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Purpose: Retinal neovascularization (NV) is a vision-threatening complication of ischemic retinopathy that develops in             

various retinal disorders including diabetic retinopathy. To better understand how retinal neovasculari-zation through 4-

hydroxynonenal (HNE)-mediated oxidative stress results in a wide range of biological effects, we determined whether 

the activation of lipoxygenase (LO) by HNE is mediated by reactive oxygen species (ROS) in vascular smooth muscle 

cells (VSMCs). Methods: A10 cells were incubated with DMEM (0.5% FBS) containing HNE after preincubated for 30 

min with various inhibitors. Data were analyzed by flow cytometry and western blot analysis. Results: High levels of 

HNE (30 M) induced ROS formation and altered the mitochondrial membrane potential (ΔΨm), ultimately leading to 

VSMC apoptosis. Pretreatment with nordihydroguaiaretic acid (LO inhibitor), AA 861 (5-LO inhibitor), and baicalin (12-

LO inhibitor) prevented HNE-induced ROS generation. AA 861 also blocked the loss of ΔΨm, indicating that LO is 

closely involved in mitochondria-derived ROS production, thereby leading to apoptosis. At low levels of HNE (1 mM), 

5-LO gene expression increased. Conclusions: These findings suggest that 5-LO mediates HNE-induced VSMC 

apoptosis by triggering mitochondrial dysfunction and activation by ROS excessive generation leading to the 

deterioration of vasculature homeostasis and subsequent vascular dysfunction, including retinal NV.
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Introduction

Retinal diseases (RD), including diabetic retinopathy, 

are among the most important eye diseases in industri-

alized countries. RD is characterized by abnormal 

angiogenesis associated with an increase in cell prolifer-

ation and apoptosis.[1] Angiogenesis in proliferative dia-

betic retinopathy is a complex multistep phenomenon 

consisting of the sprouting and the growth of new cap-

illary blood vessels starting from the pre-existing 

ones.[2] It requires the cooperation of several cell types 

such as endothelial cells (ECs), vascular smooth mus-

cle cells (VSMCs), which should be activated, prolifer-

ate and migrate to invade the extracellular matrix and 

cause vascular remodeling. [3,4,5] 

Retinal neovascularization (NV) is a common cause 

of vision loss in proliferative diabetic retinopathy, reti-

nopathy of prematurity and age-related macular degen-

eration (AMD).[6]  Recent studies suggested that reactive 

oxygen species (ROS) play a significant role in patho-

logical angiogenesis.[7] Oxidative stress induced by 

ROS and reactive nitrogen species (RNS) seem to play 

a critical role in mitochondrial-associated degradation 

pathogenesis.[8]  Lipid peroxidation induced by ROS/RNS 

causes formation 4-Hydroxynonenal (HNE) that involved 

in many processes that are biologically damaged.[9,10]

HNE is end-products and remnants of lipid peroxida-

tion processes that may also act as mediators for the 

primary free radicals that initiated lipid peroxidation.[11]

HNE produced with relatively large amounts is believed 

to be responsible for the key mediator of oxidative 

stress-induced cell death. [12] It seems logical that HNE 

is are the subjects of recent intensified studies investi-

gating their roles in the modulation of cell signaling 

pathways and the induction of apoptosis. [9,13]

Lipoxygenase (LO) is involved in chronic vascular 
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pathologies, including diabetic retinopathy and age-

related macular degeneration.[14,15] LO are regulators of 

inflammation and oxidative stress formation and 

enhancers of proliferation in VSMC. [16] Abnormal 

growth and accumulation of VSMCs within the arterial 

intima appears a common step in the retinal neovascu-

larization.[17] LO plays an important role in regulating 

angiogenesis, but the mechanism to date is controver-

sial, even contradictory. [18] 

Several actions of the LO pathway may play a role in 

VSMC activation related in NV. HNE has been sug-

gested to mediate a number of oxidative stress-linked 

pathological events such as cell proliferation and apop-

tosis. The goal of this study is delineation the action 

mechanism of LO in HNE-activated VSMC leading to 

retinal disorders.

Materials and Methods

1. Culture conditions and HNE treatments

The A10 cells, rat aortic smooth muscle cell line, 

were obtained from American type culture collection 

(American type culture collection, USA) and grown in 

Dulbecco's modified Eagle's medium (DMEM) (Sigma 

Aldrich, USA) supplemented with 10% fetal bovine 

serum (FBS), 100 units/ml penicillin and 100 μg/ml strep-

tomycin. Cells were maintained at 37oC in a humidified 

atmosphere containing 5% CO2/95% air.

