
Abstract. 4-Hydroxynonenal (4-HNE) is a peroxidation
product of ˆ-6-poly-unsaturated fatty acids and exerts growth
modifying as well as cytotoxic activities. This aldehyde
component of oxidized lipid is increased during the aging
process. In this study, to characterize the potential role of the
lipid peroxidation product in aging, we studied the effects of
4-HNE on cell proliferation and activation of cell-cycle
machinery and the mitogen-activated protein kinase signaling
pathway. 4-HNE-treated smooth muscle cells (SMCs) have
shown a different cell proliferation rate depending on 4-HNE's
incubation time and concentration. Interestingly, a prolonged
treatment of 0.1 μM 4-HNE (36 h) resulted in an increase of
cell growth in young SMCs but displayed cytotoxicity in
aged SMCs. Treatment with 4-HNE enhanced cyclin D1
expression and activation of the extracellular signal-regulated
kinase (ERK) signaling pathway, which were stronger in
young SMCs compared with aged SMCs. Moreover, 4-HNE-
induced cell proliferation and cyclin D1 expression were
significantly attenuated by PD98059, the ERK inhibitor, in
young SMCs. These data clearly indicate that increased cell
proliferation was associated with the induction of cyclin D1
expression which was regulated by ERK in 4-HNE-treated
young SMCs for 36 h. In contrast, we found that the cyto-
toxicity of aged SMCs to 4-HNE was partly related to
generation of ROS and that pretreatment with N-acetyl-L-

cysteine prevented 4-HNE-induced cell death in aged SMCs.
These results suggest that the prolonged treatment of 0.1 μM
4-HNE-induced cell growth inhibition was caused by
generation of ROS. Collectively, the age-related different
growth rates and responses to 4-HNE are related to the
expression level of cyclin D1, activation of the ERK signaling
pathway, and regulation of ROS generation in SMCs.

Introduction

Aging is an inevitable biological process which is characterized
by a general decline in physiological function. During the aging
process, free radical damages accumulate and anti-oxidant
capacities change, which is associated with oxidative stress
in cells and tissue (1). The accumulation of free radical
damage and changes in antioxidant capacity appear to induce
degenerative disease, atherosclerosis, neurodegenerative
disease, ischemia-reperfusion and cancer (2,3). One of the
major targets of oxidative damage is cellular membrane lipid
(4). During the process of lipid peroxidation, it is known to
produce many reactive species that are associated with
oxidative stress in cells and tissue (5). Lipid peroxidation is
associated with the pathogenesis of numerous diseases,
including atherosclerosis, diabetes, cancer, and rheumatoid
arthritis, as well as with aging (2,3,6).

4-HNE is a major lipid peroxidation product of n-6-
ployunsaturated fatty acids, such as arachidonic acid and
linoleic acid. Among several reactive lipid aldehydes, 4-HNE
is involved in various biological processes associated with
oxidative stress, modulation of cell signaling pathways and the
induction of apoptosis (7,8). 4-HNE is generated in relatively
large amounts at concentrations of 10 μM to 5 mM in response
to oxidative insults, which is believed to be largely responsible
for the cytopathological effects observed during oxidative
stress in vivo (5). 4-HNE exhibits a wide range of biological
activities that affect signaling cascades in a concentration-
dependent manner. A moderately high concentration of 4-HNE
can induce apoptosis (4,9) and differentiation (10). On the
other hand, low levels of 4-HNE promote cell proliferation
(11,12). Previous reports have shown that 4-HNE stimulated
rat (12) and mouse aortic SMC growth (13).
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In the present study, we hypothesize that 4-HNE could
induce different effects on cell proliferation, cell death, and
the MAPK cell signaling cascade affected by aging in SMCs.
To characterize the mechanisms of differential modulation of
4-HNE-induced mitogenesis and cell death, we analyzed its
effects on the expression of cell-cycle machinery, activation
of the MAPK signaling pathway, and ROS generation in
young and aged SMCs.

Materials and methods

Cell culture. Mouse SMCs were isolated from young (4 months
old) and aged (16 months old) mouse aortas by enzyme
digestion, as previously described in detail (13). In this
study, cells were grown in DMEM containing 10% heat-
inactivated FBS. Cells were used within five passages of
primary culture in experiments.

