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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.[1] 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 

the blood-retinal barrier), and eventual capillary drop-

out, culminating in localized retinal ischemia and subse-

quent vision loss.[2-4] 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.[5] A central component of this pathogene-

sis is oxidative stress, characterized by excessive genera-

tion of reactive oxygen species (ROS) in retinal tissue. 
[6] 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.[7] Clinical 

evidence demonstrates significantly elevated HNE lev-

els in diabetic patients with retinopathy,[8] 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.[9] 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.[10,11] 

While the individual roles of oxidative stress (via 

HNE) and COX-2-driven inflammation in vascular dys-

function are increasingly appreciated[12], 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 µg/mL streptomy-

cin at 37°C in a humidified 5% CO₂ atmosphere. For 

experiments, cells were seeded in 12-well plates at 4×10⁴ 

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)[13]. 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 µg/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 µM PTIO 

(an NO scavenger), 10 µM U0126 (an ERK inhibitor), 

1 µM indomethacin (a COX inhibitor), or 10 µM 

SB203580 (a p38 MAPK inhibitor). Cells grown in 12-

well plates were then loaded with 10 µM 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/HCl pH 8.0, 

120 mM NaCl, 0.5% Nonidet P-40) containing protease 

inhibitors (aprotinin, leupeptin, PMSF, pepstatin, DTT) 

and phosphatase inhibitors (NaF, Na₃VO₄) for 1 hour on 
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ice with periodic vortexing every 10 minutes. After cen-

trifugation at 8,000×g 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 µg) 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 µL 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 β-

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 µM) 

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,[14,15] 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

Fig. 1. HNE induces COX-2 expression in VSMC.  

A. Representative western 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.
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Since ERK activation typically involves nuclear trans-

location to regulate gene transcription,[16] 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-

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.[17] 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. 

Fig. 2. HNE activates the ERK signaling pathway.  

Representative western blots showing phosphorylated

ERK (p-ERK) and total ERK (t-ERK) levels in VSMCs 

treated with HNE (20 µM) for the indicated dura-

tions. HNE treatment induced a sustained increase 

in ERK phosphorylation from 30 min to 120 min.

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 treated with HNE (20 µM) 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.

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 µM 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.

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 µM 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.
Vol. 30, No. 4, December  2025 J Korean Ophthalmic Opt Soc.
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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,[18,19] 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.[12] 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,[9,15] 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.

Fig. 6. ERK iinhibitor attenuates HNE-induced NO production 

through a COX-2 independent pathway. 

NO production in VSMCs pre-treated with U0126 (10 

µM), SB203580 (10 µM), or indomethacin (10 µM, 

COX-2 inhibitor) for 30 min, followed by HNE (20 µM) 

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 µM, 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.
Vol. 30, No. 4, December  2025 J Korean Ophthalmic Opt Soc.
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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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혈관평활근세포에서의 4-hydroxynonenal에 의한

cyclooxygenase-2의 발현

이지영1,
*, 강성수1, 이석원2

1수성대학교 안경광학과, 교수, 대구, 42078
2코리아옵티컬, 안경사, 대구, 41454 

투고일(2025년 12월 1일), 수정일(2025년 12월 12일), 게재확정일(2025년 12월 22일)

목적: 본 연구는 지질 과산화의 주요 생성물인 4-hydroxyonenal(HNE)가, 근로 연령층에서 실명의 주요 원인이 되           

는 당뇨망막병증에서 관찰되는 혈관 기능장애를 어떻게 촉진하는지 그 기전을 조사하였다. 특히 혈관평활근세포           

(VSMCs)에서 HNE가 사이클로옥시게나제-2(COX-2) 발현과 일산화질소(NO) 생성에 미치는 영향에 초점을 맞추었         

다. 방법: VSMCs에 HNE를 처리한 후, 단백질 발현은 Western blot으로, mRNA 발현은 역전사 중합효소 연쇄반응           

(RT-PCR), ERK의 세포 내 위치는 세포 분획법, 신호 전달 경로는 특이적 억제제(U0126, SB203580, indomethacin)           

를 사용하여 분석하였다. 세포 내 NO 생성은 특이적 NO 지표제인 4,5-Diaminofluorescein(DAF-2) 형광 염색을 이           

용한 Flow Cytometry로 측정하였다. 결과: HNE 처리는 VSMCs에서 COX-2 발현과 NO 생성을 유의미하게 증가시           

켰다. 이 효과는 HNE에 의해 유도된 ERK 인산화, 핵으로의 이동, 그리고 ERK 억제제 U0126에 의한 COX-2 및           

NO 상향 조절의 완전한 억제를 통해 확인된 결과로 볼때 ERK 경로에 의해 매개되는 것으로 나타났다. p38 MAPK           

억제제인 SB203580과 COX-2 억제제 indomethacin은 HNE에 의해 유도된 NO 생성을 억제하지 못했는데, 이는           

ERK가 COX-2와 NO를 병렬적이고 독립적인 경로를 통해 활성화함을 나타낸다. 결론: 본 연구는 HNE가 ERK 신           

호전달 경로를 통해 혈관평활근세포(VSMCs) 내 COX-2 발현과 NO 생성을 유도함을 입증하였으며, 이는 상위 단           

계인 HNE-ERK 신호축을 표적으로 하는 것이 당뇨병성 혈관 합병증의 효과적인 치료전략이 될 수 있음을 시사한다.

주제어: 사이클로옥시게나제-2, 4-하이드록시노네날, 산화질소, 당뇨병성 혈관이상, ERK
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