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Purpose: Nitric oxide (NO) plays a crucial role in maintaining retinal vascular homeostasis, and NO dysregulation is 

closely associated with retinal vascular diseases, such as diabetic retinopathy. We aimed to investigate whether the 

depletion of endogenous NO induces 12-lipoxygenase (12-LOX) expression in vascular smooth muscle cells (VSMCs) 

and to explore NO’s potential role in vascular dysfunction. Methods: VSMCs were treated with the NO-scavenger PTIO 

as well as NO donors (SNAP and SNP) to modulate NO levels. Intracellular NO production was measured by 

fluorescence analysis. Using western blotting and RT-PCR, the expression of 12-LOX was evaluated at the protein and 

mRNA levels, respectively. Results: SNAP significantly increased NO production, whereas PTIO decreased NO levels in 

a concentration-dependent manner. PTIO-induced NO depletion significantly increased 12-LOX protein and mRNA 

levels. In contrast, co-treatment with SNAP or SNP attenuated the PTIO-induced upregulation of 12-LOX expression. 

Conclusions: Endogenous NO negatively regulates 12-LOX expression in VSMCs. NO depletion induces 12-LOX 

expression, whereas the restoration of NO suppresses this effect. Therefore, the NO–12-LOX pathway plays an important 

role in retinal vascular dysfunction.
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Introduction

Vascular dysfunction is a fundamental pathological 

feature of numerous cardiovascular and retinal diseases, 

including diabetic retinopathy, hypertension, and athero-

sclerosis. These conditions are characterized by abnor-

mal vascular remodeling, increased vascular permeability, 

and dysregulated smooth muscle cell (VSMC) behavior, 

ultimately leading to impaired tissue perfusion and organ 

dysfunction.[1,2] Among the various molecular mecha-

nisms underlying these pathological changes, redox 

imbalance and disruption of nitric oxide (NO) signaling 

have emerged as central contributors.[3]

NO is a critical regulator of vascular homeostasis. 

Produced primarily by endothelial nitric oxide synthase 

(eNOS), NO diffuses into VSMCs, where it promotes 

vasodilation through activation of the soluble guanylate 

cyclase (sGC)-cGMP pathway.[4] In addition to its vaso-

dilatory function, NO exerts potent anti-inflammatory 

and anti-proliferative effects, inhibiting VSMC prolifera-

tion and migration while maintaining vascular quies-

cence.[5] Therefore, sufficient NO bioavailability is 

essential for preserving normal vascular function.

However, under pathological conditions such as oxida-

tive stress, hyperglycemia, and inflammation, NO bio-

availability is markedly reduced. This reduction occurs 

through multiple mechanisms, including decreased eNOS 

activity and increased consumption of NO by reactive 

oxygen species (ROS). In particular, superoxide rapidly 

reacts with NO to form peroxynitrite, a highly reactive 

oxidant that not only diminishes NO levels but also con-

tributes to cellular damage and vascular dysfunction.[6,7]

Thus, oxidative stress shifts the balance from a protec-

tive NO-dominant state to a pathological ROS-domi-

nant state.

Lipoxygenases (LO) are a family of enzymes that 
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metabolize arachidonic acid into bioactive lipid media-

tors, such as hydroxyeicosatetraenoic acids (HETEs), 

which play key roles in inflammation and vascular regu-

lation.[8] Among these, 12-lipoxygenase (12-LOX) has 

been implicated in vascular pathologies through its 

metabolite, 12-hydroxyeicosatetraenoic acid (12-HETE). 

12-HETE promotes VSMC proliferation and migration, 

enhances inflammatory responses, and contributes to 

endothelial dysfunction and increased vascular permea-

bility.[9,10] These processes are closely associated with 

the progression of vascular diseases.

