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Purpose: This study aimed to investigate the mechanism by which 4-hydroxynonenal (HNE), a key lipid peroxidation
product, promotes vascular dysfunction, including that observed in diabetic retinopathy, which is a leading cause of
blindness in the working-age population. The focus was specifically on the effect of HNE on cyclooxygenase-2 (COX-2)
expression and nitric oxide (NO) generation within vascular smooth muscle cells (VSMCs). Methods: VSMCs were
treated with HNE, and the effects were analyzed using western blotting for protein expression, reverse transcriptase-
polymerase chain reaction (RT-PCR) for mRNA levels, cellular fractionation for extracellular signal-regulated kinase
(ERK) localization, and specific inhibitors (U0126, SB203580, and indomethacin) to delineate the signaling pathways.
Intracellular NO formation was measured using flow cytometry with 4,5-diaminofluorescein (DAF-2) as a specific NO
indicator. Results: HNE treatment significantly increased COX-2 expression and NO production in VSMCs. This effect
was mediated through the ERK pathway, as evidenced by HNE-induced ERK phosphorylation, nuclear translocation, and
complete inhibition of both COX-2 and NO generation by the ERK inhibitor U0126. The p38 MAPK inhibitor
SB203580 and the COX-2 inhibitor indomethacin did not suppress HNE-induced NO production, indicating that ERK
activates COX-2 and NO through independent pathways. Conclusions: This study demonstrated that HNE induces
COX-2 expression and NO production in VSMCs via the ERK signaling pathway, suggesting that targeting the upstream

HNE-ERK signaling axis could be a promising therapeutic strategy for diabetic vascular complications.
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Introduction

Diabetic retinopathy (DR) remains a leading cause of
acquired blindness among the working-age population
worldwide. While DR is now widely recognized as a
complex neurovascular disease, its pathology is funda-
mentally driven by progressive dysfunction of the reti-
nal vasculature. This vascular dysfunction is the cornerstone
of the early, non-proliferative stage of diabetic retinopa-
thy, and its progression dictates the severity of the dis-
ease.l') Specifically, the early stages are characterized by
severe endothelial and vascular smooth muscle cell
(VSMC) impairment, leading to three critical physiologi-
cal abnormalities: impaired blood flow regulation, sig-
nificantly increased vascular permeability (breakdown of
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the blood-retinal barrier), and eventual capillary drop-
out, culminating in localized retinal ischemia and subse-
quent vision loss.># Understanding the molecular triggers
that initiate and sustain this early vascular dysfunction is
crucial for therapeutic intervention.

Diabetic vascular complications, encompassing both
macrovascular (e.g., atherosclerosis) and microvascular
(e.g., retinopathy, nephropathy) diseases, represent the
principal cause of morbidity and mortality in patients
with diabetes.” A central component of this pathogene-
sis is oxidative stress, characterized by excessive genera-
tion of reactive oxygen species (ROS) in retinal tissue.
)" A critical consequence of this oxidative damage is
lipid peroxidation, leading to the formation of biologi-
cally active aldehydes, with 4-hydroxynonenal (HNE)
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being one of the most abundant and potent.” Clinical
evidence demonstrates significantly elevated HNE lev-
els in diabetic patients with retinopathy,”® underscoring
its clinical relevance. However, despite the established
role of HNE as the precise molecular mechanisms
through which it contributes to diabetic vascular dys-
function remain incompletely characterized.

Concurrently, the inflammatory response plays a piv-
otal role in vascular dysfunction including diabetic reti-
nopathy. Cyclooxygenase-2 (COX-2), the inducible isoform
of the rate-limiting enzyme in prostaglandin synthesis, is
a key mediator of inflammation. COX-2 expression is
markedly upregulated in the retinas of diabetic patients
and animal models.” The prostanoids derived from
COX-2 activity, such as prostaglandin E2 (PGE2) and
thromboxane A2, contribute to vascular dysfunction by
promoting inflammation, enhancing vascular permeabil-
ity, and potentiating vasoconstriction.!*!!