Proliferative capacities assay. 1x106 young and aged SMCs
were inoculated in 100-mm plates in complete DMEM culture
media. Cells were trypsinized at the indicated time and the
cell number was determined using the trypan blue exclusion
method. Three independent experiments were performed for
each experimental condition.

Cell proliferation assay. Cells were initially grown in 100-mm
plates in complete culture media for 24 h and, after washing
with PBS, were incubated in serum-free DMEM media for
48 h. Cells were treated with 0.1 μM 4-HNE (Cayman
Chemical, Ann Arbor, MI) in the presence of 0.1% FBS for
12, 24, and 36 h. At the end of the incubation periods, cells
were trypsinized and the cell number was determined using
the trypan blue exclusion method.

Cell counting kit-8 (CCK-8) assay. CCK-8 assay is nearly
proportional to the cell number and, thus, can be used to
determine proliferation and cytotoxicity. Cells were plated at
a concentration of 10,000 cells in 0.1 ml of 10% FBS-DMEM
per well in 96-well plates. After 24 h incubation, cells were
serum-starved for 48 h and treated with media containing
0.1% FBS alone or supplemented with 4-HNE (0.1-10 μM),
or a combination of 4-HNE with the inhibitor (5 μM
PD98059). The cells were then grown for an additional 36 h,
and the CCK-8 assay was carried out using the manufacturer's
instructions.

Western blotting. 4-HNE-treated cells were harvested using a
cell scraper in the presence of PBS and lysed in 0.1 ml of
lysis buffer (20 mM PIPES, 150 mM NaCl, 1.5 mM MgCl2,
1 mM EGTA, 1% Triton X-100, 0.1% SDS, pH 7.4) containing
protease inhibitors (10 μg/ml aprotinin, 10 μg/ml leupeptin,
1 mM PMSF and 1 mM sodium orthovandate). The collected
lysate in Eppendorf tubes was placed on ice for 30 min. After
centrifugation (20 min; 16,000 g at 4˚C), supernatants were
removed and the protein concentration was determined using
the BCA protein assay (Pierce, Rockford, IL). Protein from
each sample (50 μg) was resolved on 12% Tris-glycine gels
under reducing conditions, and transferred to PVDF membranes
(Millipore, Bedford, MA). Membranes were blocked with
5% skim milk in TBS-T (150 mM NaCl, 200 mM Tris, 0.1%

Tween-20) for 1 h and then incubated with one of the following
primary antibodies: cyclin D1, cyclin A, CDK4, actin, phospho-
ERK, -JNK, p38-specific antibodies (Santa Cruz Biotechno-
logy, Santa Cruz, CA). After overnight incubation at room
temperature, membranes were washed with TBS-T and
incubated with a 1:1000 dilution of HRP-conjugated secondary
antibody (1:1000 dilution; Santa Cruz Biotechnology) for 1 h
at room temperature. Membranes were then washed for 30 min,
treated with the ECL detection system (Amersham, Arlington
Heights, IL), and exposed X-ray film.

RNA isolation and reverse transcriptase-polymerase chain
reaction (RT-PCR). Total cellular RNA was extracted from
SMCs using the TRI reagent (Molecular Research Center,
Cincinnati, OH). cDNA was synthesized from 2 μg total RNA
using M-MLV reverse transcriptase (Gibco-BRL, Gaithersburg,
MD). The 50 μl PCR reaction mixture contained 36.6 μl
H2O, 5 μl 10X PCR buffer, 3 μl 25 mM MgCl2, 0.4 μl 100 mM
dNTP mix, 1 μl both sense and antisense primers, and 0.5 μl
Taq polymerase (5 units/μl). The primers for cyclin D1 and
actin were synthesized by Genomine Inc. (South Korea). The
sequence of the primers was as follows: cyclin D1 sense, 5'-
AGTGCGTGCAGAAGGAGATT-3'; cyclin D1 antisense,
5'-CACAACTTCTCGGCAGTCAA-3'; actin sense, 5'-ACG
ACATGGAGAAGATCTGGCACC-3'; and actin antisense,
5'-TCAGGCAGCTCATAGCTCTTCTC-3'. PCR was carried
out under the following conditions: 20 cycles of 95˚C for 1 min,
58˚C for 1.5 min, and 72˚C for 1.5 min with a final 10 min
extension cycle at 72˚C.

