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SUMMARY 

 
Carbon monoxide (CO) is an inert, nonreactive gas molecule, has long been known as toxic 

due to its capacity to bind hemoglobin and disturb oxygen transport. But low dose of CO has 

attracted particular attention as a potential therapeutic agent because of its reported anti-

inflammation, antioxidant, anti-apoptotic and cell-protective effect. We discuss recent progress 

in identifying new effector systems and elucidating the mechanisms of action of CO on 

endothelial senescence, as well as acute lung injury (ALI). Endothelial senescence is the main 

risk factor that contributes to vascular dysfunction and the progression of vascular disease. 

Firstly, we evaluate the effects of CO on endothelial senescence and to investigate the possible 

mechanisms underlying this process. We measured the levels of senescence associated--

galactosidase (SA--gal) activity, senescence-associated secretory phenotype (SASP), reactive 

oxygen species (ROS) production, and stress granule (SG) in human umbilical vein endothelial 

cells (HUVECs). We found that 5-fluorouracil (5FU)-induced ROS generation was inhibited 

by CO-releasing molecules (CORM)-A1 treatment, and endothelial senescence induced by 

5FU was attenuated by CORM-A1 treatment. The SIRT1 inhibitor EX527 reversed the 

inhibitory effect of CO on the 5FU-induced endothelial senescence. Furthermore, SIRT1 

deficiency abolished the stress granule formation by CO. Our results suggest that CO alleviates 

the endothelial senescence induced by 5FU through SIRT1 activation and may hence have 

therapeutic potential for the treatment of vascular diseases.  

In addition, we further confirm the protective role of CO in ALI. we measured cell viability, 

lipid ROS generation and the mRNA levels of prostaglandin-endoperoxide synthase 2 (PTGS2) 

as well as sterile alpha and Toll/interleukin-1 receptor motif-containing 1(SARM1) in human 

lung epithelial cells A549 cells and mouse lung epithelial cell line MLE12 cells for in vitro 
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experiments. We also used TTP+/+ and TTP-/-mouse lung tissue for PTGS2 and SARM1 mRNA 

expression measurement for in vivo experiment. We found that LPS treatment induced lipid 

ROS generation, upregulation of PTGS2 level as well as SARM1 expression and 

downregulation of the cell viability while were restored by CO-releasing molecules-2 

(CORM2) treatment. Additionally, TTP activation triggered by CORM2 treatment attenuated 

the upregulation of SARM1 and PTGS2 induced by LPS. Furthermore, TTP deficiency 

abolished the PTGS2 and SARM1 downregulation induced by CO. Our results showed the 

mechanism that TTP activation by CO ameliorates SARM1-dependent ferroptosis. We 

identified SARM1, one of NAD-consuming enzymes, can be degraded by TTP resulted in 

inhibition of lipid ROS generation and downregulation of PTGS2, leading to ameliorate 

ferroptosis. Thus, the crosstalk between TTP and SARM1 provides a mechanism of control the 

resolution of inflammation and cell death in ALI. In conclusion, CO might contribute to cellular 

therapies for vascular diseases and ALI.  
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Ⅰ-Ⅰ. ABSTRACT 

 

Endothelial senescence is the main risk factor that contributes to vascular dysfunction and the 

progression of vascular disease. Carbon monoxide (CO) plays an important role in preventing 

vascular dysfunction and in maintaining vascular physiology or homeostasis. The application 

of exogenous CO has been shown to confer protection in several models of cardiovascular 

injury or disease, including hypertension, atherosclerosis, balloon-catheter injury, and graft 

rejection. However, the mechanism by which CO prevents endothelial senescence has been 

largely unexplored. The aim of this study was to evaluate the effects of CO on endothelial 

senescence and to investigate the possible mechanisms underlying this process. We measured 

the levels of senescence-associated--galactosidase (SA--gal) activity, senescence-associated 

secretory phenotype (SASP), reactive oxygen species (ROS) production, and stress granule 

(SG) in human umbilical vein endothelial cells (HUVECs) and the WI-38 human diploid 

fibroblast cell line. We found that 5-fluorouracil (5FU)-induced ROS generation was inhibited 

by CO-releasing molecules (CORM)-A1 treatment, and endothelial senescence induced by 

5FU was attenuated by CORM-A1 treatment. The SIRT1 inhibitor EX527 reversed the 

inhibitory effect of CO on the 5FU-induced endothelial senescence. Furthermore, SIRT1 

deficiency abolished the stress granule formation by CO. Our results suggest that CO alleviates 

the endothelial senescence induced by 5FU through SIRT1 activation and may hence have 

therapeutic potential for the treatment of vascular diseases. 
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Ⅰ-Ⅱ. INTRODUCTION 

 

Vascular endothelial cells play a pivotal role in regulating hemostasis of the cardiovascular 

system, including vascular tone, balance between thrombosis and thrombolysis, recruitment of 

inflammatory cells to the vasculature, and platelet aggregation [1]. Oxidative stress in 

endothelial cells is a major stimulus for the induction of senescence. Reactive oxygen species 

(ROS) generated from DNA damage induces senescence in endothelial cells [2]. Endothelial 

senescence results in endothelial dysfunction and promotes the progression of vascular diseases 

such as atherosclerosis, subsequently increasing cardiovascular risk. Thus, therapies targeting 

endothelial senescence have important clinical implications for the treatment of cardiovascular 

diseases. 

5-fluorouracil (5FU) is a fluoropyrimidine chemotherapeutic agent that has been widely used 

to treat solid cancers [3]. 5FU is also a potent antimetabolite that causes RNA miscoding and 

inhibits DNA synthesis via two separate mechanisms [4]. 5FU induces the senescence of 

endothelial cells [4] and cancer cells [5]. During 5FU-triggered senescence, endothelial nitric 

oxide synthase (eNOS) and SIRT1 are the most important signaling enzymes of endothelial 

cell homeostasis [4]. The mammalian NAD+‐dependent deacetylase SIRT1 is a crucial 

regulator of cell stress response and cell senescence [6,7]. SIRT1 is activated under metabolic 

stress conditions, and this activation orchestrates the functional changes of multiple metabolic 

pathways, which are important for cellular adaptation to nutrient deprivation [7]. SIRT1 is also 

activated by ROS [8], which endows cellular tolerance against oxidative stress‐induced injuries 

[9]. The inhibition of SIRT1 promotes senescence, whereas increased SIRT1 function retards 

the development of cell senescence [7]. eNOS produces NO and exerts multiple beneficial 
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functions, such as vasorelaxation, anti-inflammation and anti-apoptosis, in the vasculature and 

thus plays a critical role in vascular homeostasis and disorders [10]. 

Endogenous levels of carbon monoxide (CO) result from the presence of heme oxygenase 

(HO)-2, which is constitutively expressed, and of HO-1 enzyme, which is an inducible enzyme 

responsible for the catabolism of heme products [11]. Among the HO-1 end products, CO is 

the most important for preventing vascular dysfunction and maintaining vascular physiology 

or homeostasis [12]. HO-1 expression and/or the application of exogenous CO has been shown 

to confer protection in several models of cardiovascular injury or disease, including 

hypertension and atherosclerosis [13]. However, the mechanism by which CO prevents 

endothelial senescence has been largely unexplored.  

Stress granules (SGs) are membrane-less organelles that have a cytoprotective role and 

represent the sites of RNA triage during environmental assaults [14]. The formation of SGs can 

be initiated by the Ras GTPase-activating protein-binding protein 1 (G3BP1), T-cell 

intracellular antigen-1 (TIA-1), TIA-1-related (TIAR) and other proteins [15–18] and the 

granules are disassembled when the stress subsides [19]. A previous study found that SGs in 

senescent cells can decrease p21 by inhibiting its translation [20] and prevent apoptosis by 

minimizing energy expenditure as well as improving cell survival under damaging conditions 

[21]. In our previous study, SGs were found to be induced by CO [22]. 

Here, we found that CO attenuated 5FU-induced senescence by increasing SIRT1 expression 

and inducing SGs assembly in endothelial cells. Taken together, we suggest a new mechanistic 

explanation for the beneficial effect of CO on vascular homeostasis and disease. 
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Ⅰ-Ⅲ. MATERIALS AND METHODS 

 

1.  Materials 

5FU, sodium boranocarbonate (CORM-A1), Thapsigargin (Tg), EX527 (SIRT1 inhibitor), and 

N-acetyl-cysteine (NAC) were purchased from Sigma Aldrich (St. Louis, MO). CO-depleted 

inactive form (iCORM-A1, 40M) as a negative control was generated by dissolving CORM-

A1 in 0.1M HCl and bubbling pure N2 through the solution [23]. 