While the individual roles of oxidative stress (via
HNE) and COX-2-driven inflammation in vascular dys-
function are increasingly appreciated'”, the direct molec-
ular link between HNE and COX-2 in the context of
retinal VSMCs remains less explored. Notably, the ERK/
MAPK signaling pathway, a key regulator of cell prolif-
eration and inflammation, is a potential candidate for
mediating this link.

Therefore, this study aims to investigate the up-regula-
tion of COX-2 by HNE in VSMC, with a focused
inquiry into the role of ERK signaling. We seek to elu-
cidate whether HNE treatment directly induces COX-2
expression and activity in VSMCs and to determine the
essential role of ERK activation. Understanding this spe-
cific signaling cascade will provide the molecular mech-
anisms driving vascular pathology and may identify new
therapeutic targets for intervening in the destructive
cycle of oxidative stress and inflammation.

Materials and Methods

1. Cell culture and HNE treatments

The rat aortic smooth muscle cell line A10 (Ameri-
can Type Culture Collection, USA) was cultured in Dul-
becco's modified Eagle's medium (DMEM; Sigma-Aldrich,
USA) supplemented with 10% fetal bovine serum
(FBS), 100 U/mL penicillin, and 100 pg/mL streptomy-
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cin at 37°C in a humidified 5% CO: atmosphere. For
experiments, cells were seeded in 12-well plates at 4x10*
cells/well in complete medium. After overnight attach-
ment, cells were serum-starved in DMEM containing
0.5% FBS and pre-treated with specific inhibitors for 30
minutes, followed by treatment with 4-hydroxynonenal
(HNE; >98% purity, Cayman Chemical, USA). HNE
was dissolved in phosphate-buffered saline (PBS) imme-
diately prior to each experiment, with final ethanol con-
centration maintained below 0.1%.

2. Assay of NO generation

Intracellular nitric oxide (NO) generation was mea-
sured using the NO-specific fluorescent probe 4,5-
Diaminofluorescein (DAF-2)!"*. DAF-2 selectively reacts
with NO to form the fluorescent triazolofluorescein,
which is excited at 490-495 nm. A stock solution of DAF-
2 (1 mg in 0.55 ml dimethyl sulfoxide) was stored at -
20°C. For experiments, a working solution (0.5 pg/ml)
was freshly prepared in 50 mM nitrogen-purged phos-
phate buffer (pH 7.4). Where indicated, cells were pre-
incubated for 30 minutes with inhibitors: 50 uM PTIO
(an NO scavenger), 10 uM U0126 (an ERK inhibitor),
1 uM indomethacin (a COX inhibitor), or 10 uM
SB203580 (a p38 MAPK inhibitor). Cells grown in 12-
well plates were then loaded with 10 uM of the cell-
permeable diacetate form of the probe (DAF-2 DA) for
30 minutes at 37°C, followed by stimulation with HNE
for an additional 30 minutes. Reactions were terminated
by aspiration. Cells were trypsinized, collected on ice,
and analyzed immediately by flow cytometry (BD
FACSLyric, BD Biosciences, USA). Fluorescence inten-
sity, which is proportional to the amount of NO trapped,
was measured for 10,000 events per sample. Data are
presented as the mean fluorescence intensity, analyzed
from histogram plots of cell number versus FL-1 chan-
nel fluorescence.

3. Western blot analysis

Following treatment, cells were harvested, washed
twice with ice-cold phosphate-buffered saline (PBS), and
lysed in TNN lysis buffer (50 mM Tris/HCI pH 8.0,
120 mM NaCl, 0.5% Nonidet P-40) containing protease
inhibitors (aprotinin, leupeptin, PMSF, pepstatin, DTT)
and phosphatase inhibitors (NaF, Na;VOa) for 1 hour on
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ice with periodic vortexing every 10 minutes. After cen-
trifugation at 8,000xg for 30 minutes to remove debris,
protein concentration in the supernatant was quantified
using the Lowry method with BSA standards. Equal
protein amounts were resolved by 10-15% SDS-PAGE
and transferred onto nitrocellulose membranes (BIO-
RAD, Korea) for immunoblotting. Antibodies used for
detecting proteins were mouse monoclonal anti COX-2
(610204, 1:500, BD Biosciences, San Jose, CA), rabbit
anti-human PGI synthase (Santa Cruz SC-20933, 1:200).