Measurement of reactive oxygen species (ROS) generation.
The generation of ROS was measured by flow cytometry
analysis using H2DCFDA (2',7'-dichlorodihydrofluorescein
diacetate) as a substrate. Briefly, SMCs were incubated with
0.1 μM 4-HNE for 36 h, loaded with 10 μM H2DCFDA 1 h
prior to harvesting. The fluorescence was measured at the
desired time intervals by flow cytometry. ROS generation was
assessed by the DCF fluorescence intensity (FL-1, 530 nm)
from 10,000 cells using a FACS Caliber flow cytometer
(Becton-Dickinson).

Statistical analysis. Quantitative results are given as means
± SE. For statistical evaluation, the results were analyzed
using the Student's t-test. Values of P<0.05 were considered
statistically significant.

Results

Modulation of 4-HNE on young and aged SMC proliferation.
To compare the proliferative capacities of young and aged
SMCs, cells were cultured in complete media containing 10%
FBS for 72 h. Cells were harvested and counted using the
trypan blue exclusion method after 24, 48, and 72 h. As shown
in Fig. 1A, the cell number of young SMCs increased up to
2.5-fold compared with that of aged SMCs after 72 h. This
result indicates that young SMCs showed a higher growth
rate compared with that of aged SMCs.

To evaluate the effects of 4-HNE on young and aged
SMC proliferation, we analyzed the total cell number using
the trypan blue exclusion method. After exposure of growth-
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arrested young and aged SMCs to 4-HNE (0.1-10 μM) for
36 h, the cell number was determined. The cell number was
increased after treatment with 0.1 μM or 0.5 μM 4-HNE
(27% and 15%, respectively, P<0.05) compared with controls
in young SMCs (Fig. 1B). In contrast, the cell number of
aged SMCs decreased in a dose-dependent manner (Fig. 1B).
In addition, we analyzed the time kinetic effect of 0.1 μM
4-HNE on young and aged SMC proliferation using the
trypan blue exclusion method after treatment for 12, 24, and
36 h. As shown in Fig. 1C, treatment with 0.1 μM 4-HNE
increased the cell proliferation in young and aged SMCs by
24 h, but decreased it in aged SMCs after 36 h. This result
indicates that short exposure to 4-HNE induces cell prolifer-
ation but prolonged exposure inhibits cell growth in aged
SMCs and 4-HNE induces different effects on cell proliferation
or cell death depending on age.

Effect of 4-HNE on the expression of cell-cycle related
proteins in young and aged SMCs. To determine whether
age-dependent cell proliferation in 4-HNE-treated SMCs is
related to the expression of cell-cycle machinery, protein
extracts were prepared from cells treated for indicated time
points. We found that 4-HNE treatment caused an increase in
cyclin D1 protein levels without detectable changes in cyclin
A and CDK4 protein levels in young SMCs (Fig. 2A).

However, cyclin D1 expression was slightly increased by
24 h but decreased after 36 h in 4-HNE-treated aged SMCs
(Fig. 2A). To investigate the mechanism by which 4-HNE
treatment increased cyclin D protein levels, we measured the
effect of 4-HNE on steady state cyclin D1 mRNA levels.
Total RNA was isolated from SMCs after treatment with
0.1 μM 4-HNE for 12, 24 and 36 h. The levels of mRNA
transcript of cyclin D1 were analyzed by RT-PCR. While the
expression levels of cyclin D1 mRNA had peaked at 12 h and
were sustained until 36 h in young SMCs, the expression
level of cyclin D1 slightly increased in aged SMCs by 24 h
but decreased after 36 h (Fig. 2B). These data clearly indicate
that induction of cyclin D1 expression was regulated by 4-HNE
in a transcriptional level.