 

2.  Cell Culture 

HUVECs were cultured on gelatin at 37°C in a humidified atmosphere of 5% CO2 and 95% 

air in Endothelial Cell Basal Medium 2 (EBM-2) (Lonza Clonetics, Walkersville, MD) and 

expanded in Endothelial Growth Medium-2 (EGM-2) singleQuots (Lonza Clonetics, 

Walkersville, MD). Cells used for experiments were at passages three to five. WI-38 fibroblast 

cells were cultured in Minimum Essential Medium (MEM, Thermo Fisher Scientific, Waltham, 

MA) with 10% fetal bovine serum (Gibco origin, Australia) and 1% penicillin streptomycin 

solution (Gibco 15140-122, Grand Island, NE) at 37°C in a humidified incubator containing 

5% CO2. 

 

3.  SA--gal staining 

Senescence-associated (SA)--Galactosidase (gal) characterizes senescence because the 

lysosomal content increases and has residual activity at suboptimal pH 6 [24]. To observe the 

senescent cells, WI-38 cells and HUVECs were treated with 5FU to induce premature cellular 

senescence. Then, SA-β-gal staining was performed by utilizing a cellular senescence cell 



8 

 

histochemical stain kit (Sigma CS0030, Saint Louis, MO) according to the manufacturer's 

protocol. 

 

4.  Cell viability assays 

(The WST-8 QuantiMax™-Cell viability assay kit) was used to analyze cell viability according 

to the manufacturer's instructions. HUVECs (1 × 104/well) were plated onto 96-well plates. All 

assays were performed in triplicate. Cells in each well were suspended in 100μL fresh medium 

containing the various treatment and then seeded. After treatment, WST-8 (10 L/well) was 

added for 4h of additional incubation, and the absorbance was measured at 450nm. 

 

5.  Intracellular ROS measurement 

HUVEC cells were pretreated with CORM-A1 (40mM) for 1h followed by the stimulation of 

5FU (70μg/ml) for 48h. Cells were post-treated with CORM-A1 (40μM) every 24h. For 

positive control, HUVEC cells were co-treated with NAC (3 mM) and 5FU (70g/ml) for 4h, 

and then cells were supplied with fresh medium. Then, the cells were trypsinized, placed in 

fluorescence-activated cell sorting tubes, and washed with 1xPBS. Cells were incubated in 

1xPBS containing 3μM CM-H2DCF-DA (Invitrogen C6827, Eugene, OR) for 40min at 37°C. 

DCF-DA fluorescence was detected by using a flow cytometry (FACSCanto II), and data was 

analyzed by FlowJo V10 software (Tree Star Inc., San Carlos, CA). The fold of change is 

presented by geometric mean fluorescence intensity. To evaluate the intracellular ROS 

production by confocal microscopy, HUVEC cells were grown in confocal 4-well chambers 

(#155382, Nunc, Thermo Scientific, Waltham, MA). The production of intracellular ROS was 
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detected by staining with CM-H2DCFDA (10μM) for 15min in 1xPBS. Images were observed 

by using Olympus FV1200 confocal microscope (Olympus, Tokyo, Japan). 

 

6.  RNA isolation and real-time quantitative PCR (RT-qPCR) 

After indicated treatment, HUVECs and WI-38 cells were lysed using TRIzol reagent 

(Invitrogen, Carlsbad, CA), and total RNA was isolated. We used 2g total RNA to synthesize 

cDNA using M-MLV reverse transcriptase (Promega, Madison, WI). The synthesized cDNA 

was subject to PCR-based amplification. The samples were free of genomic DNA. To perform 

quantitative real-time PCR (qRT-PCR), the synthesized cDNA was amplified with SYBR 

Green qPCR Master Mix (2x, USB Production; Affymtrix) on ABI 7500 Fast Real-time PCR 

system (Applied Biosystems, Carlsbad, CA). The following qRT-PCR primers were used: 

human GAPDH (forward: 5′-CAA TGA CCC CTT CAT TGA CCT C-3′, reverse: 5′-AGC ATC 

GCC CCA CTT GAT T-3′), human p21 (forward: 5′-CGA TGG AAC TTC GAC TTT GTC A 

3′, reverse: 5′-GCA CAA GGG TAC AAG ACA GTG-3′), human PAI-1 (forward: 5′-TGA 

TGGCTC AGA CCA ACA AG-3′, reverse: 5′-CAG CAA TGA ACA TGC TGA GG-3′), human 

TNF-α (forward: 5′-GCT GCA CTT TGG AGT GAT CG-3′, reverse: 5′-GTT TGC TAC AAC 

ATG G GC TAC AG-3′), and human HO-1 (forward: 5′-CAG GAG CTG CTG ACC CAT GA 

3′, reverse: 5′-AGC AACTGT CGC CAC CAG AA-3′). 

 

7.  Western blot 

Total proteins extracted from harvested cells were prepared in Mammalian Cell-PE L™ Buffer 

(Organic buffer + 10 mM NaCl + Detergent, pH7.5) (GBiosciences, USA) containing 
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phosphatase (SIGMA-Aldrich, St. Louis, MO), and protease inhibitors (SIGMA-Aldrich, St. 

Louis, MO). Protein concentration was determined using the BCA protein assay kit (Pierce 

Biotechnology, Rockford, IL). For western blots, protein samples were separated using SDS-

PAGE and transferred onto polyvinylidene difluoride me branes (Millipore, Burlington, 

MA).The membrane was blocked with 5% skim milk (BD Difco™ Skim Milk, PA) in 

phosphate buffered saline Tween 20 (PBS-T) and then incubated with a primary antibody 

against eNOS (1:1000 v/v in PBS-T, BD Bioscience, San Jose, CA), SIRT1 (1:1000 v/v in 

PBS-T, millipore, Burlington, MA), β-actin (1:2000 v/v in PBS-T, Invitrogen, Carlsbad, CA) 

followed by incubation with a secondary antibody. 

 

8.  Immunofluorescence 

To observe the formation of SGs, HUVECs were plated on 4-well Lab-Tek chambered cover-

glass (Nunc, Thermo Scientific, Waltham, MA), and pretreated with iCORM-A1 (40 M) or 

CORM-A1 (40 M), followed by the administration of 5FU and thapsigargin (Tg, 200nM) as 

a positive control to induce premature cellular senescence. After treatment, the cells were fixed 

with 10% neutral-buffered formalin solution (Sigma Aldich, St. Louis, MO) for 15min. The 

cells were subsequently permeabilized with 0.1% Triton X-100. The cells were then incubated 

in blocking solution (3% BSA) for 1h at room temperature to reduce nonspecific binding of 

the antibody. Incubation with the primary antibodies was carried out for overnight at 4°C. The 

following primary antibodies were used: anti-TIA-1 (1:500, Abcam, Cambridge, MA) and anti- 

G3BP1 (1:500, Santa Cruz Biotechnology, CA, USA). Alexa-Fluor 488 anti-mouse (1:500, 

Invitrogen, Carlsbad, CA) and Alexa-Fluor 594 anti-rabbit (1:500, Invitrogen, Carlsbad, CA) 

IgG antibodies were used as secondary antibodies. Then, the cells were washed with PBS-T 
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followed by DAPI (Sigma, St. Louis, MO) staining. Images of the cells were obtained using an 

Olympus FV1200 confocal microscope (Olympus, Tokyo, Japan). 

 

9.  Statistics 

For statistical comparison, all data were presented as mean ± SD (n =3). The comparison among 

all experimental groups were made by One-way ANOVA with Tukey's post hoc tests, and all 

statistical analysis were assessed by GraphPad Prism software version 5.03 (SanDiego, CA). 

The changes among groups with probability values of p ≤0.05 were considered statically 

significant. 
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Ⅰ-Ⅳ. RESULTS  

 

Senescence of HUVECs in response to increasing concentrations of 5FU 

Previous study already identified that 5FU induces senescence of EA. hy926 human endothelial 

cells, so we firstly confirm this effect of 5FU in human umbilical vein endothelial cells 

(HUVECs), To elicit the endothelial senescence, HUVECs were incubated for 4h with different 

concentrations of 5FU (Fig. 1A). After this treatment, senescence was assessed as a percentage 

of SA-β-gal. 5FU significantly enhanced the proportion of SA-β-gal-positive cells (Figs. 1A 

and B) and induced the mRNA expression of p21 in a dose-dependent manner (Fig. 1C). Thus, 

70μg/ml of 5FU was chosen because it was the most pro-senescent and no apoptosis was found 

in the preliminary assessment (Fig. 1D). Altogether, these data confirm that 5FU had the most 

profound effect on HUVECs senescence. 
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Fig. 1. Senescence of HUVECs in response to increasing concentrations of 5FU 

(A-B) HUVECs were stained for SA-β-galactosidase and treated with vehicle and 5FU (10, 30, 

50, and 70 μg/ml). Representative pictures and percentage of SA-β-galactosidase positive 

HUVECs treated with vehicle and 5FU (10, 30, 50, and 70 μg/ml) as indicated. (C) mRNA 

expression of p21 detected by RT-qPCR regarding HUVECs treated with vehicle and 5FU (10, 

30, 50, and 70 μg/ml) as indicated. (D) HUVECs viability after treatment 5FU was evaluated 

by Quanti-max™ WST-8 cell viability assay kit. Data represented are the means ± SEM of 

three independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001. 