Emerging evidence indicates that NO and 12-LOX 

play opposing roles in vascular regulation, where NO 

exerts protective effects while 12-LOX promotes inflam-

matory and pathological vascular responses. Disruption 

of this balance is closely associated with retinal vascu-

lar diseases, such as diabetic retinopathy, which are 

characterized by NO deficiency, endothelial dysfunc-

tion, and abnormal vascular remodeling.[11,12] Neverthe-

less, the mechanistic link between endogenous NO 

depletion and 12-LOX expression has not been clearly 

established. 

In this study, we tested the hypothesis that depletion 

of endogenous NO induces 12-LOX expression in 

VSMCs. To address this, we employed pharmacologi-

cal modulation of NO levels using the NO scavenger 

PTIO and NO donors such as SNAP and SNP, and 

examined 12-LOX expression at both protein and mRNA

levels. In addition, we examined whether restoration of 

NO levels using NO donors could reverse PTIO-induced 

12-LOX expression. Through these approaches, we 

sought to clarify the mechanistic link between NO defi-

ciency and 12-LOX-mediated vascular responses.

Materials and Methods

1. Cell culture and treatments

A10 cells (rat aortic smooth muscle cell line) were 

purchased from the American Type Culture Collection 

(ATCC, Manassas, VA, USA) and cultured in Dul-

becco’s modified Eagle’s medium (DMEM; Sigma-

Aldrich, St. Louis, MO, USA) supplemented with 10% 

fetal bovine serum (FBS), 100 U/ml penicillin, and 100 

μg/ml streptomycin. Cells were maintained at 37oC in a 

humidified incubator with 5% CO₂. For experimental 

procedures, cells were plated in 12-well plates at a den-

sity of 4×10⁴ cells per well and allowed to attach over-

night. The medium was subsequently replaced with 

DMEM containing 0.5% FBS, and cells were pre-

treated with inhibitors for 30 min prior to exposure to 

PTIO under the indicated conditions. 

2. Assay of NO formation

Intracellular nitric oxide (NO) production was mea-

sured using the fluorescent probe 4,5-diaminofluores-

cein (DAF-2; Sigma-Aldrich, St. Louis, MO, USA). 

DAF-2 reacts with NO to form a fluorescent triazoloflu-

orescein, which emits green fluorescence upon exci-

tation at 490–495 nm. A stock solution of DAF-2 (1 

mg) was prepared in dimethyl sulfoxide (DMSO) and 

stored at −20oC. The working solution was prepared by 

diluting DAF-2 in 50 mM phosphate buffer (pH 7.4). 

VSMCs cultured in 12-well plates were treated with 

PTIO and/or NO donors (SNAP or SNP) as indicated. 

Cells were then incubated with DAF-2 (10 μM) for 30 

min at 37oC. After incubation, cells were washed with 

phosphate-buffered saline (PBS), trypsinized, and col-

lected on ice. Flow cytometric analysis was performed 

using a BD FACSLyric system (BD Biosciences, San 

Jose, CA, USA). Forward and side scatter parameters 

were used to gate viable cells, excluding debris. Fluores-

cence was detected in the FL-1 channel, and 10,000 

events were acquired per sample. Data were analyzed as 

mean fluorescence intensity (MFI) and expressed as a 

percentage relative to the control group.

3. Protein analysis by Western blot analysis

Western Blot Analysis: VSMCs were lysed in RIPA 

buffer (Thermo Fisher Scientific, Waltham, MA, USA) 

containing protease inhibitor cocktail (Roche Diagnos-

tics, Mannheim, Germany). Protein concentrations were 

determined using the Bradford assay (Bio-Rad, Hercu-

les, CA, USA). Equal amounts of protein (30 µg) were 

separated by SDS-PAGE on 10% polyacrylamide gels 

and transferred onto polyvinylidene difluoride (PVDF) 

membranes (Millipore, Bedford, MA, USA). The mem-

branes were blocked with 5% non-fat dry milk in Tris-

buffered saline containing 0.1% Tween-20 (TBST) for 1 

h at room temperature. The membranes were incubated 

overnight at 4oC with primary antibodies against 12-lip-
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oxygenase (12-LOX) (Abcam, Cambridge, UK) and β-

actin (Cell Signaling Technology, Danvers, MA, USA) 

as a loading control. After washing with TBST, the 

membranes were incubated with horseradish peroxidase 

(HRP)-conjugated secondary antibodies (Cell Signaling 

Technology) for 1 h at room temperature. 

