UPR path-
ways normally activated by misfolded proteins.

Our observations that HNE induces ER stress are consistent
with previous work showing stimulation of UPR components in
endothelial cells by oxidized phospholipids [39], HNE [40], and
acrolein [44]. Reactive carbonyls such as HNE could trigger ER
stress by several mechanisms. They could inhibit proteolysis
[36,45], which would result in the accumulation of damaged
proteins. Because a large fraction of proteins are incorrectly
folded, even under basal conditions [46], inhibition of proteolysis
results in accumulation of misfolded proteins and triggers UPR.
Also, ER stress could be triggered by HNE by inducing cell-wide
changes in calcium or reactive oxygen species production, which
could secondarily affect protein folding pathways. Alternatively,
HNE could interfere with protein folding by modifying ER pro-
teins directly, thereby rendering them incapable of assisting in
protein folding. Indeed, our proteomic analysis suggests that HNE
modifies PDI, Grp58, and Grp78, which are key participants in
protein folding. Previous studies have shown that modification by
HNE prevents the catalytic activity of PDI [47]. Hence, modifica-
tion of ER proteins by HNE could interfere with their folding
capacity, leading to an increase in the accumulation of misfolded
proteins or proteins that tend to aggregate.

That ER proteins are susceptible to modification by HNE is
also supported by the localization of the protein-HNE adducts.
By confocal microscopy, the majority of HNE-modified proteins
appeared to colocalize with the ER sequence retention marker,
KDEL (Fig. 1B). Reasons for the high vulnerability of ER proteins to
modification by HNE are unclear, but may be related to the
unique redox state of the ER, which maintains a highly oxidizing
environment. In the cytosol, the ratio of reduced to oxidized
glutathione is 450:1, whereas in the ER this ratio is 1:1 to 3:1
[48]. As a result, unsaturated carbonyls such as HNE appearing
in the ER cannot likely be detoxified by glutathione. Moreover,
aldehyde-metabolizing enzymes such as glutathione-S-transferase
and aldehyde reductases and dehydrogenases (as well as their
cofactors NADþ and NADPH) may not be as abundant in the ER as
they are in the cytosol. As a result, it is likely that proteins in the ER
are more vulnerable to modification by HNE and related electrophiles.

Experiments using the chemical chaperone PBA support the
concept that ER stress regulates autophagy. These interventions
decreased HNE-induced LC3-II formation and prevented HO-1
induction in HNE-treated cells. From our analysis of ER pathways
associated with the UPR, it appears that PERK activation is
required for autophagy in RASMC in response to HNE. Several
previous studies show that PERK activates autophagy [49–51]. Of
interest was the degree to which HNE activated PERK and its shift
to an apparent high molecular mass when phosphorylated.
As shown in Fig. 2, HNE was just as robust as tunicamycin at
inducing PERK phosphorylation. With HNE, tunicamycin, and
thapsigargin treatment, PERK formed an apparent dimer that
was not dissociated by reducing SDS-PAGE (e.g., see Suppl.
Fig. 1). Reasons for this non-characteristic phosphorylated form
of PERK remain unknown.

Our results also demonstrate that JNK activation is required for
autophagy in HNE-treated cells. Pharmacological inhibition of JNK
prevented LC3-II formation and decreased HO-1 expression in
response to HNE treatment. Furthermore, treatment with the JNK
inhibitor led to a small, but significant increase in cell death
in HNE-treated cells. Inhibition of ER stress pharmacologically
prevented JNK activation, LC3-II formation, and HO-1 induction,
suggesting that activation of JNK by HNE is a response down-
stream of ER stress that is responsible for the induction of
autophagy. Previous studies also suggest that ER stress activates
JNK and that JNK regulates autophagy. The mechanisms by which
ER stress leads to JNK activation appear to depend on the
experimental condition and cell type. In fibroblasts, activation of
JNK by ER stress was attenuated by deletion of IRE1a [31], but JNK
activation by ER stress inducers was also impaired in PERK-null
fibroblasts [28]. Because PERK, but not IRE1a, was activated by
HNE, it appears that JNK activation during HNE-induced ER stress
is mediated by PERK. PERK has been shown to be required for
autophagy [51]; yet, in some cell types, IRE1a appears to be the
predominant ER stress pathway that regulates autophagy [31,52].
Further studies are required to distinguish between the cytopro-
tective and death-effector roles of JNK and how it stimulates
autophagy when the pathways of protein folding and degradation
are compromised. In addition, it could be surmised that ER stress-
and JNK-mediated autophagy or mitophagy impact other com-
mon targets of electrophiles such as mitochondria. Of note,
smooth muscle cells in diseased vessels are characterized by
increased levels of protein-HNE adducts [19,34,53], ER stress
[54,55], and autophagosomes [32,56]. Relating these changes to
disease progression and discerning molecular and therapeutic
interventions are exciting prospects for future studies.
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