 

 

 

 

 

 

 

 

https://www-sciencedirect-com-ssl.libproxy.amc.seoul.kr/topics/biochemistry-genetics-and-molecular-biology/fluorouracil
https://www-sciencedirect-com-ssl.libproxy.amc.seoul.kr/topics/biochemistry-genetics-and-molecular-biology/p21
https://www-sciencedirect-com-ssl.libproxy.amc.seoul.kr/topics/biochemistry-genetics-and-molecular-biology/cell-viability
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CO inhibits the endothelial cell senescence induced by 5FU. 

Given the established role of HO-1 in endothelial cell senescence [1], we hypothesized that CO 

protects against endothelial senescence induced by 5FU. To investigate the roles of CO in 5FU-

induced senescence, we exposed HUVECs propagated in serum-free DMEM alone to 70 μg/ml 

5FU for 4h after pre-treatment of cells for 1h with CORM-A1, a CO- releasing molecule that 

has been shown to deliver CO to cells [23]. CO protection was evaluated by pre-incubating for 

1h with CORM A1 at 20 and 40M. The pretreatment with CORM-A1 significantly alleviated 

the 5FU elicited senescence of HUVECs (Fig. 2). 5FU significantly enhanced the proportion 

of SA-β-gal-positive HUVECs suggesting that endothelial senescence was successfully 

induced by 5FU. The CO treatment alone did not alter the basal senescence level of HUVECs, 

but reversed 5FU-induced endothelial senescence in a dose-dependent manner (Fig. 2A and B). 

Therefore, these data indicated that CO inhibits the endothelial cell senescence induced by 

5FU.   
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Fig. 2. CO inhibits the endothelial cell senescence induced by 5FU.  

(A–B) Representative pictures and percentages of SA-β-galactosidase positive HUVECs 

treated with vehicle, 5FU (70 μg/ml), and CORM-A1 (20 and 40 μM) as indicated. Data 

represented are the means ± SEM of three independent experiments. *p < 0.05, **p < 0.01, and 

***p < 0.001. 
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CO ameliorates SASP components in endothelial cell induced by 5FU. 

The cyclin-dependent kinase inhibitors p21, which leads to the inhibition of the cyclin E-CDK2 

complex, is regarded as an important molecule underlying endothelial senescence [2]. As 

shown Fig.3A, 5FU significantly upregulated the mRNA expression of p21 in HUVECs. 

Furthermore, CO treatment alone did not alter the basal levels of p21 expression but abolished 

5FU-induced upregulation of p21 in a dose-dependent manner (Fig.3A). In previous studies, 

senescence was shown to confer characteristic changes in gene expression, such as 

inflammatory adhesion molecules, cytokines, and matrix metalloproteinases, collectively 

referred to as the senescence associated secretory phenotype (SASP) [25-27]. The SASP 

defines the ability of senescent cells to express and secrete a variety of extracellular modulators 

[28–30]. To determine whether treatment with CORM-A1 induced manifestation of SASP 

components, we assessed the prothrombotic plasminogen activator inhibitor-1 (PAI-1), as well 

as cytokine TNF-, shown previously to be elevated in endothelial cells at replicative 

senescence [31–34]. 5FU significantly increased PAI-1 and TNF- expression, and the 

upregulation of these SASPs was attenuated by CO treatment (Fig.3B and C). Additionally, 

CORM-A1 inhibited the PAI-1 secretion increased by 5FU (Fig.3D). Hence, these data 

demonstrated that CO inhibits the senescence induced by 5FU in HUVECs. 
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Fig. 3. CO ameliorates SASP components in endothelial cell induced by 5FU. 

(A-B) The mRNA expression of p21 (A) and SASP (TNF-α) (B) were detected by RT-qPCR 

after HUVECs were treated with vehicle, 5FU (70 μg/ml) and CORM-A1 (20 and 40 μM) as 

indicated. (C) mRNA expression of PAI-1 was detected by RT-qPCR after HUVECs were 

treated with vehicle, 5FU (70 μg/ml) and CORM-A1 (40 μM) as indicated. The concentration 

of PAI-1(D) in cultured media was detected by ELISA. Scale bars are equal to 20 μm. Data 

represented are the means ± SEM of three independent experiments. *p < 0.05, **p < 0.01, and 

***p < 0.001. 
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CO inhibits SASP components in human lung fibroblast induced by 5FU. 

In addition to endothelial cells, human fibroblasts (WI38 cells) were used to study cellular 

senescence, as WI38 cells divide a limited number of times and cease growing. This 

phenomenon is known as cellular replicative senescence [25]. As shown Fig. 4A, 5FU 

significantly upregulated the mRNA expression of p21 in WI38 cells. Furthermore, CO 

treatment alone did not alter the basal levels of p21 expression but abolished 5FU-induced 

upregulation of p21. (Fig.4A) 5FU significantly increased TNF-α and PAI-1 expression in 

WI38 cells, and the upregulation of these SASPs was attenuated by CO treatment (Fig.4B and 

C). Furthermore, CORM-A1 inhibited the PAI 1 secretion increased by 5FU (Fig.4D). 

Altogether, these data demonstrated that CO also can inhibit the senescence induced by 5FU 

in WI38 cells. 
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Fig. 4. CO inhibits SASP components in human lung fibroblast induced by 5FU. 

(A-C) The mRNA levels of p21 (A) TNF-α (B), and PAI-1 (C) were detected by RT-qPCR after 

treatment with iCORM-A1 (20 and 40 μM), 5FU (70 μg/ml), and CORM-A1 (20 and 40 μM) 

as indicated. (D) The levels of PAI-1 protein were measured in WI38 cells treated with iCORM-

A1 (20 and 40 μM), 5FU (70 μg/ml) and CORM-A1 (20 and 40 μM). Data represented are the 

means ± SEM of three independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001. 
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CO reduced ROS generation induced by 5FU 

Specific increases of ROS levels have been demonstrated as being critical for the induction and 

maintenance of the cell senescence process [35]. According to a previous study, CO may be 

required to suppress ROS generation [36]. To evaluate whether CO has an antioxidant effect, 

we measured the production of intracellular ROS by staining with CM-H2DCF-DA. As shown 

in Fig. 5A, CORM-A1 treatment decreased the 5FU increased ROS production in HUVECs by 

analyzing with FACS. The inhibitory effect of CORM-A1 on ROS production by 5FU showed 

a similar result as was seen in the N-acetyl-L-cysteine (NAC)-treated group; NAC is a 

scavenger of ROS and was used in the positive control (Fig. 5A). CORM-A1 was confirmed 

to reduce the 5FU-induced ROS production by confocal microscopy (Fig. 5B). Previous studies 

have demonstrated that ROS reduction is dependent on HO-1 expression [28]. Thus, we 

assessed whether the generation of HO-1, an antioxidant molecule, by CO was involved in 

attenuating the cellular senescence. Most significantly, CORM-A1 treatment increased the HO-

1 levels inhibited by 5FU (Fig. 5C). Therefore, CO has an antioxidant effect and reduces the 

ROS levels induced by CO. 
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Fig. 5. Co reduced ROS generation induced by 5FU 

(A)HUVEC cells were pretreated with CORM-A1 (40 μM) for 1h followed by the 

administration of 5FU (70 g/ml) for 4h, and then cells were changed into fresh medium. 

CORM-A1 (40 μM) was post-treated for 1h each day. After a 48h incubation, the production 

of intracellular ROS was detected by staining with DCF-DA and examining with flow 

cytometry (FACSCanto II). For the positive control, HUVEC cells were co-treated with NAC 

(3 mM) and 5FU (70 g/ml) for 4 h, and then cells were changed into fresh medium. The fold 

change of geometric fluorescence mean intensity is presented as mean ± SD (n = 3). (B) 

HUVEC cells were pretreated with iCORM-A1 (40 M), CORM-A1 (40 M), 

and NAC (3 mM) for 1h followed by the administration of 5FU (70 g/ml) for 4 h, and then 

https://www-sciencedirect-com-ssl.libproxy.amc.seoul.kr/topics/biochemistry-genetics-and-molecular-biology/acetylcysteine
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cells were changed into fresh medium. After a 48h incubation, the production of intracellular 

ROS was detected by staining with DCF-DA and examined by confocal microscopy. (C) The 

scale bar represents 20m. The mRNA expression of HO-1 in HUVEC cells were measured by 

RT-PCR assay. Data are expressed as means ± SD (n = 3). One-way ANOVA with Tukey's post 

hoc tests was per- formed; **p < 0.01 and ***p < 0.001. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://www-sciencedirect-com-ssl.libproxy.amc.seoul.kr/topics/biochemistry-genetics-and-molecular-biology/confocal-microscopy
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CO prevents 5FU-induced cellular senescence via the reduction of intracellular ROS. 