4. Assay on Reverse Transcriptase-Polymerase    

Chain Reaction (RT-PCR)

(a) Reverse Transcription: First-strand cDNA was syn-

thesized from 2 µg of total RNA using M-MLV reverse 

transcriptase (Promega, Madison, WI, USA). Total RNA 

was mixed with DEPC-treated water (Ambion, Austin, 

TX, USA) and 250 ng of random primers (Promega), 

heated at 75oC for 5 min, and chilled on ice for 5 min. 

Subsequently, 2 µl of 0.1 M DTT, 4 µl of 5× reaction 

buffer, 4 µl of 2.5 mM dNTP mixture (Thermo Fisher 

Scientific, Waltham, MA, USA), 100 U of reverse tran-

scriptase, and 16.5 U of RNase inhibitor (Promega) 

were added. The reaction mixture was incubated at 37oC 

for 2 h, followed by heat inactivation at 100oC for 2 

min. The synthesized cDNA was stored at 20oC until use.

(b) Polymerase Chain Reaction: PCR amplification 

was performed using specific primers for 12-lipoxygen-

ase (12-LOX) and glyceraldehyde-3-phosphate dehydro-

genase (GAPDH) as an internal control. PCR was 

carried out using Taq DNA polymerase (Takara Bio 

Inc., Shiga, Japan). The primer sequences were as fol-

lows: 12-LOX: Forward: 5′-TTCAAATGAGATTGTG-

GGAAAAT-3′, Reverse: 5′-AGATCATCTCTGCCTGA 

GTATCTT-3′, GAPDH: Forward: 5′-TGAAGGTCGGT-

GTGAACGGATTTGGC-3′, Reverse: 5′-CATGTAGGC-

CATGAGGTCCACCAC-3′. PCR products were separated 

on a 1.5% agarose gel (Invitrogen, Carlsbad, CA, USA) 

and visualized by ethidium bromide staining under UV 

illumination using a gel documentation system (Bio-Rad, 

Hercules, CA, USA).

5. Statistics

Statistical analysis was performed using one-way anal-

ysis of variance (ANOVA) followed by Tukey’s post 

hoc test for multiple comparisons using GraphPad Prism 

version 9.0 (GraphPad Software, San Diego, CA, USA). 

Data are presented as mean ± SEM, and differences 

were considered statistically significant at p < 0.05.

Results and Discussion

1. PTIO- and SNAP-mediated regulation of NO    

production in VSMCs.

PTIO was used as a nitric oxide (NO) scavenger to 

reduce endogenous NO bioavailability, whereas SNAP 

and SNP were employed as representative NO donors 

based on previous studies demonstrating their regula-

tory effects on NO signaling pathways.[13,14] To deter-

mine whether nitric oxide (NO) levels are modulated by 

pharmacological agents, vascular smooth muscle cells 

(VSMCs) were treated with the NO donor SNAP and 

the NO scavenger PTIO, and intracellular NO produc-

tion was measured. As shown in Fig. 1, treatment with 

Fig. 1. PTIO- and SNAP-mediated regulation of nitric oxide 

production in VSMCs. (A) Representative flow cytometry 

histograms showing intracellular NO levels in VSMCs 

treated with SNAP 50 μM (NO donor), PTIO (NO 

scavenger), or their combination. Fluorescence intensity 

(FL1-H) reflects intracellular NO levels. (B) Quantitative 

analysis of NO production expressed as a percentage 

of the control. VSMCs were treated with SNAP 50 μM 

(NO donor), PTIO (NO scavenger), or their combination. 