4-HNE-induced activation of ERK is stronger in young SMCs
than in aged SMCs. To investigate the mechanisms involved
in stimulation of growth in SMCs induced by 0.1 μM 4-HNE,
we decided to evaluate the activation of MAPK signaling
pathways including ERK in 4-HNE-treated-SMCs. The
phosphorylation levels of ERK, JNK, and p38 were detected
by Western blot analysis using their phospho-specific anti-
bodies. Only 4-HNE-induced ERK activation was significantly
increased in young and aged SMCs, which was maximally
activated after treatment for 90 min (Fig. 3A). The activation
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Figure 1. Effect of 4-HNE on young and aged SMC proliferation. (A) Proliferative capacity of SMCs. Young and aged SMCs were plated at equal densities
overnight and cultured in standard growth media for 72 h. Cells were counted in triplicate for the indicated periods of time. Results are presented as mean ± SE
for three independent experiments. *P<0.05 compared with aged SMCs. (B) Dose effect of 4-HNE on SMC proliferation. Growth-arrested SMCs were treated
with various concentrations of 4-HNE for 36 h and cells were counted in triplicate for the indicated periods of time. Results are presented as mean ± SE for
three independent experiments. *P<0.05 compared with control. (C) Time effect of 4-HNE on SMC proliferation. Growth-arrested SMCs were treated with
0.1 μM 4-HNE for the indicated times. Cells were counted in triplicate for the indicated periods of time. Results are presented as mean ± SE for three
independent experiments. *P<0.05 compared with control.
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intensities of phospho-ERK were higher in young SMCs than
in aged SMCs (Fig. 3A). However, 4-HNE treatment slightly
increased the phosphorylation status of JNK but not p38
MAPK (Fig. 3A). In dose-response experiments, young and
aged SMCs were treated with various concentrations of 4-HNE
for 90 min as indicated in Fig. 3B. The increase in ERK
phosphorylation peaked at 0.1 μM 4-HNE and decreased at a
high dose of 4-HNE (above 0.5 μM). The intensity of ERK
activation by 4-HNE was higher in young SMCs than in aged
SMCs (Fig. 3B).

The mitogenic effect of 4-HNE is at least partly mediated by
the ERK signaling pathway in young SMCs. We focused on the
role of 4-HNE affected by aging in increasing cell proliferation
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Figure 3. Effects of 4-HNE on phosphorylation of MAPKs in SMCs. (A)
Time effect of 4-HNE on phosphorylation of MAPKs. SMCs were stimulated
with 0.1 μM 4-HNE for the indicated periods of time. The whole-cell lysates
were analyzed by immunoblot analysis using various antibodies against the
phospho-MAPKs. To ascertain that the total level of each MAPK did not
change, blots were stripped and reprobed with the antibodies against the
corresponding total MAPK. (B) Dose effects of 4-HNE on phosphorylation
of ERK. SMCs were stimulated with the indicated concentrations of 4-HNE
for 90 min. The whole-cell lysates were analyzed by immunoblot analysis
using various antibodies against the phospho-ERK.

Figure 2. Effects of 4-HNE on the expression levels of cell-cycle regulatory proteins in SMCs. (A) Cell lysates were prepared as described in Materials and
methods. Equal amounts of whole cell lysate (50 μg) were subjected to electrophoresis and analyzed by Western blotting for cyclin D1, cyclin A, CDK4 and
actin. (B) Effect of 4-HNE on mRNA expression of cyclin D1. SMCs were treated with 0.1 μM 4-HNE for the indicated periods of time. Total cellular RNA
was extracted from 4-HNE-treated SMCs and RT-PCR analysis was performed using primers specific for cyclin D1 and actin. A representative result is
shown; two additional experiments yielded similar results. The bottom panel showed cyclin D1 mRNA levels normalized to actin mRNA levels.
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or inhibiting cell growth in SMCs. To study the mechanism
of 4-HNE to induce cell proliferation in young SMCs, we
examined the action of the specific inhibitor, PD98059, on
young SMC proliferation and expression of cyclin D1. Pre-
treatment of 5 μM PD98059 abrogated 4-HNE-induced
cell proliferation in young SMCs that was not inhibited by
PD98059 single treatment (Fig. 4A). To confirm the relation-
ship between the ERK signaling pathway and cyclin D1
expression in 4-HNE-treated SMCs, cells were pretreated with
PD98059 and incubated in the presence of 0.1 μM 4-HNE
for 36 h. As shown in Fig. 4B, pretreatment of 5 μM PD98059
attenuated 4-HNE-induced cyclin D1 expression in young
SMCs, suggesting that the mitogenic effect of 4-HNE is
regulated by the ERK signaling pathway.