For all experiments, cells were seeded at a density of 

4 × 104/well into 12-well microplates with DMEM con-

taining 10% FBS and supplements. Cells were allowed 

to adhere in dish overnight, and then the culture medium 

was replaced with fresh DMEM (0.5% FBS) contain-

ing HNE after pre-incubated for 30 min with various 

inhibitors. A commercial HNE (purity > 98%) was 

obtained from Cayman Chemical Inc. (Cayman Chemi-

cal Inc, USA), and working solutions of HNE were 

made in phosphate buffered saline (PBS) immediately 

before use. Working solutions of HNE (<0.1% ethanol)

were made in PBS immediately before use. 

2. Measurements of mitochondrial membrane    

potential (∆Ψm)

The 3,3'-dihexyloxacarbocyanine iodide, DiOC6(3) 

(Sigma Aldrich, USA), was used as a measure of ΔΨm 

according to methods described previously. [19,20] In brief, 

cells grown to sub-confluence on glass cover slips were 

incubated with HNE. Following stimulation for 3 hr, 

cells were incubated with 100 nM of the dye for an 

additional 30 min. Then, cells were washed with PBS. 

Cellular fluorescence was analyzed flow cytometric 

analysis(BD FACSLyric, BD Biosciences, USA ).

3. Assay of ROS formation

Intracellular reactive oxygen species (ROS) forma-

tion was measured by fluorescenceusing 2,7-dichlorodi-

hydrofluorescein diacetate (DCFH-DA) (Sigma Aldrich, 

USA), Invitrogen, Molecular probes, a dye that perme-

ates cells where it is trapped as the deesterified free 

acid, which can then react with ROS to form a highly 

fluorescent 2,7-dichlorofluorescein (DCF). [21] The cells 

grown in 12-well plates were loaded with 10M DCFH-

DA for 30 min, and then incubated with HNE for 30 

min at 37oC. Reactions were stopped by aspiration and 

cells were trypsinized, collected on ice, and analyzed 

on flow cytometry. Fluorescence intensity was measured 

for 10,000 cells in each sample. Results were obtained 

as histogram plots of cell number versus fluorescence 

intensity (FL-1), and the mean fluorescence for each 

sample within an experiment was analyzed as % of 

total cells.

4. Protein analysis by Western blot analysis

Cells were harvested, washed twice with ice-cold 

NaCl/P i, and lysed in a TNN buffer (50 m M Tris/HCl, 

pH 8.0, 120 mM sodium chloride, 0.5% Nonidet P-40) 

supplemented with protease inhibitors (2 mg/mL-1 apro-

tinin, 2 mg/mL-1 leupeptin, 100 mg/mL-1 phenylmeth-

anesulfonyl fluoride, 5 lg/mL-1 pepstatin, 1 m M dithio-

threitol) and phosphates inhibitors (20 mM NaF, 2 mM 

Na3VO4)for 1 h on ice, vortexing every 10 min. Lysates 

were centrifuged at 8000 g for 30 min to remove insol-

uble material. Protein concentration was determined by 

the Lowry method using BSA as standard. Equal 

amounts of protein were separated on 10-15% SDS/

PAGE gels. The gels were subsequently transferred onto 

a nitrocellulose membrane (BIO-RAD, Korea). 

Results and Discussions
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1. Induction of VSMC mitochondrial depolarization

Lipid peroxidation and its reactive byproducts, like 

HNE are reported to cause redox-related degenerative 

processes, including vascular dysfunction. [13,22] 4-HNE 

has been suggested to mediate a number of oxidative 

stress-linked pathological events such as cell prolifera-

tion and apoptosis.[23] To assess the HNE-induced VSMC 

activation contained oxidative stress, we analyzed depo-

larization of mitochondrial membrane ΔΨm is an early 

event of apoptosis. We monitored changes in ΔΨm by 

loading mitochondrial with DiOC6(3). The fluores-

cence intensity analyzed using FACS. As shown in Fig. 

1, the quantity of fluorescent profiles decreased as a 

result of the loss of ΔΨm (see the M2 in Fig. 1) in the 

cells treated with 30 mM HNE. These observations 

indicate that HNE induced loss of ΔΨm that may result 

in apoptosis. 