SNAP significantly increased NO production, whereas 

PTIO at 100 μM significantly decreased NO levels. 

Co-treatment with SNAP and PTIO attenuated SNAP- 

induced NO production. Data are presented as mean 

± SEM (n=3). Statistical analysis was performed using 

one-way ANOVA followed by Tukey’s post hoc test. 

**p<0.01 vs. control; #p<0.05 vs. SNAP.
Vol. 31, No. 2, June 2026 J Korean Ophthalmic Opt Soc.



242 Jiyoung Lee and Sungsoo Kang
SNAP significantly increased NO levels compared with 

the control group (**p<0.01), confirming the effective 

generation of NO by SNAP. These findings are consis-

tent with previous reports demonstrating that NO donors 

enhance intracellular NO bioavailability and regulate 

vascular function.[13,15]

In contrast, treatment with PTIO reduced NO produc-

tion in a concentration-dependent manner, with a signifi-

cant decrease observed at 100 µM (**p<0.01 vs. control), 

indicating that PTIO effectively scavenges endogenous 

NO. PTIO has been widely used as a selective NO 

scavenger that reduces NO bioavailability in vascular 

cells.[13,16,17] Treatment with 10 µM PTIO showed no 

significant effect, suggesting that a threshold concentra-

tion is required to significantly deplete NO levels.

Importantly, co-treatment with SNAP and PTIO sig-

nificantly attenuated SNAP-induced NO production (#p 

<0.05 vs. SNAP), demonstrating that PTIO effectively 

counteracts NO generated by SNAP. This result con-

firms that NO levels in VSMCs can be dynamically reg-

ulated by pharmacological manipulation. Given that NO 

is a critical regulator of vascular homeostasis and is 

closely associated with retinal vascular diseases, includ-

ing diabetic retinopathy, modulation of NO levels may 

have significant pathological implications.[18,19] In partic-

ular, reduced NO bioavailability has been linked to 

endothelial dysfunction and abnormal vascular remodel-

ing in retinal tissues.

Taken together, these results validate an experimental 

model of NO depletion and restoration in VSMCs, pro-

viding a basis for investigating the role of endogenous 

NO in regulating downstream targets such as 12-lipoxy-

genase (12-LOX).

2. PTIO-induced NO depletion increases 12-     

lipoxygenase protein expression in VSMCs.

To determine whether depletion of endogenous nitric 

oxide (NO) affects 12-LOX expression, VSMCs were 

treated with the NO scavenger PTIO, and 12-LOX pro-

tein levels were analyzed by Western blotting. As shown 

in Fig. 2A, PTIO treatment increased 12-LOX protein 

expression in a dose-dependent manner (10-200 µM), 

with maximal induction observed at 200 µM. Actin was 

used as a loading control. 

To further evaluate the temporal regulation of 12-LOX 

expression, VSMCs were treated with PTIO for differ-

ent time periods. As shown in Fig. 2B, 12-LOX protein 

expression gradually increased over time, with a signifi-

cant elevation observed at 12 and 24 h, indicating that 

NO depletion induces 12-LOX expression in a time-

dependent manner. These findings demonstrate that 

reduction of endogenous NO is sufficient to induce 12-

LOX protein expression in VSMCs. Given that NO is 

known to exert anti-inflammatory and anti-proliferative 

effects in vascular cells, its depletion may remove inhib-

itory constraints on pro-inflammatory signaling path-

ways, including lipoxygenase-mediated pathways.[20]

Previous studies have shown that 12-LOX plays a 

critical role in vascular inflammation and remodeling 

through the production of bioactive lipid mediators such 

as 12-HETE.[8] Upregulation of 12-LOX has been asso-

ciated with increased smooth muscle cell proliferation, 

migration, and endothelial dysfunction, all of which con-

tribute to the progression of vascular diseases. In partic-

ular, 12-LOX activation has been implicated in retinal 

vascular abnormalities, including diabetic retinopathy, 

where oxidative stress and NO deficiency are key patho-

genic factors.[8,11]