4. Reverse Transcriptase-Polymerase Chain Reaction
(RT-PCR)

Total RNA (2 pg) was reverse-transcribed using ran-
dom primers. Briefly, RNA and primers were denatured
at 75°C for 5 min and cooled on ice. Reverse transcrip-
tion was performed in a 20 pL reaction containing 1%
buffer, 0.5 mM dNTPs, 0.01 M DTT, 100 U reverse
transcriptase, and 16.5 U RNase inhibitor at 37°C for 2
hours. Reactions were terminated at 100°C for 2 min.
For PCR amplification, specific primers were used:
COX-2 (F: 5-TTCAAATGAGATTGTGGGAAAAT-3',
R: 5-AGATCATCTCTGCCTGAGTATCTT-3") and B-
actin (F: 5~AAGGAAGGCTGGAAGAGTGC-3", R: 5'-
CTACAATGAGCTGCGTGTGG-3") as internal control.
PCR products were resolved on 0.8% agarose gels and
visualized with ethidium bromide under UV illumination.

5. Statistics

All data are presented as mean £ SEM of at least
three independent experiments. Statistical significance
was determined by one-way ANOVA followed by Dun-
nett's post-hoc test for multiple comparisons. A p-value
less than 0.05 was considered statistically significant.
(Sigma Stat 2.0, Jandel Scientific, Chicago, IL). Differ-
ences were considered statistically significant at p<0.05.

Results

1. Induction of COX-2 expression by 4-HNE in
VSNCs

We first investigated whether 4-Hydroxynonenal (HNE)
directly induces cyclooxygenase-2 (COX-2) expression
in vascular smooth muscle cells (VSMCs). Western blot
analysis revealed that treatment with HNE (5-30 pM)
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Fig. 1. HNE induces COX-2 expression in VSMC.

A. Representative westem blots images showing COX-
2 protein expression levels in VSMCs treated with
the indicated concentrations of HNE for 24 h. Upregu-
lation of COX-2 expression by HNE. B. Quantifica-
tion of COX-2 expression was performed using den-
sitometric analysis. The results represent means =
S.E.M. of three independent experiments. Statisti-
cal significance: *p<0.05, **p<0.01 vs. control.

significantly increased COX-2 protein levels (Fig. 1).
This finding demonstrates that HNE, a key lipid peroxi-
dation product, acts as a potent inducer of COX-2
expression in VSMCs.

2. HNE mediates ERK activation

To explore the mechanism underlying HNE-induced
COX-2 expression, we examined the role of the extra-
cellular signal-regulated kinase (ERK) signaling. Western
blot analysis showed that HNE treatment significantly
increased phosphorylated ERK (p-ERK) levels without
altering total ERK expression (Fig. 2). This indicates
that HNE activates the ERK signaling pathway in
VSMCs. Although ERK phosphorylation in response to

HNE has been previously reported,!*!”!

our findings
specifically verify this signaling event in VSMCs, show-
ing that HNE treatment markedly enhances ERK phos-

phorylation.

3. Nuclear translocation of ERK by HNE treatment
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Fig. 2. HNE activates the ERK signaling pathway.
Representative western blots showing phosphorylated
ERK (p-ERK) and total ERK (+ERK) levels in VSMCs
treated with HNE (20 pM) for the indicated dura-
tions. HNE treatment induced a sustained increase
in ERK phosphorylation from 30 min to 120 min.
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Fig. 3. HNE promotes nuclear translocation of phosphory-
lated ERK.
Cellular fractionation analysis showing the distribu-
tion of p-ERK in the cytosolic and nuclear frac-
tions of VSMCs ftreated with HNE (20 pM) for
the indicated durations. Cellular fractionation demon-
strated that HNE treatment promotes the translo-
cation of phosphorylated ERK from the cytosol to
the nucleus. Nuclear accumulation of ERK was
prominent at 60 min, coinciding with a reduction
in its cytosolic fraction.