2. Protection of LO inhibitors against HNE-induced      

RS formation

Consistent with the reports that lipid oxidation prod-

ucts including HNE and other reactive aldehydes stimu-

late reactive species (RS) formation in various types of 

cells. [24] Furthermore, it is well documented and widely 

known that oxidative stress is a precursor to elevated 

levels of ROS. [25] Recently, it has become evident that 

mitochondria are a major source of ROS, and so con-

tribute to redox cell signaling. [26] Furthermore, mito-

chondria have been considered as an important source 

of HNE-induced ROS generation since the literatures 

describing experiments with isolated mitochondria sug-

gest that lipid electrophiles, such as HNE, can modify 

mitochondrial function. [27]

We monitored protection of LO inhibitors against HNE-

induced ROS formation. As shown in Fig. 2, LO inhib-

itors protected the ROS generation in the cells treated 

with 30 mM HNE. Pretreatment with LO inhibitor, nor-

dihydroguaiaretic acid (NDGA), AA 861 (5-LO inhibi-

tor), and baicalin (12-LO inhibitor) prevented HNE-

induced ROS generation. These observations indicate 

Fig. 1. Induction of VSMC mitochondrial depolarization by HNE. Representative histogram plots of cell number versus 
fluorescence intensity (FL-1). The cells were incubated with HNE for 4 h and then treated with DiOC6(3) 
for 30 min. The fluorescence intensity was analyzed using FACS. The results were expressed as the 
percentage of total cells. The quantity of fluorescent profiles decreased due to the loss of ∆Ψm in cells 
treated with 30 µM HNE (M2 indicated by arrowhead). 

Fig. 2. Protection of LO inhibitors against HNE-induced ROS

formation. The cells were incubated with 30 µM HNE

for 30 min after pretreatment with the antioxidant N-

acetylcysteine (NAC, 500 µM) and lipoxygenase inhibitors,

nordihydroguaiaretic acid (NDGA, 1 µM, nonspecific),

AA 861 (1 µM, 5-LO), and baicalin (1 µM, 12-LO),

respectively, with DCF-DA (10 µM) and analyzed

using FACS. Data represent the percentage of DCF

fluorescence intensity relative to the control. The results

are presented as the mean±SEM of three independent

experiments. Statistical significance: *p<0.05 vs. control;

##p<0.01 vs. vehicle
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that HNE induced ROS generation mediated with LO. 

3. Inhibitory effects of AA 861 on HNE-induced       

mitochondrial depolarization

In order to study the action of LO on mitochondrial 

depolarization induced by HNE, inhibitors were tested 

to block mitochondrial depolarization. The results showed 

that HNE (high level, 30 mM) induces ROS formation 

and alteration of mitochondrial membrane potential 

(ΔΨm), ultimately leading to VSMC apoptosis(Fig 3). 

Nonspecific LO inhibitor, NDGA and 12-LO inhibitor 

bicalin did not prevent HNE-induced depolarization of 

mitochondrial membrane. A AA 861 also blocked loss 

of ΔΨm indicating that 5-LO is closely involved in 

mitochondria-derived ROS production, thereby leading 

to apoptosis. Based on these results, it is considered 

that mitochondrial depolarization by HNE is closely 

related 5-LO. 

4. Fig. 4. Up-regulation of VSMC 5-LO expression       

induced by HNE

In our study, HNE-induced mitochondrial depolariza-

tion was found to be associated with LO. Therefore, it 

was tested whether HNE actually induced expression of 

5LO. At 1 mM HNE (Low level), 5-LO gene expres-

sion was increased(Fig. 4). These findings suggest that

5-LO mediates HNE-induced VSMC apoptosis by trig-

gering mitochondrial dysfunction and activation by ROS 

excessive generation leading to the deterioration of vas-

culature homeostasis and subsequent vascular dysfunc-

tion including retinal neovascularization.

HNE is end-products and remnants of lipid peroxida-

tion processes that may also act as mediators for the 

primary free radicals that initiated lipid peroxidation. [28]

HNE produced with relatively large amounts is believed 

to be responsible for the key mediator of oxidative 

stress-induced cell death.[10,12] These reactive aldehydes 

are known to cause redox disturbances and various 

Fig. 3. Inhibitory effects of AA 861 on HNE-induced mitochondrial depolarization. Representative histogram plots of cell number 

versus fluorescence intensity (FL-1). The cells were incubated with 30 µM HNE for 4 h after pretreatment with inhibitors 

and loaded with DiOC6(3) for 30 min. The fluorescence intensity was analyzed using FACS. The results were expressed 

as the percentage of total cells. AA 861 (5-LO inhibitor) blocked mitochondrial depolarization induced by HNE 