Taken together with the findings from Fig. 1, these 

Fig. 2. PTIO-induced NO depletion increases 12-lipoxygen-

ase protein expression in VSMCs. (A) Represen-

tative Western blot analysis of 12-LOX protein 

expression in VSMCs treated with increasing con-

centrations of PTIO (10-200 M). Actin was used 

as a loading control. (B) Time-dependent induc-

tion of 12-LOX protein expression in VSMCs fol-

lowing PTIO 100 M treatment (0-12hr). Protein 

levels increased progressively over time. These

results demonstrate that NO depletion induced by 

PTIO enhances 12-LOX protein expression in a 

dose- and time-dependent manner.
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results suggest that NO depletion acts as an upstream 

regulatory signal that induces 12-LOX expression. This 

supports the concept that reduced NO bioavailability 

under pathological conditions may promote vascular 

dysfunction through activation of 12-LOX-dependent 

pathways.

3. PTIO-induced NO depletion increases 12-LOX     

mRNA expression in VSMCs.

To examine whether NO depletion regulates 12-LOX 

expression at the transcriptional level, VSMCs were 

treated with PTIO and 12-LOX mRNA was analyzed 

by RT-PCR. As shown in Fig. 3, PTIO increased 12-

LOX mRNA expression in a concentration-dependent 

manner. These results indicate that NO depletion upreg-

ulates 12-LOX gene expression. Since NO suppresses 

inflammatory gene expression in vascular cells, its reduc-

tion may enhance transcription of 12-LOX. Increased 

12-LOX expression is associated with vascular inflam-

mation and remodeling and may contribute to retinal 

vascular diseases such as diabetic retinopathy.[21] 

4. SNAP attenuates PTIO-induced upregulation    

of 12-LOX mRNA expression in VSMCs.

To determine whether restoration NO levels affects 

PTIO-induced 12-LOX expression, VSMCs were treated 

with PTIO in the presence or absence of NO donors 

(SNAP and SNP), and 12-LOX mRNA expression was 

analyzed by RT-PCR. As shown in Fig. 4, PTIO treat-

ment markedly increased 12-LOX mRNA expression, 

whereas co-treatment with SNAP or SNP significantly 

attenuated this effect.

These results indicate that restoration of NO levels 

suppresses PTIO-induced upregulation of 12-LOX, sug-

gesting that NO negatively regulates 12-LOX expres-

sion. NO is known to inhibit inflammatory signaling and 

gene expression in VSMCs,[22] and its depletion may 

therefore promote activation of pro-inflammatory path-

ways, including lipoxygenase signaling.

Previous studies have demonstrated that 12-LOX is 

upregulated in vascular smooth muscle cells under 

inflammatory and proliferative conditions and contrib-

utes to vascular remodeling and dysfunction.[23] In addi-

tion, 12-LOX-derived metabolites have been implicated 

in the regulation of vascular tone and NO signaling, 

indicating a reciprocal relationship between NO and lip-

oxygenase pathways.[24] Although the precise mecha-

nism by which NO depletion induces 12-LOX expression 

remains unclear, accumulating evidence suggests close 

interactions between NO signaling and the lipoxygenase 

pathway. Ma et al. reported that NO regulates arachi-

donic acid metabolism and modulates the generation of 

12-LOX-derived metabolites, supporting a functional 

link between NO signaling and lipoxygenase activity.[25]

Furthermore, reduced NO bioavailability has been asso-

ciated with enhanced 12-LOX expression in vascular 

smooth muscle cells under pathological conditions.[26]

Based on these findings and the present results, it is 

possible that depletion of endogenous NO removes inhibi-

tory regulation on 12-LOX expression, thereby promot-

Fig. 3. PTIO-induced NO depletion increases 12-LOX mRNA 

expression in VSMCs. Representative RT-PCR analysis 

of 12-LOX mRNA expression in VSMCs treated with 

various concentrations of PTIO (10-200 μM). GAPDH 

was used as an internal control. PTIO treatment 

increased 12-LOX mRNA expression in a dose- 

dependent manner, indicating transcriptional regulation 

of 12-LOX by NO depletion.