4-HNE-induced cell death is mediated through the generation
of ROS in aged SMC. To verify that observed decreases in
aged SMC viability in response to 4-HNE treatment were due
to generation of ROS, we analyzed the production of ROS in

4-HNE-treated SMCs (Fig. 5A). During the aging of many cell
types, there appears to be an increased level of ROS generation
(14-16). After 4-HNE treatment, H2O2 levels were increased in
aged SMCs but not young SMCs (Fig. 5B). We then examined
the relationship between ROS generation and cell death in
4-HNE-treated aged SMCs. Pretreatment with NAC prevented
cell death induced by 4-HNE in aged SMCs, suggesting that
4-HNE-induced cell death was related to generation of ROS
in aged SMCs (Fig. 5C).

Discussion

The present study was initiated to determine whether 4-HNE
may increase cell proliferation in mouse SMCs and to compare
the ability of 4-HNE-induced cell proliferation and cell death
between young and aged SMCs. Consistent with previous
observations, we found that 4-HNE was toxic to cells at high
concentrations while lower concentrations induced cell growth
(Fig. 1B). Interestingly, 0.1 μM 4-HNE induced a reverse
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Figure 4. Effects of ERK inhibitor on cell proliferation and cyclin D1 expression in young SMCs. (A) 4-HNE-induced cell proliferation was inhibited by
PD98059 in young SMCs. Five μM PD98059 pretreated-SMCs were stimulated with 0.1 μM 4-HNE for 36 h and cells were counted in triplicate for 36 h.
Results are presented as mean ± SE for three independent experiments. *P<0.05 compared with 4-HNE-treated SMCs. (B) 4-HNE-induced increase of cyclin D1
expression was reduced by PD98059. The whole-cell lysates were analyzed by immunoblot analysis using cyclin D1 antibody. For normalization of loading,
blots were stripped and reprobed with the antibody against the corresponding actin. The bottom panel shows cyclin D1 protein levels normalized to actin
protein levels.
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effect in prolonged 4-HNE-treated SMCs which increased
cell proliferation in young SMCs but inhibited cell growth in
aged SMCs (Fig. 1C). This result suggests that 4-HNE could
elicit opposite responses based on its exposure time and aging
in SMCs.

To assure the differences in response to 4-HNE in young
and aged SMCs, we examined the expression level of cell-cycle
related protein, activation of MAPK, and ROS generation in
4-HNE-treated SMCs. Firstly, to elucidate that the specific
cell-cycle regulatory proteins are responsible for an age-
dependent differential cell proliferation rate and response by
4-HNE, we examined the expression levels of cyclin D1,
cyclin A, and CDK4 proteins. As shown in Fig. 2A, cyclin
D1 expression was elevated in young SMCs without any
change in cyclin A and CDK4 proteins. In contrast, cyclin
D1 expression was slightly increased by 24 h but decreased
after 36 h in 4-HNE-treated aged SMCs (Fig. 2A). Also, we
have found that cyclin D1 mRNA was induced in 4-HNE-
treated SMCs, suggesting that elevation of cyclin D1 protein
may be regulated in transcriptional level (Fig. 2B). Moon et al

reported that the responsiveness to 4-HNE or ·-thrombin
was greater in young SMCs compared with aged SMCs, which
was caused by differential expression of cyclin D1 (13).
Together, differential cell proliferation rate and response to
4-HNE were partly related to levels of cyclin D1 expression
in SMCs.