(arrowhead).
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degenerative processes, including the vascular dysfunc-

tion associated with aging.[29] It seems logical that HNE 

is the subjects of recent intensified studies investigat-

ing their roles in the modulation of cell signaling path-

ways and the induction of apoptosis. [13,23] 

Mitochondrial dysfunction caused by chronic expo-

sure to oxidants and increased activation of mitochon-

drial permeability transition was found to involve

mitochondrial depolarization in human aortic endothe-

lial cell apoptosis.[16] Recent study showed that mito-

chondrial dysfunction in age-related macular degenera-

tion.[30] The enzyme lipoxygenase (LO), which partici-

pated in mediating the inflammatory reaction there by 

retinal change in diabetic retinopathy.[18,31]

Ocular vascular diseases such as diabetic retinopathy, 

retinal vein occlusion, and age-related macular degener-

ation, whose population increases along with aging, have 

become leading causes of severe visual disturbance. HNE 

is a substance closely related to aging, which increases 

with aging. Retinopathy is induced by oxygen expo-

sure induced by HNE in several retinal diseases includ-

ing retinopathy of prematurity, diabetic retinopathy, age-

related macular degeneration and central vein occlu-

sion. 

However, ROS-dependent HNE’s ability to induce 

VSMC dysfunction through the regulation of mitochon-

drial apoptosis is not yet well described. Thus, it is 

important to define the role of HNE in VSMC apopto-

sis in relation to mitochondrial dysfunction. The author 

established that HNE induced the apoptosis of vascular 

smooth muscle cells through by mitochondrial depolar-

ization. Furthermore, our study show that in VSMC HNE 

triggers 5-LO gene expression. These findings strongly 

suggest that 5-LO mediate VSMC apoptosis induced by 

HNE, leading to vascular dysfunction such as NV.

Conclusions

Taken together, these results suggest that LO medi-

ates HNE-induced VSMC apoptosis by triggering mito-

chondrial dysfunction and activation by ROS excessive 

generation leading to the deterioration of vasculature 

homeostasis and subsequent vascular dysfunction includ-

ing retinal NV.
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5-Lipoxygenase는 4-hydroxynonenal에 의해 유도되는 혈관평활근세포의 

탈분극을 매개한다

이지영*

수성대학교 안경광학과, 교수, 42078

투고일(2022년 2월 18일), 수정일(2022년 3월 8일), 게재확정일(2022년 3월 17일)

목적: 망막 혈관신생(NV)은 당뇨망막병증을 비롯한 다양한 망막장애에서 발생하는 허혈성 망막병증의 시력을 위협           

하는 합병증이다. 4-hydroxynonenal(HNE) 매개 산화스트레스를 통한 망막 혈관신생을 더 잘 이해하기 위해 본 연구             

는 HNE에 의한 lipoxygenase(LO)의 활성화가 혈관평활근세포에 있어 활성산소종(ROS)에 의해 매개되는지를 연구하          

였다. 방법: 쥐 대동맥 평활근세포주인 A10 세포를 다양한 억제제와 함께 30분 동안 전처리 한 후 HNE를 함유하는                

DMEM(0.5% FBS)에서 배양하였다. 데이터를 Flow cytometry와 Western blot로 분석하였다. 결과: HNE (high level,            

30 mM)는 ROS형성과 미토콘드리아 막전위변화를 유도하여 궁극적으로 혈관평활근세포의 세포자살을 유도하였다.         

LO 억제제, nordihydroguaiaretic acid(NDGA), AA 861(5-LO inhibitor), baicalin(12-LO inhibitor)은 HNE에 의해 유도           

된 ROS생성을 저해하였다. AA 861는 또한 미토콘드리아 막전위의 손실을 차단하였는데, 이것은 LO가 미토콘드리            

아 유래 ROS생성에 밀접하게 관여하여 결국 apoptosis을 유도하는 것으로 나타났다. 1 mM HNE (낮은 농도)는 5-LO               

유전자 발현 또한 증가 시켰다. 결론: 본 연구에서, 이러한 결과는 5-LO는 HNE에 의해 유도되는 미토콘드리아 기능               

장애와 ROS 과잉생산 유발을 통해 혈관평활근세포의 세포자살을 매개하는 것을 시사한다. 이러한 5-LO의 작용을 통             

해 혈관계 항상성을 악화시키며 결국 망막 혈관신생과 같은 혈관기능장애에 이르게 하는 것으로 사료된다.

주제어: 4-하이드록시노네날, 리폭시제네이즈, 미토콘드리아 탈분극, 활성산소종, 망막혈관신생
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