As we mentioned before, the cyclin-dependent kinase inhibitors p21 and SASP component 

PAI-1 are important to endothelial senescence(Fig. 3).So to investigate the effects of ROS 

induced by 5FU on endothelial cells, we also examined senescence-related genes p21 and PAI-

1.As shown in Fig.6A and B, the levels of p21 and PAI-1 due to 5FU were shown to be higher 

than that of the control group while Cells pretreated with CORM-A1 exhibited markedly 

decreased SASP in response to 5FU. Hence, these data suggested that CO prevents 5FU-

induced cellular senescence via the reduction of intracellular ROS. 
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Fig. 6. CO prevents 5FU-induced cellular senescence via the reduction of intracellular 

ROS. 

The mRNA expression of p21 (A), PAI-1 (B) in HUVEC cells were measured by RT-PCR 

assay. Data are expressed as means ± SD (n = 3). One-way ANOVA with Tukey's post hoc tests 

was performed; **p < 0.01 and ***p < 0.001. 
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CO reduces SASP components dependent on HO-1 in WI-38 cells. 

Based on these studies, we then investigated whether CO regulates the expression of SASP that 

is dependent on HO-1in WI-38 cells. As shown in Fig.7A, WI-38 cells transfected with siRNA 

against Hmox-1 (siHmox-1) exhibited significantly decreased HO-1 expression compared with 

cells transfected with scramble RNA (scRNA). The HO-1 deficiency prevented the attenuation 

of 5FU-increased p21 or PAI-1 expression by CO (Figs.7B and 7C). To further confirm whether 

the influences of CO on SASP phenotype are dependent on HO-1, ZnPP was used as an 

inhibitor of HO-1. The increase in p21 and PAI-1 with 5FU was not suppressed by CO in the 

presence of ZnPP (Figs.7D and 7E). Therefore, CO also reduced SASP components dependent 

on HO-1 in WI-38 cells. 

 

Fig.7. CO reduces SASP components dependent on HO-1 in WI-38 cells. 
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(A-C) WI-38 cells were transfected with scramble RNA (scRNA) and siRNA against Hmox-

1 (siHmox-1) for 36h. Then cells were treated with CORM-A1 (40 M) for 1h followed by the 

stimulation of 5FU (70 g/ml). After a 4h-treatment with 5FU, cells were supplied with fresh 

media, and incubated for another 72h. The mRNA levels of HO-1 (A), p21 (B) and PAI-1 (C) 

were detected by RT-qPCR. (D-E) WI-38 cells were pretreated with ZnPP (5 M) for 30 min 

followed by the administration of iCORM-A1 (40 μM) or CORM-A1 (40 M) for 1h. Then, 

cells were challenged with 5FU (70 μg/ml) for 4 h and supplied with fresh medium. After 48h 

incubation, the mRNA levels of p21 (D) and PAI-1 (E) were assessed by RT-qPCR. Data were 

expressed as mean ± SD (n = 3 per group). ***p < 0.001, NS: not significant. 
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CO reverses the downregulation of eNOS and SIRT1 expression. 

We then speculated on the mechanism by which CO inhibits 5FU-induced endothelial 

senescence. In our previous study, we found that CO treatment increased SIRT1 expression 

[29]. SIRT1 is known to inhibit cellular senescence by stresses, including DNA damage and 

oxidative stress [30,37,38]. In addition, The NO generated by eNOS can protect cells from 

oxidative stress and delay endothelial cellular senescence [52,53]. To investigate the roles of 

CO in eNOS and SIRT1 levels, HUVECs were treated with 70μg/ml 5FU for 4h in the presence 

of CORM-A1. 5FU significantly decreased eNOS and SIRT1 protein expression, whereas the 

downregulation of eNOS and SIRT1 protein expression was increased by the CORM-A1 

treatment (Fig. 8A–C). Hence, these data suggested that CO reverses the downregulation of 

eNOS and SIRT1 expression. 

 

 

Fig. 8. CO attenuates the downregulation of eNOS and SIRT1 expression.  

(A–C) HUVECs with CORM-A1 pretreatment at 20 and 40 μM for 1h were incubated with 70 

g/ml 5FU for 4h (A). The expression of eNOS (B) and SIRT1 (C) protein were evaluated by 

western blot analysis. The optical density of the eNOS and SIRT1 bands was normalized for 
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that of β-actin. Data represented are the means ± SEM of three independent experiments; ∗∗∗ 

p < 0.001. 
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CO decreases 5FU-induced endothelial senescence through SIRT1 

To further confirm the role of SIRT1 in CO prevent from 5FU-induced endothelial senescence, 

the potent and selective SIRT1 inhibitor, EX527, was used to treat HUVECs. CORM-A1 

treatment protected against 5FU-induced endothelial senescence, however, this was reversed 

in the EX527 treatment, as analyzed by SA-β-gal staining (Fig. 9A). The CORM-A1 treatment 

decreased the mRNA level of p21 in the 5FU-treated HUVECs, but not in the EX527 treated 

HUVECs (Fig. 9B). Additionally, the CORM-A1 treatment alleviated SASP production (PAI-

1 and TNF-α) in 5FU-induced HUVECs, but not in EX527 treated HUVECs (Fig. 9C and D). 

SIRT1 plays an important role in the regulation of oxidative stress, therefore, we tested whether 

SIRT1 was related to the antioxidant function of CORM-A1 in 5FU-induced senescence. The 

CORM-A1 treatment increased the mRNA level of the HO-1 in the 5FU-treated HUVECs. In 

EX527-treated HUVECs, the CORM-A1 treatment failed to recover the HO-1 mRNA 

expression level (Fig. 9E). To further confirm the SIRT1 effect, we used scRNA and siRNA 

against SIRT1 (siSirt1) to transfect the HUVECs, the results showed that SIRT1 mRNA 

expression was significantly lower in the siSirt1 group compared to in the control group (Fig. 

9F). The SIRT1 deficiency prevented CORM-A1 inhibition of 5FU-induced p21, PAI-1, TNF-

α expression (Fig. 9G–I). In the presence of SIRT1, CORM-A1 recovered HO-1 expression 

(Fig. 9J). Thus, we could conclude that SIRT1 is required for the inhibitory effect of CO on 

endothelial senescence via reduction of ROS levels. 



30 

 

 

Fig. 9. CO decreases 5FU-induced endothelial senescence through SIRT1.  

HUVECs were pretreated with iCORM-A1 (40 M), CORM-A1 (40 M), and EX527 (10 M) 

for 1h followed by the stimulation of 5FU (70g/ml) for 4h in serum-free DMEM. HUVECs 

were post-treated with CORM-A1 (40M) every 24h for 2 days. (A, left panel) HUVECs were 

subjected to staining for SA--gal activity. (A, right panel) Graph represents the percentage of 
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cells that stained positive for SA--gal activity mRNA levels of p21 (B), PAI-1 (C), TNF- 

(D), and HO-1 (E) were determined by RT-qPCR. (F–J) HUVECs were transfected with 

negative control scrambled RNA (scRNA) or siRNA targeted at SIRT1 (siSIRT1). After 36h 

transfection, cells were pretreated with CORM-A1 (40M) for 1h followed by stimulation by 

5FU (70g/ ml) for 4h in serum free DMEM. Then, mRNA levels of Sirt1 (F), p21 (G), PAI-1 

(H), TNF-a (I), and HO-1 (J) were determined by RT-qPCR. One-way ANOVA with Tukey's 

post-hoc test was performed; *p < 0.05, **p < 0.01, ***p < 0.001, and NS: not significant. 

 

 

 

 

 

 

 

 

 

 

 

 



32 

 

SIRT1 is critical for the antioxidant effect of CO in WI-38 cells 

We already found CO decreases 5FU-induced endothelial senescence through SIRT1 in 

HUVECs, next we wondered whether the CO-triggered reduction of ROS is mediated by 

SIRT1 also happened in WI-38 cells, EX527 or siSirt1 transfection was used to inhibit SIRT1 

activity. 5FU-increased ROS levels were decreased by CORM-A1, but not in the presence of 

EX527 (Fig.10A). Consistent with EX527 treatment, with SIRT1 deficiency, CORM-A1 did 

not decrease 5FU-increased ROS levels (Fig.10B). Thus, we could conclude that SIRT1 is 

required for the inhibitory effect of CO on endothelial senescence via reduction of ROS levels 

in WI-38 cells. 
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Fig. 10. SIRT1 is critical for the antioxidant effect of CO in WI-38 cells  

(A) WI-38 cells were pretreated with EX527 (10 μM) for 1h followed by the administration of 

iCORM-A1 (40 M) or CORM-A1 (40 M) for 1h. Then, cells were treated with 5FU 

(70 g/ml) for 4h and supplied with fresh medium. After 48 h incubation, the intracellular ROS 

was detected by staining with DCF-DA and examined with a flow cytometry (FACSCanto II). 