The MAPK signaling cascade has been shown to regulate
a wide variety of cellular events such as cell proliferation,
differentiation and development. In previous studies, it was
reported that 4-HNE induced rat SMC and T-cell growth
through activation of ERK, JNK, p38 MAPK pathways
(12,17-19). In our study, 4-HNE activated the ERK signal
pathway and slightly increased the phosphorylation status of
JNK but not p38 pathways (Fig. 3A). The occurrence of
MAPK activation in discrepancy may be explained by
differences of 4-HNE concentration. The intensity of ERK
activation was stronger in young SMCs than in aged SMCs.

It was reported that cyclin D1 expression is associated with
activation of ERK following platelet-derived growth factor
stimulation and that cyclin D1, which is a key regulator of G1
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Figure 5. Effects of ROS scavenger, NAC, on 4-HNE-induced cell death in aged SMCs. (A) Treatment with 4-HNE induced cell death in aged SMCs.
Growth-arrested SMCs were treated with 0.1 μM 4-HNE for 36 h and the cell number was analyzed using a CCK-8 kit. Results are presented as mean ± SE
for three independent experiments. *P<0.05 compared with control. (B) Treatment with 4-HNE provoked production of ROS in aged SMCs but not in young
SMCs. SMCs were incubated with 0.1 μM 4-HNE for 36 h, loaded with 10 μM H2DCFDA 1 h prior to harvesting. The fluorescence was measured at the
desired time intervals by flow cytometry. (C) 4-HNE-induced cell death is mediated through the generation of ROS in aged SMCs. SMCs were pretreated for
1 h with the indicated doses of NAC, treated with 4-HNE for an additional 36 h, and analyzed using CCK-8 assay. Values are expressed as percentage of
control, and each bar represents the mean ± SE of triplicate determinations. *P<0.05 compared with 4-HNE-treated aged SMCs.
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progression in mammalian cells, is also a key downstream
target of ERKs (20). In the present study, we examined
whether the differential activation of ERK was important for
the regulation of cell growth and cyclin D1 expression in
SMCs. We observed that 4-HNE treatment activates the ERK
signal pathway and that the inhibition of this signaling path-
way, using a specific ERK inhibitor (PD98059), significantly
reduced 4-HNE-induced SMC proliferation and cyclin D1
expression in young SMCs (Fig. 4). In aged SMCs, treatment
with PD98059 decreased the expression of cyclin D1 and
potentiated 4-HNE-induced cell death (data not shown).
These results show that 4-HNE stimulates SMC proliferation
requiring activation of ERK and that cyclin D1 is a key
downstream target of ERKs in 4-HNE-treated SMCs. Together
with our data, previous studies have shown that cell prolifer-
ation and cyclin D1 gene activation is dependent upon the
activation of MAPK (21,22). Further investigation is needed
to provide direct evidence of the ability of ERK to increase
cell proliferation in 4-HNE-treated SMCs.

Finally, to elucidate the mechanism of cell-growth
inhibition in 0.1 μM 4-HNE-treated aged SMCs, we analyzed
the relationship between ROS production and cell death. As
shown in Fig. 5B and C, ROS generation was increased in
aged SMCs but not in young SMCs and pretreatment of
aged SMCs with NAC inhibited 4-HNE-induced cell death,
indicating that 4-HNE-induced cell death was mediated by
ROS generation. To elucidate whether 4-HNE-induced cell
death was dependent on the caspase pathway, we analyzed
caspase-3 activity. We did not detect any changes in caspase-
3 activity in 4-HNE-treated SMCs (data not shown). Therefore,
4-HNE-induced growth inhibition in prolonged 4-HNE-treated
aged SMCs could be caused by cell death that is mediated by
the caspase-3 independent pathway through a generation of
ROS. Additional experiments are necessary to determine the
possible mechanism of cell death in prolonged 4-HNE-treated
aged SMCs. Our future aim is to define the biological con-
sequences of age-related different responses to 4-HNE that
could be linked to age-related various degenerative processes,
including vascular dysfunction.

In conclusion, we have shown that 4-HNE exerts
differential modulation on cell proliferation that is mediated,
at least in part, through cyclin D1 and the ERK signaling
pathway in young SMCs and induces cell death through a
generation of ROS in aged SMCs.
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