Since ERK activation typically involves nuclear trans-
location to regulate gene transcription,l'® we investigated
the subcellular localization of ERK following HNE treat-
ment. Cellular fractionation assays demonstrated that
HNE promoted the translocation of phosphorylated ERK
from the cytosol to the nucleus (Fig. 3). This result con-
firms that HNE not only activates ERK but also facili-
tates its nuclear translocation, enabling ERK to modulate
the transcription of target genes such as COX-2. These
findings provide further mechanistic insight into how

HNE drives inflammatory gene expression in VSMCs.

4. Transcriptional upregulation of COX-2 by HNE
To determine whether HNE-induced COX-2 expres-
sion occurs at the transcriptional level, we measured
COX-2 mRNA levels using RT-PCR. HNE treatment
led to a significant increase in COX-2 mRNA expres-
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Fig. 4. HNE upregulates COX-2 mRNA level.

RT-PCR analysis of COX-2 mRNA levels in VSMCs
treated with increasing concentrations of HNE for
6h or with 20 pM HNE for various durations,
showing that COX-2 mRNA increased from 6 h
and peaked by 18 h. GAPDH was used as the
positive control. The data are representative of at
least 3 independent experiments.

sion (Fig. 4). The time-course experiment showed that
COX-2 mRNA levels began to increase within 6 hours
of HNE treatment, reaching maximum levels at 18
hours. This transcriptional activation, combined with the
observed ERK nuclear translocation, supports the hypoth-
esis that HNE activates the ERK pathway to enhance
COX-2 transcription, thereby amplifying inflammatory
signaling in VSMCs under vascular dysfunction.

5. Reduction of HNE-induced COX-2 mRNA by
ERK inhibitor

To confirm the specific role of ERK signaling in
HNE-induced COX-2 expression, we pre-treated VSMCs
with the ERK inhibitor U0126 and the p38 MAPK
inhibitor SB203580.!'7 Pre-treatment with U0126 sig-
nificantly suppressed HNE-induced COX-2 mRNA
expression, whereas SB203580 had no inhibitory effect
(Fig. 5). As a positive control, the NO donor SNAP also
increased COX-2 mRNA levels, and this induction was
similarly increased by HNE.

HNE 10 uM
Cont HNE U0126 SB SNAP

Fig. 4. HNE upregulates COX-2 mRNA level.
RT-PCR analysis of COX-2 mRNA levels in VSMCs
treated with increasing concentrations of HNE for 6 h
or with 20 yM HNE for various durations, showing that
COX-2 mRNA increased from 6 h and peaked by 18
h. GAPDH was used as the positive control. The data
are representative of at least 3 independent experiments.

COX-2
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6. Reduction of HNE-induced NO generation by
ERK inhibitor

Based on our previous findings demonstrating that
HNE promotes nitric oxide (NO) generation and consid-
ering the well-established role of NO in vascular dys-
function,!"®!”) we investigated whether the ERK signaling
pathway mediates HNE-induced NO production in
VSMCs. To test this hypothesis, we measured NO levels
in VSMCs following HNE treatment with or without
pre-treatment with specific inhibitors. HNE-induced NO
production was suppressed by the ERK inhibitor U0126
but was unaffected by the COX-2 inhibitor indomethacin.
(20 These results demonstrate that HNE-induced NO
production is mediated through the ERK pathway (inhib-
ited by U0126) but operates independently of COX-2
activity (not inhibited by indomethacin) (Fig. 6).

Discussion

Our findings demonstrate that 4-hydroxynonenal (HNE)
is a potent inducer of both cyclooxygenase-2 (COX-2)
expression and nitric oxide (NO) production in vascular
smooth muscle cells (VSMCs). The dose-dependent
upregulation of COX-2 protein and mRNA establishes a
direct molecular link between this key lipid peroxidation
product and a major inflammatory pathway.'? HNE-
induced COX-2 upregulation is specifically mediated
through the ERK pathway (Fig. 5). While ERK inhibi-
tion suppressed both COX-2 expression and NO produc-
tion, the COX-2 inhibitor indomethacin failed to inhibit
HNE-induced NO generation. These results confirm the
central role of ERK activation in linking oxidative stress
(via HNE) to inflammatory responses in VSMCs.