(B) WI-38 cells were transfected with scRNA and siSirt1. After 36h transfection, cells were 

treated with iCORM-A1 (40 M) or CORM-A1 (40 M) for 1h in the presence or absence of 

5FU (70 μg/ml) for 48h. Then, the production of ROS was assessed by FACSCanto II. The 

fold change of mean fluorescence intensity is presented as mean ± SD (n = 3). ***p < 0.001, 

NS: not significant. 
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SIRT1 is associated with CO-induced SG assembly in 5FU-mediated cellular senescence 

Our previous study demonstrated that CO induced the assembly of SGs via the PERK-eIF2α 

signaling pathway [22]. Thus, to investigate whether CO can promote SGs formation in 5FU-

elicited endothelial senescence, we detected the SGs formation by immunofluorescence using 

anti-TIA-1 and-G3BP1 antibodies. Our results showed that 5FU administration slightly, but 

not significantly, increased the assembly of SGs, whereas the pretreatment with CORM-A1 in 

the presence of 5FU significantly increased the formation of SGs in HUVEC cells (Fig. 11A 

and B). Thapsigargin (Tg) is a well-known ER stress inducer that can increase the assembly of 

SGs owing to the activation of an integrated stress response [39]. Therefore, as a positive 

control, we treated HUVEC cells with a low dose of Tg (200 nM) for 40min to assess the levels 

of SGs assembly (Fig. 11A and B). A previous study reported that in response to stress, C. 

elegans SIR-2.4 and its mammalian orthologue SIRT6 localize to cytoplasmic SGs, interact 

with various SG components, and induce their assembly [40]. To investigate whether CO-

induced SIRT1 is associated with SGs assembly, HUVECs were transfected with siSirt1. As 

shown in Fig.11C, CO-induced SIRT1 is required in SGs assembly. Here, we suggested that 

besides the PERK-eIF2α signaling pathway [22], SIRT1 might be a novel factor involved in 

CO-mediated SGs formation. Taken together, our findings support the hypothesis that CO can 

increase the formation of SGs in 5FU-mediated cellular senescence, which might be involved 

in SIRT1 activation. 
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Fig. 11. SIRT1 is associated with CO-induced SG assembly in 5FU-mediated senescence 

(A and B) HUVEC cells were treated with iCORM-A1 (40 M) and CORM- A1 (40 M) for 

1h followed by the stimulation of 5FU (70 g/ml). (C) HUVEC cells were transfected with 

scRNA and siSirt1. And then cells were treated with iCORM-A1 (40 M) or CORM-A1 

(40 M) for 1h followed by the stimulation of 5FU (70 μg/ml). After a 4h-treatment with 5FU, 

cells were changed into fresh media, and were incubated for another 72 h to induce DNA 

damage-mediated premature cellular senescence. The assembly of SGs was observed by 

immunofluorescence using anti-TIA-1 and anti-G3BP1 antibodies. As a positive control, 
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HUVEC cells were treated with 200 nM thapsigargin (Tg) for 40min to assess the levels of 

SGs formation. Scale bars represent 10μm. Quantification from immunofluorescence images 

were achieved by counting the TIA-1 and G3BP1-positive granules per cell. Data were 

expressed as mean ± SD (n= 3 per group). One-way ANOVA with Tukey's post hoc tests was 

performed; *p < 0.05, **p < 0.01, and ***p < 0.001. 
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Schematic diagram of proposed pathway. 

Our results suggest that CO alleviates the endothelial senescence induced by 5FU through the 

SIRT1 activation (Fig. 12). Therefore, CO might contribute to cellular therapies for vascular 

diseases. 

 

Fig. 12. Schematic diagram of proposed pathway.  

5FU elicits the senescence of HUVECs by the generation of ROS. CORM-A1 prevents the 

5FU-induced senescence in HUVECs via SIRT1 activation. 
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Ⅰ-Ⅴ. DISCUSSION  
 

The present study showed that CO could prevent endothelial senescence induced by 5FU. 

Previously, researchers have reported the protective effects of CO on endothelial dysfunction 

[41–43]. However, the underlying mechanisms of this type of CO protective benefit have 

remained elusive. Endothelial senescence might be induced by endothelial dysfunction [44] 

and is one side-effect of 5FU use [45]. Therefore, we hypothesized that CO also plays a highly 

important role in preventing endothelial senescence induced by 5FU. In the present study, 5FU 

induced the senescence of HUVECs, which is consistent with the results of previous studies 

[4]. Additionally, sera from patients receiving a prodrug of 5FU caused endothelial cell 

senescence [4]. Furthermore, 5FU induced the senescence of WI-38 fibroblast cells, and we 

also found that CO prevented 5FU-induced senescence in WI-38 cells. Emerging evidence 

shows that one of the features of senescent fibroblasts is increased vascular endothelial growth 

factor expression, and senescent fibroblasts can stimulate cultured HUVECs to intrude into a 

basement membrane [46]. 

To detect whether 5FU induces senescence successfully, we investigated several 

senescence-associated factors. Lysosomal content increased in the senescent cells, which is 

often detected as high SA--gal activity [47]. The cyclin-dependent kinase inhibitor p21 has 

already been identified as being associated with endothelial senescence, as it can lead to the 

inhibition of the cyclin E-CDK2 complex [2]. SASP is another characteristic feature of cellular 

senescence [27]. Among the SASPs, PAI-1 and TNF-α have previously been shown to be 

enhanced in senescent endothelial cells [33,34]. In the present study, the SA- -gal activity and 

p21, PAI-1, and TNF- expression induced by 5FU was attenuated by CORM-A1 treatment. 
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These findings support our hypothesis that CO confers protection from endothelial senescence 

induced by 5FU. 

ROS generation is another feature of endothelial senescence [48] and, because of the 

dysfunctional mitochondria accumulation, the senescent cell always exhibits high levels of 

ROS [47]. Recently, studies have demonstrated the role of oxidative stress caused by ROS in 

senescence [49]. Oxidative stress might damage DNA and proteins and induce cellular 

senescence [50]. Furthermore, HO-1 as an antioxidant protein ameliorates oxidative stress 

induced endothelial senescence [1]. We explored intracellular ROS generation and found that 

5FU enhanced ROS generation, which is consistent with results from other studies [51], and 

this upregulation was decreased by the CO treatment. And we suggested that CO could prevent 

5FU-induced senescence by increasing anti-oxidative activity, which produced the same result 

as treatment with the ROS scavenger, NAC (Fig.5-6). Therefore, we suggest that CO improves 

endothelial senescence by increasing HO-1. In addition to HO-1, CO increased the levels of 

eNOS and SIRT1 in endothelial cells (Fig.8). SIRT1 also is a crucial regulator of cell 

senescence [9], and we have previously reported that CO activates SIRT1 by inhibiting miR34a 

[29]. The NO generated by eNOS can protect cells from oxidative stress and delay endothelial 

cellular senescence [52,53]. The eNOS was activated by CO-releasing molecules or CO gas 

through intracellular calcium release and Akt phosphorylation [54]. Moreover, SIRT1 interacts 

with the vascular eNOS/NO system [55] and regulates vascular angiogenesis and senescence 

[56]. We found that SIRT1 activation by CO protects endothelial cells from 5FU-induced 

senescence. Moreover, CO-derived downregulation of SASP was involved in antioxidation and 

SIRT1 activity (Fig.9). In response to a variety of harmful stimuli, including heat, 

hyperosmolarity and oxidative conditions, eukaryotic cells will transiently turn off protein 
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synthesis, and enhance the assembly of SGs in the cytoplasm to control energy expenditure for 

the repair of stress-induced damage [21,57,58]. On the other hand, the formation of SGs can 

mediate the inhibition of cellular senescence, which is associated with the sequestration of PAI-

1, a component of SASP [59]. Moreover, CO can induce the assembly of SGs through the 

PERK-eIF2α signaling pathway, which is a part of an integrated stress response [22]. However, 

whether CO can promote the formation of SGs in premature endothelial senescence remains 

undefined. Our study showed that CO induced the formation of SGs in HUVECs, and the 

SIRT1 inhibitor, EX527, blocked this effect of CO. 

Our results suggest that CO alleviates the endothelial senescence induced by 5FU through 

the SIRT1 activation (Fig.12). Therefore, CO might contribute to cellular therapies for vascular 

diseases. 
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PART Ⅱ 

TTP activation by CO ameliorates ALI via inhibition of SARM1-dependent  

ferroptosis 
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Ⅱ-Ⅰ. ABSTRACT 

 

Ferroptosis, an iron-dependent form of programmed cell death, plays an important role during 

Acute lung injury (ALI). ALI is defined as a common life-threatening disease caused by several 

factors, including oxidative stress, inflammation, and cell death. Ferroptosis as a newly 

recognized cell death, the regulated mechanism of ferroptosis in ALI remains largely elusive. 