Fig. 4. SNAP attenuates PTIO-induced upregulation of 12- 

LOX mRNA expression in VSMCs. Representative 

RT-PCR analysis showing 12-LOX mRNA expression 

in VSMCs treated with PTIO in the presence or 

absence of NO donors (SNAP or SNP). GAPDH was 

used as an internal control. PTIO-induced upre- 

gulation of 12-LOX mRNA expression was markedly 

reduced by co-treatment with SNAP or SNP, indicating 

that restoration of NO levels suppresses 12-LOX 

expression. PTIO-induced upregulation of 12-LOX 

mRNA expression was markedly reduced by co- 

treatment with SNAP or SNP, indicating that restora- 

tion of NO levels suppresses 12-LOX expression.
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ing 12-LOX-mediated vascular responses. Conversely, 

restoration of NO levels suppresses 12-LOX expres-

sion, supporting the concept that NO acts as a negative 

regulator of 12-LOX-mediated vascular dysfunction.

Conclusions

In conclusion, depletion of endogenous nitric oxide 

(NO) induces 12-lipoxygenase (12-LOX) expression in 

VSMCs, whereas restoration of NO suppresses this 

effect. These findings suggest that NO functions as a 

negative regulator of 12-LOX expression and that 

reduced NO bioavailability may promote vascular dys-

function through lipoxygenase-associated inflammatory 

signaling. Given the involvement of NO deficiency and 

lipoxygenase pathways in retinal vascular diseases such 

as diabetic retinopathy, the NO-12-LOX axis may repre-

sent a novel mechanism underlying retinal vascular dys-

function and a potential therapeutic target for oxidative 

stress-associated retinal vascular diseases.
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목적: 산화질소(NO)는 망막 혈관 항상성을 유지하는 데 중요한 역할을 하며, 그 조절 이상은 당뇨망막병증과 같은          

망막 혈관 질환과 밀접하게 관련되어 있다. 본 연구에서는 내인성 NO의 감소가 혈관평활근세포(VSMCs)에서 12-          

lipoxygenase(12-LOX) 발현을 유도하는지 규명하고, 이러한 변화가 혈관 기능 이상에 미치는 역할을 조사하고자 하였          

다. 방법: VSMCs에 NO scavenger인 PTIO와 NO donor인 SNAP 및 SNP를 처리하여 NO level을 조절하였다. 세포          

내 NO 생성은 형광 분석을 통해 측정하였으며, 12-LOX의 발현은 Western blot과 RT-PCR을 이용하여 각각 단백질          

및 mRNA 수준에서 분석하였다. 결과: SNAP 처리 시 NO 생성은 유의하게 증가한 반면, PTIO는 농도 의존적으로          

NO 수준을 감소시켰다. PTIO에 의해 유도된 NO 감소는 12-LOX의 단백질 및 mRNA 발현을 유의하게 증가시켰다.          

반면 SNAP와 PTIO를 함께 처리하였을 때 PTIO에 의해 증가된 12-LOX 발현은 억제되었다. 결론: 본 연구 결과는          

내인성 NO가 VSMCs에서 12-LOX 발현을 음성적으로 조절함을 보여준다. NO의 감소는 12-LOX 발현을 유도하는          

반면, NO의 회복은 이를 억제하여, NO-12-LOX 경로가 망막 혈관 기능 이상에 중요한 역할을 할 수 있음을 시사한다.
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