Taken together, our data indicates that HNE activates
COX-2 and iNOS/NO through independent pathways
downstream of ERK, rather than in a sequential cas-
cade. This parallel activation mechanism enables HNE
to amplify the inflammatory response by simultane-
ously engaging multiple effector pathways. In line with
previous reports, ™! our results demonstrate that VSMCs
exposed to elevated HNE levels in the diabetic vascula-
ture are driven into a pro-inflammatory state, character-
ized by heightened COX-2 expression.
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Fig. 6. ERK iinhibitor attenuates HNE-induced NO production
through a COX-2 independent pathway.
NO production in VSMCs pre-treated with U0126 (10
uM), SB203580 (10 pM), or indomethacin (10 uM,
COX-2 inhibitor) for 30 min, followed by HNE (20 uM)
treatment for 1 h with DAF-2, and analyzed using FACS.
2-(4-Carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-
oxyl 3-oxide (PTIO, NO scavenger), 50 uM, was used
as the negative control. HNE-induced NO production
was suppressed by the ERK inhibitor U0126 but was
unaffected by the COX-2 inhibitor indomethacin. A.
Representative histogram plots of cell numbers versus
fluorescence intensity (FL-1). B. The data represent
the percentage of DAF-2 fluorescence intensity
relative to that of the control. Data are presented as
mean+S.E.M. (n=3). *p<0.05, **p<0.01 vs. control; *p
<0.05, #p<0.01 vs. HNE-only group.
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Conclusions

This research demonstrates that the lipid peroxidation
product HNE activates the ERK signaling pathway in
vascular smooth muscle cells. This ERK activation simul-
taneously increases both COX-2 inflammatory enzyme
and nitric oxide (NO) production. Experiments using
ERK inhibitors confirmed the importance of this path-
way, while also revealing that COX-2 and NO effect
through distinct mechanisms. These findings suggest that
the HNE-ERK signaling pathway could be an import-
ant therapeutic target for vascular dysfunction.
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HZHS MM 4-hydroxynonenalol] 2]st
cyclooxygenase-22| ol

O|X|¥t* ZM==1 ofAad?
A st P, w, i, 42078
2H o EIE, AL, U, 41454
72920253 129 19), 38220259 122 129), AL (20253 129 22¥)

EF: 2 Ay XE ikste] 2 AYAHEQ] 4-hydroxyonenal(HNE)7}, &2 B Fo|A] Aol Fa ARlo] H
v B S A BEEE R Ve ZNE AGA SR 2 71AS ZARIAT 53] RHEIA|E
(VSMCs)ollA] HNEZ} Alo]E 22 A]ALHA]-2(COX-2) Ba 3t U2kl (NO) A0l tlxe Jgkl] 248 ¢
t}. ¥HY: VSMCsol HNES 2]t &, ohuld W3S Western blot® 2, mRNA W& AAAL 2FE 40 Ak
(RT-PCR), ERK®] MX U] 9x]= ME B, Al dg HZ= 5ol3 AA|(U0126, SB203580, indomethacin)
£ AREst] B3890 AlE W NO AL E0]8 NO A3EAIQ] 4,5-Diaminofluorescein(DAF-2) 8% ¢S o]
23} Flow Cytometry= =33}t 23 HNE 22]E VSMCsollA COX-2 2387 NO XS FoulsH 714
At o] &= HNEY] 93l =% ERK 14k}, 3o 29] o)F, 18]al ERK YAA uo1260] €3 COX-2 %
NO 3k 4ol 943 A =S Sa) gl ZxE 2w ERK FE9 93] wi7js= Ao2 vebsdtth p38 MAPK
oA A ¢l SB203580% COX-2 Y A|A] indomethacin®& HNEO] 2J3] FE=% NO AAS oA3# £, ol
ERK7} COX-29} NOE WE Aol E5HARI AZ2E 53 435S Yehdoh d8: & 7+ HNE’} ERK A
SAG ARE B AHGZAE(VSMCs) U COX-2 F&3} NO XS FEdHs d=Fstgon, ol A9 o
A1 HNE-ERK Al &35-& %202 sh= Zo] Py 3 I a2 x5dghe] & 4= J3-S AJARTH

v =
FH0f: AIZESAIAIUAL-2, 4-5lo|==A U, AFshE:, ] daold, ERK
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