Carbon monoxide (CO) has been reported to have antioxidative, anti-apoptotic, and anti-

inflammatory properties. We have previously established a protective role of carbon monoxide 

(CO) in ALI via inhibiting inflammatory responses through tristetraprolin (TTP) upregulation. 

Here, we further confirmed the beneficial effect of CO in ALI, we measured cell viability, lipid 

ROS generation and the mRNA levels of prostaglandin-endoperoxide synthase 2 (PTGS2) as 

well as sterile alpha and Toll/interleukin-1 receptor motif-containing 1(SARM1) in human lung 

epithelial cells A549 cells and mouse lung epithelial cell line MLE12 cells for in vitro 

experiments. We also used TTP+/+ and TTP-/-mouse lung tissue for PTGS2 and SARM1 mRNA 

expression measurement for in vivo experiment. We found that LPS treatment induced lipid 

ROS generation, upregulation of PTGS2 level as well as SARM1 expression and 

downregulation of the cell viability while was restored by CO-releasing molecules-2 (CORM 

2) treatment. Additionally, TTP activation triggered by CORM2 treatment attenuated SARM1 

and PTGS2 level induced by LPS. Furthermore, TTP deficiency abolished the PTGS2 and 

SARM1 downregulation induced by CO. Our results showed the mechanism that TTP 

activation by CO ameliorates SARM1-dependent ferroptosis. We identified SARM1, one of 

NAD-consuming enzymes, can be degraded by TTP resulted in inhibition of lipid ROS 

generation and downregulation of PTGS2, leading to ameliorate ferroptosis. Thus, the crosstalk 
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between TTP and SARM1 provides a mechanism of control the resolution of inflammation and 

cell death in ALI. 
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Ⅱ-Ⅱ. INTRODUCTION 

 

Acute lung injury (ALI) is a prevalent and critical life-threatening disorder affecting more 

than 200,000 people in the US each year, with approximately 75,000 deaths,[60] making it an 

important cause of high rates of morbidity and mortality among patients with numerous 

medical conditions. As a less severe form of acute respiratory distress syndrome (ARDS),which 

is a major cause of respiratory failure and one of the most challenging clinical conditions, ALI 

is characterized by the rapid and intense inflammatory response resulting in the accumulation 

of pulmonary neutrophils, interstitial edema, arterial hypoxemia, which damage the vascular 

endothelium and alveolar epithelium in the lung tissues, thus diminishing lung function.[61] It 

is currently reported that ALI may be caused by oxidative stress, inflammation, and cell 

death[62-64], but its pathogenesis is still unclear. 

 In recent years, an increasing number of ALI intervention strategies have been noticed that 

ultimately converge on ferroptosis. [65-66] Ferroptosis is an iron-dependent form of 

programmed cell death characterized by the accumulation of lipid hydroperoxides to lethal 

levels.[67] The term ferroptosis was first found by Dixon et al. in RAS mutant tumor cells 

treated with erastin in 2012.[68] Glutathione (GSH) which is the essential substrate for 

glutathione peroxide enzyme 4 (GPX4) to degrade phospholipid hydroperoxide (PLOOH), the 

depletion of GSH is one of the key events in ferroptosis. The cystine/glutamate antiporter 

System Xc-, which consists of SLC3A2 (solute carrier family 3 member 2) and SLC7A11 

(solute carrier family 7 member 11) is an amino acid transporter that transports extracellular 

cystine and intracellular glutamate at a ratio of 1:1 to produce GSH. The utilization of GSH 

depends on the key enzyme GPX4. Inhibition of GPX4 through depletion of GSH with erastin, 
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or with the direct GPX4 inhibitor (1S,3R)-RSL3 (hereafter referred to as RSL3)，which can 

covalently bind to the active site Sec of GPX4 and directly inhibit the activity of GPX4 

ultimately results in overwhelming lipid peroxidation that causes ferroptosis.[67]  

Meanwhile, SARM1 (sterile alpha and Toll/interleukin-1 receptor motif-containing 1), the 

founding member of a family of Toll/interleukin-1 receptor (TIR)-domain containing enzymes 

that cleaves the essential metabolite nicotinamide adenine dinucleotide (NAD+) into 

nicotinamide (NAM) and adenosine diphosphate ribose (ADPR), is a key executioner of cell 

death due to the severe depletion of NAD+ [69]. Furthermore, SARM1 has recently been shown 

to have a role in mammalian neuronal-cell death in response to infection and injury and regulate 

inflammasome-dependent cytokine release and cell death in macrophages.[70] We considered 

whether SARM would regulate ferroptosis in ALI. 

Tristetraprolin (TTP, encoded by Ttp, also known as Zfp36) is an RNA binding and RNA-

destabilizing protein that bind directly to AU-rich elements (AREs) in the 3 -untranslated 

region (UTR) of their target mRNAs and promote the removal of the polyA tail, followed by 

complete mRNA decay. By destabilizing their target mRNAs, TTP can promotes degradation 

of a number of inflammatory mediators, such as TNF-a, IL-2, IL-3 and IL-6.[71] In addition to 

the anti-inflammatory effects of TTP, TTP also as players in cellular iron homeostasis that 

regulate mRNA stability of TfR1 and iron-containing genes. TTP can be strongly induced by 

iron chelation, promotes downregulation of iron-requiring genes in both mammalian and yeast 

cells, and modulates survival in low-iron states.[72] Because we have previously established a 

protective role of carbon monoxide (CO) in ALI, [71] which is an inducer of TTP activation, 

can inhibit inflammatory responses through TTP upregulation. Furthermore, in our recent 
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study, we demonstrated that TTP activation induced by CO ameliorates the inflammatory 

response and promotes autophagic bacterial clearance in sepsis-induced ALI through CD38 

degradation, an NAD+ depleting enzyme, leading to a rise of NAD+ levels, and activation of 

Sirt1.[73] We considered whether SARM1 which also acts as an NAD-consuming enzyme 

would be degraded by TTP, and then regulate inflammation and ferroptosis in ALI.  

In the current study, we sought to identify the role of SARM1 in ferroptosis in ALI. We found 

that TTP activation by CO ameliorates ALI via inhibition of SARM1-dependent ferroptosis. 

We conclude that the nexus of TTP and SARM1 provides a mechanism of control the resolution 

of inflammation and cell death in ALI. 
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Ⅱ-Ⅲ. MATERIALS AND METHODS 

 

1. Reagents 

Lipopolysaccharide (LPS), carbon monoxide-releasing molecule- (CORM-) 2, were purchased 

from Sigma-Aldrich, (St. Louis, MO, USA). Ferrostatin-1 was purchased from Selleckchen, 

siRNA against TTP was from Santa Cruz Biotechnology (Santa Cruz, CA). 

 

2. Animals 

All mice in this study were on pure C57BL/6 background. Ttp-/- male mice, in C57BL/6 

background, were provided by Dr. Perry J. Blackshear (Laboratory of Signal Transduction, 

National Institute of Environmental Health Sciences, USA). Animal studies were approved by 

the University of Ulsan Animal Care and Use Committee (Reference number HTC-14–030). 

All mice were maintained under specific pathogen-free conditions at 18-24 ℃ and 40%–70% 

humidity, with a 12 h light-dark cycle. 

 

3. Cell Culture 

Human lung epithelial A549 cells (KCLB, Seoul, Korea) were cultured in RPMI 1640 medium 

(Gibco, Grand Island, NY, USA), containing 10% FBS and 1% penicillin-streptomycin, at 37°C 

in humidified incubators containing an atmosphere of 5% CO2. Mouse lung epithelial MLE12 

cells were cultured in a humidified incubator maintained at 37° C and 5% CO2 in Dulbecco’s 

modified Eagle’s medium (11965, Gibco, USA) containing 10% fetal bovine serum (0500, 

Gibco, USA), and 1% penicillin-streptomycin. 
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4.  LPS-induced ALI and CO inhalation 

For in vivo experiments 10-week-old Ttp+/+ and Ttp-/- male mice were randomly assigned into 

three groups (10 mice in each group), including Vehicle, LPS, LPS+CO gas. Mice were 

exposed to CO gas (250 ppm) for 4 h per day in an exposure chamber (LB Science, Daejeon, 

Korea) for 7 days. Then mice were challenged with LPS (25mg/kg), and then mice were 

sacrificed after 24 h. Lung tissues were harvested to measure the expression of SARM1 as well 

as PTGS2 by RT-PCR. 

 

5.  RNA Isolation and Reverse Transcription-Polymerase Chain Reaction 

Total RNA was isolated from A549 cells, MLE12 cells and lung tissues using TRIzol reagent 

(Invitrogen). 2g of total RNA was used to synthesize cDNA by using M-MLV reverse 

transcriptase (Promega). The synthesized cDNA was subject to PCR-based amplification. The 

following primers were mouse GAPDH (F-AGGCCGGTGCTGAGTATGTC, R-

TGCCTGCTTCACCTTCT), mouse SARM1 (F-CGCTGCCCTGTACTGGAGG, R-

CTTCAGGCTGGCCAGCT), mouse TTP (F-CTCTGCCATCGAGAGCC, R-

GATGGAGTCCGAGTTTATGTTCC) m18S (F-GGGAGCCTGAGAAACGGC, R-

GGGTCGGGAGTGGGTAATTT), mouse PTGS2 (F-TTCCAAATGTCAAAACCGT R-

AGTCCGGGTACAGTCACACTT), human SARM1 (F-ATCTTGGAGCACATGTTCA, R-

CTGCGCGCTTCTCTACCAT), human GAPDH (F-CAATGACCCCTTCATTGACCTC, R-

AGCATCGCCCCACTTGATT). To perform real-time quantitative PCR (RT-qPCR), the 

synthesized cDNA was amplified with SYBR Green qPCR Master Mix (2x, USB Production; 

Affymetrix) on an ABI 7500 Fast Real-Time PCR System (Applied Biosystems, Carlsbad, 

CA). The following RT-qPCR primers were mouse GAPDH (F-
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GGGAAGCCCATCACCATCT, R-CGGCCTCACCCCATTTG), mouse SARM1 (F-

CGCTGCCCTGTACTGGAGG, R-CTTCAGGCTGGCCAGCT). 

 

6.  Cell viability assays 

(The WST-8 (QuantiMax™-Cell viability assay kit) was used to analyze cell viability 

according to the manufacturer's instructions. A549 cells (1 × 104/well) were plated onto 96-

well plates. All assays were performed in triplicate. Cells in each well were suspended in 100μL 

fresh medium containing the various treatment and then seeded. After treatment, WST-8 (10 

L/well) was added for 4h of additional incubation, and the absorbance was measured at 

450nm. 

 

7.  Dual Luciferase Assay 

For dual luciferase assay, A549 cells were grown in a 96-well plate, and then cells were co-

transfected with SARM1 3-UTR construct and pcDNA6/V5-TTP (0.1 g or 0.5 g). After 

72 h, treated cells were lysed with passive lysis buffer (Promega, Fitchburg, WI, USA) and 

mixed with luciferase assay reagents (Promega). The chemiluminescent signal was detected 

using a SpectraMax L Microplate reader (Molecular Devices, Sunnyvale, CA). Firefly 

luciferase was normalized to Renilla luciferase in each sample. 

 

8.  Lipid ROS Measurement 

To perform lipid ROS measurement by FACS, A549 cells were pretreated with CORM2 

(20 M) or with Fer-1 (2M) for 1h, respectively, and then stimulated with LPS (10 g/ml) for 
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an additional 24 h. After treatment, cells were stained with C-11 BODIPY dye (5 M) for 

30 min and then washed four times with PBS. Lipid ROS was assessed by using flow cytometry 

with a fluorescence-activated cell sorter (FACSCanto II), and data was analyzed by FlowJo 

V10 software (Tree Star Inc., San Carlos, CA). 

 

9.  Statistical Analysis 

For statistical comparison, all data were presented as mean ± SD (n =3). The comparison among 

all experimental groups were made by One-way ANOVA with Tukey's post hoc tests, and all 

statistical analysis were assessed by GraphPad Prism software version 5.03 (SanDiego, CA). 

The changes among groups with probability values of p ≤0.05 were considered statically 

significant. 
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Ⅱ-Ⅳ. RESULTS 

 

CO inhibits LPS-induced ferroptosis in lung epithelial cells. 

Given the protective role of CO [71] and the important role of ferroptosis in ALI [65-66], we 

firstly explored the effect of CO in lung epithelial cells. To investigate the effect of CO on 

ferroptosis in lung epithelial cells, we treated LPS (10g/ml) for 24h to induce the ferroptosis 

[74] in A549 lung epithelial cells. LPS treatment significantly decreased the cell viability and 

restored by the CORM2 treatment and ferroptosis inhibitor ferrostatin 1 (Fer-1) treatment 

(Figure 13A). Next, we also measured the biomarker of ferroptosis prostaglandin-endoperoxide 

synthase 2 (PTGS2) mRNA level by RT-PCR, LPS treatment robustly upregulated the PTGS2 

mRNA level while abolished by CORM2 as well as ferrostatin 1 treatment (Figure 13B and C). 

These data suggested that CO inhibits LPS-induced ferroptosis in lung epithelial cells. 

 

Figure 13. CO inhibits LPS-induced ferroptosis in lung epithelial cells. 

(A)lung epithelial cell A549 cell viability after treatment LPS(10g/ml) for 24h ,CORM2 
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(20M) and Fer-1(2M) pretreatment 1h, was evaluated by Quanti-max™ WST-8 cell viability 

assay kit. (B) PTGS2 mRNA level measured by RT-PCR in A549 cells treated with LPS 

(10g/ml) for 24h, CORM2 (20M) and Fer-1(2M) pretreatment 1h (C) Quantification of 

PTGS2/GAPDH is shown in the panel of (C) (n = 3). Data were presented as mean±SD (n=3). 

*, P<0.05; **, P<0.01; ***, P<0.001; NS, statistically not significant. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://www-sciencedirect-com-ssl.libproxy.amc.seoul.kr/topics/biochemistry-genetics-and-molecular-biology/cell-viability
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CO resists lipid peroxidation in LPS-treated lung epithelial cells. 

 

Ferroptosis is an iron-dependent oxidative form of cell death related to increased lipid 

peroxidation and inadequate capacity to clear off lipid peroxides [75]. Next, we investigated 

the lipid ROS level in A549 cells under the treatment of LPS (10g/ml) for 24h, pretreated 

with CORM2 (20M) and Fer-1(2M) for 1h. As shown in FACS result, compared to control 

group LPS increased the lipid ROS level, but the upregulation of the lipid ROS level induced 

by LPS was decreased by CORM2 and Fer-1 treatment (Figure 14A-B) Hence, these results 

suggest that CO inhibits lipid ROS generation in LPS-induced ferroptosis in A549 lung 

epithelial cells. 

 

Figure 14. CO resists lipid peroxidation in LPS-treated lung epithelial cells. 

(A) Lipid peroxidation levels of A549 cells pre-incubated with CORM2 (20M) Fer-1(2M) 
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for 1h were treated with LPS (10g/ml) as indicated for 24h. (B) Quantification of lipid 

peroxidation levels are shown as in (B). Data were presented as mean±SD (n=3). *, P<0.05; 

**, P<0.01; ***, P<0.001; NS, statistically not significant. 
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SARM1 involves in LPS-induced ferroptosis. 

 

Given the role of SARM in regulating neuronal-cell death [76] and non-apoptotic cell death 

[77]. In addition, SARM1 has recently been shown to regulate inflammasome-dependent 

cytokine release and cell death in macrophages.[70], next we examined whether SARM1 would 

regulate ferroptosis in the context of LPS-induced ALI. Thus, A549 cells primed with LPS 

(10g/ml) for 24h, SARM1 mRNA level as measured by RT-PCR, which was significantly 

increased in dose-dependent manner compared to control group (Figure 15A and B). Altogether, 

these data indicating that SARM1 plays an important role in LPS-induced ferroptosis. 

 

Figure 15. SARM1 involves in LPS-induced ferroptosis. 

(A) SARM1 mRNA level measured by RT-PCR in A549 cells treated with LPS (0,1,5,10 g/ml) 

for 24h (B) Quantification of SARM1/GAPDH is shown in the panel of (B) (n = 3). Data were 

presented as mean±SD (n=3). *, P<0.05; **, P<0.01; ***, P<0.001; NS, statistically not 

significant. 
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TTP induces SARM1 degradation. 

 

The data thus far demonstrated that CO inhibits LPS-induced ferroptosis in lung epithelial cells 

and SARM1 upregulated in LPS-induced ferroptosis. Additionally, we previously reported that 

TTP activation induced by CO reduces the inflammatory response and promotes autophagic 

bacterial clearance in sepsis-induced ALI through CD38 degradation, an NAD+ depleting 

enzyme, leading to a rise of NAD+ levels, and activation of Sirt1.[73] We next examined 

whether SARM1 which also acts as an NAD-consuming enzyme would be degraded by TTP 

in LPS-induced ferroptosis. SARM1 mRNA expression markedly increased in TTP-/-mouse 

lung tissue compared with the TTP+/+ mouse lung tissue measured by RT-PCR  (Figure 16A) 

As TTP is an RNA binding and RNA-destabilizing protein can bind directly to AU-rich 

elements (AREs) in the 3-UTRs of their target mRNAs and promote the removal of the poly-

A tail, followed by complete mRNA decay.[71] So we explored the SARM1 3-UTR activity 

in A549 cells transfected with pcDNA6/V5-TTP by dual luciferase assay. As shown in 

Figure16B, SARM1 3-UTR luciferase activity robustly decreased in TTP overexpressing cells 

in a dose-dependent manner compared to control group, suggesting that the mechanism 

whereby TTP negatively regulated SARM1 involves in CO prevent from LPS-induced 

ferroptosis. 
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Figure 16.TTP induces SARM1 degradation. 

(A)SARM1 mRNA level measured by qRT-PCR in TTP+/+ and TTP-/-mouse lung tissue. (B) 

Luciferase activity in A549 cells co-transfected with SARM1 3-UTR construct and 

pcDNA6/V5-TTP (0.1 g or 0.5 g) (n = 3). Data were presented as mean±SD (n=3). **, 

P<0.01; ***, P<0.001; NS, statistically not significant. 
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TTP-regulated SARM1 degradation protects against LPS-induced ferroptosis in vitro  

According to the results as we mentioned until now, we hypothesized that NAD-consuming 

enzyme SARM1 which also has AU-rich element also can be degraded by TTP activation 

induced by CO, and then prevent from the ferroptosis in ALI. Thus, we treated mouse lung 

epithelial cell line MLE12 cells with LPS 10 g/ml for 24h, and then measured the mRNA 

expression of the SARM1 in TTP overexpressing MLE12 cells transfected with V5-TTP as 

well as TTP deleted cells using siRNA transfection in lung epithelial cell by RT-PCR. As 

expected, LPS significantly increased the SARM1 level in the presence of TTP and more 

incresed by TTP deletion using siRNA transfection. (Figures 17A and B). In the other hand, 

LPS significantly increased SARM1 mRNA level while TTP overexpressing markedly 

decreased SARM1 mRNA level followed by LPS treatment (Figures 17C and D). Taken 

together, these data suggested that TTP-regulated SARM1 degradation protects against LPS-

induced ferroptosis in vitro. 



59 

 

 

Figure 17.TTP regulated-SARM1 degradation protects against LPS-induced ferroptosis 

in vitro  

(A)SARM1 mRNA level measured by RT-PCR in MLE12 cells treated with LPS 10g/ml for 

24h transfection with scramble RNA (scRNA) or siRNA against TTP (siTTP) (B) 

Quantification of SARM1/GAPDH is shown in the panel of (B) (n = 3). (C) SARM1 mRNA 

level in MLE12 cells treated with LPS 10ug/ml for 24h transfected with pcDNA6 or TTP-V5 

(D) Quantification of SARM1/GAPDH is shown in the panel of (D) (n = 3). Data were 

presented as mean±SD (n=3). **, P<0.01; ***, P<0.001; NS, statistically not significant. 
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TTP-mediated SARM1 degradation protects against LPS-induced ferroptosis in vivo. 

 

Finally, to confirm this mechanism in vivo, we detected SARM1 an PTGS2 level in TTP+/+ 

and TTP-/-mouse lung tissue. As expected, LPS injection significantly increased SARM1 and 

PTGS2 expression but decreased by CO inhalation in TTP+/+ mouse, while not in TTP-/-mouse. 

In TTP-/-mouse, CO had no effect on the upregulation SARM1 and PTGS2 level induced by 

LPS. (Figures18A-C). Thus, these data confirmed that TTP mediated-SARM1 degradation 

protects against LPS-induced ferroptosis in vivo. 
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Figure 18.TTP mediated-SARM1 degradation protects against LPS-induced ferroptosis 

in vivo  

(A)The mRNA levels of SARM1 and PTGS2 in lung tissues from Ttp+/+ and TTP-/- male mice 

(n=3 per group) in the presence of CO inhalation (250 ppm/4 h/day for 7 days). (B-C) 

Quantification of SARM1 (B) and PTGS2 (C) is shown in panels (n = 3). Data were expressed 

as mean ± SD. *p < 0.05; **p < 0.01; ***p < 0.001; NS, not significant. 
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Ⅱ-Ⅴ. DISCUSSION 

 

The data presented here indicate that TTP-mediated -SARM1 degradation has a protective role 

in regulating cell fate after LPS administration. Specifically, we have shown that: (1) SARM1, 

a mammalian TIR-domain-containing protein, positively regulates the LPS induced 

ferroptosis. (2) In response to TTP activation, SARM1 expression and SARM1 3-UTR 

luciferase activity markedly decreased leading to ferroptosis resistance, confirming the protect 

role of TTP in ferroptosis in lung epithelial cells. Consistent with that, other investigators 

showed that RNA-binding protein TTP protects against ferroptosis by regulating autophagy 

signaling pathway in hepatic stellate cells [78] (3)we identified PTGS2, the biomarker of 

ferroptosis as a target gene is decreased by TTP activator CO. (4) lipid ROS contributes to 

LPS-induced ferroptosis and was inhibited by CO, which can further confirm the protective 

role of CO in LPS-induced ferroptosis, as lipid ROS inducing lipid peroxidation plays a critical 

role in ferroptosis. 

 Previously, we have reported the protective effects of TTP in ALI [71,73]. Additionally, 

ferroptosis is a newly recognized type of iron-dependent programmed cell death [79] that 

including lipid peroxidation as well as Fe and ROS accumulation. Emerging evidence indicate 

a strong correlation between ALI and ferroptosis [65-66]. We found that CO inhibits ferroptosis 

in ALI targeting at the downregulation of PTGS2 (Figure13). PTGS2, also known as 

cyclooxygenase-2 (Cox-2), plays an important role in prostaglandin biosynthesis, and acts both 

as a peroxidase and as a dioxygenase [80,81]. which is usually considered as a biomarker of 

ferroptosis because of it oxidize lysophospholipids property [82]. We showed that PTGS2 is 

involved in the process of ferroptosis because it was significantly upregulated after treatment 
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with LPS in lung epithelial cells (Figure13). This small molecule was shown to be specific 

inducers of ferroptotic cell death and ideal probes. [83] In our data, we showed that CO 

significantly reduced the upregulation of PTGS2 in LPS-induced ferroptosis (Figure13). 

 Lipid peroxidation is another feature of ferroptosis. Glutathione (GSH) is one of the most 

important components of the cell's antioxidant defenses, which consisting of glutamate, 

cysteine, and glycine. Among these three components the cysteine is critical in the reduction 

of oxidized intracellular components. Furthermore, GSH is an important step in preventing 

ferroptosis as it used by GPX4 to reduce lipid peroxides to their alcohol form [84]. GPX4 

inhibition leads to upregulation of PTGS2 which is involved in the synthesis of prostaglandins. 

PTGS2 is a marker of increased lipid peroxidation and ferroptotic cell death [85], In our data, 

consist with downregulation of PTGS2 by CO treatment in LPS-induced ferroptosis, CO also 

significantly ameliorated lipid ROS level induced by LPS administration (Figure14). 

SARM1, an NAD-utilizing enzyme, consists of three defined protein domains the ARM 

repeats, the two SAM domains, and the TIR domain [86]. Carty et al. identified both the SAM 

and TIR domains of SARM are required. to drive pyroptosis, a highly inflammatory form of 

lytic programmed cell death. They found that SARM clustered at the mitochondria oligomerize 

at the mitochondria after NLRP3 activation to facilitate MDP contributes to NLRP3-dependent 

pyroptosis [70]. Here, we firstly identified the role of SARM1 in ferroptosis, an iron-dependent 

programmed cell death. We found that LPS-induced ferroptosis in lung epithelial cells and lung 

tissue is SARM1-dependent and blocked by CO via the TTP activation-mediated SARM1 

degradation (Figure18). 
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Taken together, these data have introduced a new insight of SARM1 in the ferroptosis in 

ALI. CO inhibits LPS-induced ferroptosis through TTP-regulated SARM1 degradation, 

Subsequently, SARM1 degradation leads to inhibition of lipid ROS, which prevents 

ferroptosis. Finally, TTP plays a crucial role in the resolution of SARM1-dependent ferroptosis 

in ALI. Our studies therefore identify the targets for ALI therapies aimed at modulating 

SARM1-dependent ferroptosis. 
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CONCLUSION 

 

As we have discussed, CO has beneficial effect on both endothelial cell senescence and ALI. 

CO alleviates the endothelial senescence induced by 5FU through the SIRT1 activation. 

Additionally, CO inhibits LPS-induced ferroptosis in lung epithelial cells through TTP-

regulated SARM1 degradation, Subsequently, SARM1 degradation leads to inhibition of lipid 

ROS, which prevents ferroptosis. Finally, TTP plays a crucial role in the resolution of SARM1-

dependent ferroptosis in ALI. Our studies therefore identify the targets for ALI therapies aimed 

at modulating SARM1-dependent ferroptosis. Therefore, CO might contribute to cellular 

therapies for vascular diseases and ALI.  
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